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Zusammenfassung

Zusammenfassung

Sekundarmetabolite (SM) oder auch Naturstoffe sind fiir ihr breites Spektrum an
Bioaktivitaten bekannt und daher eine wichtige Quelle fiir neue Arzneimittelkandidaten.
Neben ihrer Relevanz fiir die Therapie von Erkrankungen sind SM und ihre Produzenten
ebenso von Bedeutung fiir ein gesundes Pflanzenwachstum und fungieren in der

Landwirtschaft als natiirlich vorhandene oder auch ausgebrachte Pflanzenschutzmittel.

Das freilebende Bodenbakterium Chromobacterium vaccinii MWU205 ist dafir
bekannt, dass es verschiedene SM produziert, darunter das zyklische Depsipeptid
FR900359 (FR). FR ist ein hoch aktiver und selektiver Gog-Protein-Inhibitor, der
erstmalig aus den Blattern der Pflanze Ardisia crenata gewonnen wurde. Er wird in der
pharmakologischen Forschung zur Untersuchung der intrazelluldren Signaliibertragung
von G-Protein-gekoppelten Rezeptoren verwendet. Im Rahmen dieser Studie wurde die
Analyse der FR/Gq Interaktion durch Kernspinresonanzspektroskopie innerhalb der
Forschergruppe FOR2372 unterstiitzt, in dem vollstandig 13C/!>N-markiertes FR durch
Isotopenfiitterungs-Experimente hergestellt wurde. Es zeigte sich, dass die Fiitterung mit
Propionsaure die FR-Produktion von C. vaccinii MWU205 steigert und die Isolierung von

vollstandig 13C/1>N-markiertem FR im grof3en Maf3stab ermdglicht.

FR ist auch von 6kologischer Bedeutung, da es Gq-Proteine von Sdugetieren und
Insekten hemmt, was fiir diese schwerwiegende physiologischen Folgen hat. Aufgrund
ihrer hochgradig konservierten Struktur ist die Gg-Proteinfamilie ein hervorragendes
okologisches Zielmolekiil fiir FR-produzierende Organismen und FR ist somit geeignet um

sich gegen ein breites Spektrum von Schadorganismen zu verteidigen.

Ein wichtiges Ziel dieser Studie war es, das Metabolom von C. vaccinii MWU205 nach
bioaktiven SM zu durchsuchen, mit besonderem Augenmerk auf neue FR-Derivate. Um
okologische Aspekte zu beleuchten, fokussierte sich diese Arbeit des Weiteren auf die FR-
Produktion unter bodendhnlichen Bedingungen, und nachfolgend auf die Aktivitdat von FR

gegeniliber Bodenorganismen, z. B. bodenassoziierte Nematoden.

Um die Plastizitat des Metaboloms von C. vaccinii MWU205 zu charakterisieren,
wurden dessen Extrakte und die Depsipeptid-haltige Fraktion der Blatter von A. crenata
mittels Massenspektrometrie untersucht und in einem merkmalsbasierten molekularen
Netzwerk verglichen. Die molekulare Familie von FR wurde im Netzwerk identifiziert und

im Detail untersucht. Dieser Analyse folgend wurde ein neues FR-Derivat, FR-6, isoliert
4



Zusammenfassung

und seine exakte Struktur aufgeklart. In pharmakologischen Assays unterdriickte FR-6

die Gg-Signaliibertragung.

Experimente, in denen C. vaccinii MWU205in Bodenextrakten kultiviert wurde
zeigten, dass FR unter bodendhnlichen Bedingungen hergestellt und vom Produzenten an
die Umgebung abgegeben wird. Dies ist auf den Boden libertragbar, so dass FR iiber seine

Bioaktivitat das umgebende Habitat beeinflusst.

In silico-, in vitro- und in vivo-Untersuchungen lieferten Erkenntnisse zu 6kologisch
relevanten Wirkungen von FR auf bodenassoziierte Nematoden. Gog-Proteinsequenzen
bodenassoziierter Nematoden wurden in silico auf ihre FR-Bindestelle hin untersucht,
und eine Bindung der untersuchen Zielstrukturen wurde vorausgesagt. In der Tat konnte
anschlief3end die Hemmung von heterolog exprimierten Gaq-Proteinen der Nematoden
Caenorhabditis elegans und Heterodera schachtii durch FR bewiesen werden. In vivo-
Experimente zeigten, dass FR die Fortbewegung beider Nematoden reduziert, die
Eiablage von C. elegans hemmt und das Schliipfen von H. schachtii aus seinen Zysten
verringert. Diese Ergebnisse deuten darauf hin, dass FR die Ausbreitung und Vermehrung

von Nematoden im Boden reduzieren konnte.

Diese Doktorarbeit stiitzt die Hypothese, dass C. vaccinii MWU205und das von ihm
produzierte FR zu einem 6kologischen Gleichgewicht im Boden beitragen kénnten, und
hierriiber das erfolgreiche Wachstum von Pflanzen fordern. Insgesamt weist auch diese
Studie darauf hin, dass die mikrobielle Vielfalt im Erdreich von weitreichender Bedeutung

ist.



Abstract

Abstract

Natural products (NPs) also named secondary metabolites are known for their
broad range of bioactivities, which makes them an important source for novel drug
candidates. Besides their application for human health, NPs and their producers are
important to sustain plant health by functioning as natural existing or also applied crop

protectants in agriculture.

The free-living soil bacterium Chromobacterium vaccinii MWU205 is known to
produce various NPs including violacein and the depsipeptides valhidepsins A-F and
FR900359 (FR). FR is a potent and selective Gogq protein inhibitor that is used extensively
to investigate the intracellular signaling of G protein-coupled receptors. In the scope of
this study, isotope feeding experiments were conducted to generate completely 13C/15N-
labeled FR for detailed investigations of the FR/Gq interaction with nuclear magnetic
resonance spectroscopy within the research group FOR2372. Feeding of propionic acid
was found to shift the depsipeptide production of C. vaccinii MWU205 from FR-2 (FR
derivative with N-acetyl-B-hydroxyleucine instead of N-propionyl-B-hydroxyleucine as
side chain) to FR. This way, the big scale isolation of completely 13C/1>N-labeled FR was
enabled.

FRis also of ecological importance, as it binds to Gq proteins of mammals and insects,
leading to severe physiological consequences. Due to its highly conserved structure, the
Gq protein family is an excellent ecological target for FR producing organisms and suitable

as a defense towards a wide range of harmful organisms.

The overall aim of this study was to search for bioactive secondary metabolites, with
special emphasize on new FR derivatives, in the genome and the metabolome of C. vaccinii
MWU205. To shed light on the ecological relevance of FR, its production was investigated
under soil-like conditions. Subsequently, its bioactivity on soil organisms, e.g., nematodes,

was assayed.

A first bioinformatic analysis of the genome of C. vaccinii MWUZ205 revealed ten
biosynthetic gene cluster (BGC), including the BGC of FR, violacein, 2,4-
diacetylphloroglucinol, and the siderophores viobactin and chromobactin. To
characterize the plasticity of the metabolome of C. vaccinii MWUZ205 it was cultivated in
different laboratory media and the resulting extracts combined with the depsipeptide-

containing fraction of A. crenata leaves were investigated and compared using feature-
6



Abstract

based molecular networking. The molecular families of violacein, valhidepsins, and FR
were identified in the network and further investigated for new derivatives. As a result,
thirty to date unknown FR derivatives, one third of which being unique to C. vaccinii
MWU205, and eight unknown valhidepsins were identified. Guided by mass
spectrometry, a novel FR derivative, FR-6 (Fig. 1), was isolated, and its exact structure
unambiguously established. In pharmacological assays FR-6 suppressed Gq signaling with
micromolar potency, which was confirmed in radioligand binding assays. In conclusion,
molecular networking is a powerful tool that guided the way to a novel Gq inhibiting FR

derivative, which underlines the potency of FR as Gq inhibitor?.

C. vaccinii MWU205

. @ _ &—r New FR derivative: FR-6

{ & ° P €
: # i s
g g.crenata s [ Metabolome analyses via FBMN

Fig. 1: Analysis of the molecular family of FR900359 (FR) detected in the metabolome of
Chromobacterium vaccinii MWU205 and the depsipeptide-containing fraction of Ardisia crenata leaves lead
to the isolation of the new FR derivative FR-61. FBMN=Feature-based molecular network. Scanning electron
microscope recording of C. vaccinii MWU205 was performed by “eye of science”.

After the successful isolation of FR-5 by feeding butyric acid to C. vaccinii MWUZ205,
further precursor experiments with branched or longer acids revealed a small
incorporation determined by mass spectrometry, however, the incorporation was not
sufficient for the isolation of the respective compounds. Finally, feeding of meta- and
ortho-fluorinated phenylalanine led to the increased production of a novel FR derivative,
while the para-fluorinated phenylalanine was not accepted. The isolation of the meta-
fluorinated FR was started and is still in progress. These findings underline the strength
of feeding experiments as tools to improve FR production and investigate the specificity

of biosynthetic enzymes.

Following the investigation of the metabolome in laboratory media, experiments
with soil-extracted solubilized organic matter were conducted to shed light on the
ecological significance of FR production. These experiments revealed that FR is produced

under soil-like conditions and a subsequent examination of its distribution confirmed that
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Abstract

FRis excreted by C. vaccinii MWU205 (Fig. 2). Thus, FR is most likely present in C. vaccinii-

inhabited soil and supposedly impacts the surrounding habitat2.

Soil-like <~C-\.Vaccinii' 5
conditions | S5 ‘
(SESOM) =
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Fig. 2: FR900359 (FR) production under soil-like conditions by Chromobacterium vaccinii MWU205
and excretion of FR into the surrounding LB medium by C. vaccinii MWUZ2052. Scanning electron
microscope recording of C. vaccinii MWU205 was performed by “eye of science”.

Most importantly, in silico, in vitro, and in vivo investigations of this study revealed
insights into the ecological relevant effects of FR on soil-associated nematodes (Fig. 3). A
bioinformatic search and analysis of nematode Gog protein sequences predicted the
binding of FR to the investigated target proteins. In fact, subsequent in vitro experiments
confirmed that FR inhibited [P1 accumulation of heterologously expressed Gaq proteins of
the nematodes Caenorhabditis elegans and Heterodera schachtii in the micromolar range.
In vivo experiments with C. elegans and the plant parasitic cyst nematode H. schachtii
demonstrated that FR reduces locomotion of C. elegans and H. schachtii. Furthermore, FR
inhibited egg-laying of C. elegans and hatching of juvenile stage 2 of H. schachtii from its
cysts. In conclusion, the results suggest that FR might reduce nematode dispersion and

proliferationZ.
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FR reduces velocity and inhibits egg-laying of

C. elegans
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Fig. 3: Effects of FR900359 (FR) on the free-living soil nematode Caenorhabditis elegans and the plant
parasitic cyst nematode Heterodera schachtii. Scanning electron microscope recording of C. vaccinii
MWU205 was performed by “eye of science”.

These experiments support the hypothesis that C. vaccinii MWU205 and the
excreted FR in soil might contribute to an ecological equilibrium, maintaining and
establishing the successful growth of plants2. Overall, this study also indicates that

microbial diversity in soil is of far-reaching importance.



Introduction

1. Introduction

1.1. Soil Microbiome

This thesis deals with the detailed chemical and ecological investigation of
Chromobacterium vaccinii MWU205 and its natural product (NP) FR900359 (FR), to
reveal their role in the context of the soil microbiome, especially regarding the protection

of plants from nematodes.

The soil is habitat for numerous organisms, e.g. bacteria, fungi, arthropods, and
nematodes3-5. Microorganisms form the soil microbiome, which is described as “black box
in need of unboxing”® as it is defined by complex and dynamic interactions of multiple
species’. The soil microbiome is responsible for water purification, nutrient uptake and
cycling, plant growth promotion, disease and pathogen suppression, carbon
sequestration, and many more®8. Therefore, global challenges like climate change®, food
demand011 and antibiotic-resistant bacteria8 are directly and indirectly connected to the

soil microbiome, revealing the importance of research in this field.

As soil is not one single environment but rather multiple environments, numerous
microbial communities exist next to each other, which makes research challenging3. A
common tool to investigate the soil microbiome is the metagenome, which examines the
taxonomic composition of the soil microbiome, using extraction of all deoxyribonucleic
acids (DNAs) of one soil sample and subsequent high-throughput sequencing!2. As the
metagenome approach lacks the connection of taxa found in soil to their function, further
approachesi3, like metatranscriptomics, metaproteomics, metabolomics, and finally the
metaphenome are used to close this gapl4-16. Apart from “omics” methods, the
investigation and cultivation of a single microbial member and its interaction with other
members of the microbiome is necessary to reveal the ecological role in its soil

environment317,

The plant microbiome unites the microbes living above-ground (phyllosphere),
underground (rhizosphere), and in the plant (endosphere)10. As plant health and growth
is influenced by its microbiome, scientists aim to engineer plant microbiota to support
plant growth and inhibit plant pathogens10.11.18, Methods used to engineer include soil
conditioning through organic soil amendments, the use of root exudates, the design of
artificial microbial consortia, engineering the seed microbiome, 'microbe-friendly’ plants,

microbiome breeding, and microbiome transplantation?”.19.20,
10



Introduction

The beneficial effects of the microbiota on the plant health can be observed in
nature, e.g., disease-suppressive soils?! and plant growth-promoting bacteria (PGPB)?223,
PGPB are free-living bacteria and rhizobacteria, which promote plant growth by direct
and indirect mechanisms. Biofertilization by nitrogen fixation, phosphate solubilization,
biostimulation by metabolites like auxins, cytokines, and 1-aminocyclopropane-1-
carboxylate deaminases, and biocontrol by protecting the plant against pathogens for
example with chitinases and antibiotics, are the three main effects of PGPB2425, The use of
single or multiple beneficial microbial species as bioinoculants is a sustainable method to
fight pathogens in agriculturel8, making them an important replacement option for
chemical pesticides?22526, The most prominent example for a biological control agent
used in agriculture is Bacillus thuringiensis, a gram-positive bacterium that produces an
endotoxin with insecticidal effect?7.28. However, unlike B. thurengiensis most
bioinoculants aim to invade the plant-associated microbiome and colonize the roots, e.g.,
Rhizobium, and Azospirillum?2. Bioinoculants are not only used as biocontrol agents, but
also as sustainable and eco-friendly biofertilizers to increase crop productionZ6. One
successful example is the inoculation of soybean (Glycine max) with Bradyrhizobium,
which increased yield through nitrogen fixation2°. The development of new bioinoculants
to invade the plants soil microbiota is difficult due to the complexity of the invasion,
unknown interactions between the microorganisms, and undiscovered activities of
microorganisms1822, Therefore, investigations to reveal the role of certain soil members
and their interaction with other organisms are crucial for solving the complex puzzle that

is the soil microbiome.

Opposing the beneficial effects of microbiome members, plant pathogens, i.e., fungi,
bacteria, viruses, protozoa, and nematodes, present a huge threat for plant health3°.
Relevant pathogens for this study are nematodes, a widespread phylum with huge
diversity31-34 that is ubiquitously distributed in soil353¢. The functional role of nematodes
in soil has been examined intensively due to their impact on the soil food web and soil
health3437-40, Nematodes are divided according to their food source, i.e., bacterivore,
fungivore, omnivore, herbivore, and predator3¢4l, Herbivorous nematodes, i.e., plant
parasitic nematodes, are plant pathogens causing 12.3 % of crop losses, equal to 157
billion US Dollar per year42. Over 4100 species are known, e.g., sedentary endoparasites
that are divided into cyst nematodes (Heterodera spp.) and root-knot nematodes

(Meloidogyne spp.), stem and bulb nematodes (Ditylenchus spp.), foliar nematodes

11
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(Aphelenchoides spp.), seed gall nematodes (Anguina spp.), migratory endoparasites
(Pratylenchus spp., Radopholus spp.), ectoparasites (Xiphinema spp.), and semi-
endoparasites (Rotylenchulus reniformi)*344, The other four trophic groups are beneficial
nematodes?*, e.g., predators like entomopathogenic nematodes*® are lethal for insect

pests and used as biocontrol agents in agriculture47:48,

Chemical nematicides, divided into fumigants and non-fumigants, have been
developed since 1881 and are often the simplest tool to control nematodes due to their
efficient protection#®. However, their effects on non-target organisms present risks for the
environment that are accompanied by the development of resistances and exposure of the
consumer with these xenobiotic substances>%51. Other methods are agronomic methods,
e.g., biofumigants, crop rotation, and soil amendments, physical methods, plant extracts,
PGPB, and biopesticides>1-53. The trend for biocontrol agents points towards sustainable
nematicides, which are safe for humans and the environment54>5, To sustain plant health,
it is crucial to understand the equilibrium of beneficial and pathogenic effects present in
soil. This can be achieved through investigations of interactions of soil organisms and
their excreted metabolites, like the herein investigated effect of metabolites from C.

vaccinil.
1.2. Secondary metabolites produced by the genus

Chromobacterium

Chromobacterium vaccinii MWU205, is a gram-negative bacterium isolated from
wild cranberry bogs and a representative of the genus Chromobacterium. The genus
Chromobacterium belongs to the family Neisseriaceae and consists of fourteen species, i.e.,
C. violaceum>9, C. subtsugae>’, C. aquaticum>8, C. haemolyticum>?, C. piscinae®®, C. vaccinii®l,
C. amazonense®?, C. alkanivorans®3, C. rhizoryzae®, C. sphagni®, C. phragmitis®®, C.
paludis®?, C. alticapitis, and C. sinusclupearum?®8. Most species were isolated from soil or
water samples and human pathogenicity has only been reported for C. haemolyticum and
C. violaceum>°. C. violaceum is the best known, most investigated representative of the
genus, and producer of the purple pigment violacein (Figure 1)%°-71, Many, but not all
species of the genus Chromobacterium are able to form the violet pigment, however, the
production of violacein is not unique for the genus, as other genus like Janthinobacterium

are known to produce it72.

12



Introduction

Violacein is a well-studied molecule, as its structure, biosynthesis, and bioactivities
have been the focus of multiple studies?3-78, The biosynthetic gene cluster consists of five
genes, VioA-E, encoding the five enzymes VioA-E which are responsible for the violacein
biosynthesis7479:80, [ts biosynthesis is regulated via quorum sensing (QS)81, a mechanism
of bacterial communities to cooperate and coordinate their adaptive response to the
dynamic environment?28283, Due to the production of violacein as colorful indicator of QS,
C. violaceum is an excellent tool to study substances interfering with this communication,
so called QS-quencher?2. Violacein harbors multiple bioactivities?>, i.e., cytotoxicity84,
antitumoral®-90, antiviral8491.92, antibacterial activities against gram-positive

bacteria®193-95, antifungal’?, antiprotozoal®6.°7, and antiparasitary?8-100,

NPs, also known as secondary metabolites, like violacein harbor a broad range of
bioactivities, which makes them an important source for new drug candidates0l.
Members of the genus Chromobacterium, e.g., C. violaceum ATCC 12472, are known to
produce other secondary metabolites like the two siderophores viobactin and
chromobactin, the structures of which are still elusivel®?, and romidepsin (FK228,
previously named FR901228) a bicyclic depsipeptidel?3. Romidepsin shows anti-
plasmodial activity104-106 and its reduced form functions as an ATP-competitive PI3K

inhibitor and selective inhibitor of class I histone deacetylases107.108,

Insecticidal activities have been observed for various of the above mentioned
Chromobacterium spp., demonstrating the ecological importance of this genus as potential
biopesticides. C. subtsugae PRAA4-1T has shown activity against various insects, which is
probably caused by a heat-stable toxin, and is used as an insecticide under the name
Grandevo® sold by Marrone Biolnnovations>7.109. C. piscinae produces an insecticidal
protein, GNIP1Aall0, showing toxicity against western corn rootworm, Diabrotica
virgifera virgifera. C. sphagni, C. phragmitis, and C. vaccinii cultures are toxic for several
insects®>111-113 . The (. sp. strain C61 has been isolated from the rhizosphere of
eggplants!14115 and is used as biocontrol against fungal plant pathogens!16-118  An
extracellular chitinase and a cyclic lipopeptide, chromobactomycin, are contributing to
the antifungal effect19-121, Another strain called C. species Panama has been isolated from
Aedes aegyptil?2and reported to have activity against vector mosquito larvael23.124, which

is mediated by romidepsin104-106, and corn rootworm strains (Diabrotica spp.)12>.

The species C. vaccinii was first discovered ten years ago®!, and consists, together

with the novel isolates from Brazil126, of ten strains, which have been isolated on different
13
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continents from various environments, i.e., bog soil of cranberries®l, biofilms in quaking
bogs27, and aquatic environments!26, Nine of these ten strains have been sequenced, i.e.,
strain 21-1 discovered in a bog in Maryland (USA, Accession number Genbank:
GCA_001855275.1), strains MWU328 and MWU205 located in cranberry bog soil in
Massachusetts (USA, Accession numbers Genbank: GCA_000971355.1,
GCF_000971335.1)¢1, strains GIMC1602:ChrSima_v and GIMC1601:ChrSima_w isolated
from biofilms in the quaking bog near Moscow (Russia, Accession numbers Genbank:
GCA_020882175.1, GCA_020882155.1)127, strain XC0014 found in soil in the Zhejiang
Province (China, Accession number GenBank: GCA_002952135.1), the reclassified strain
NCTC9370 (Accession number GenBank: GCA_900446815.1), and CR1 and CR5
discovered in aquatic environment in Goids (Brazil, Accession numbers GenBank:

GCA_021083355.1, GCA_021083405.1)126,

C. vaccinii MWU205 has been reported to produce violacein®! and nonribosomal
peptides, i.e., the lipopeptides valhidepsin A-F128 and cyclic depsipeptides known as
chromodepsins, e.g.,, FR900359 (FR)129.130, Valhidepsin A and B might act as biosurfactant
as they reduce the surface tension of water128, while FR is a Gaq inhibitor13! with various

bioactivities (Figure 1).
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Figure 1: Natural products produced by Chromobacterium vaccinii MWU205 and their reported
bioactivities. *Antibacterial against gram-positive bacteria.

1.3. The cyclic depsipeptide FR900359

FR (Figure 1 and Figure 2) is a cyclic nonribosomal depsipeptide and has first been

described in 1988 as a NP132, The following eight building blocks form FR, i.e., N-acetyl-L-
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hydroxyleucine (N-Ac-B-HyLeu/L"), N-propionyl-L-hydroxyleucine (N-Prop-B-
HyLeu/L"’), L-hydroxyleucine (f-HyLeu/L"”), N,0-dimethyl-L-threonine (N,0-Me2-Thr/T’),
L-alanine (Ala/A), N-methyl-L-alanine (N-Me-Ala/A’), N-methyl-dehydroalanine (N-Me-
Dha/A”), and D-phenyllactic acid (Pla/F’). N-Prop-B-HyLeu constitutes the side chain
connected to the hydroxy group of the 3-HyLeu, while all other building blocks form the
cyclic moiety including two ester bonds between Pla and N-Ac-B-HyLeu and N-Ac-§3-
HyLeu and N,0-Mez-Thr132,

Nonribosomal peptides like FR are synthesized by nonribosomal peptide
synthetases (NRPS), which are divided into five types. The herein described NRPS is a type
I NRPS, which consists of several connected enzymes with modular organization forming
megasynthetases!33. One module specifically recognizes, recruits, and incorporates one
precursor leading to the elongation of the peptide chain. Each module may harbor
different domains changing the precursor, e.g., methylation, but the smallest and essential
NRPS incorporates the building block using an adenylation (A) domain, a thiolation (T)
domain, and a condensation (C) domain. The A domain recruits and activates the targeted
precursor molecule, e.g., (modified) proteinogenic amino acids, non-proteinogenic amino
acids, fatty acids and carboxylic acids134-140, If the latter is incorporated, esters are formed
instead of a peptide bond and the resulting molecule is called depsipeptide!4l. After
activation, the precursor is bound to the T domain via a thioester and is condensed into a
dipeptide via the C domain, which unites the precursors bound to the T domains of the
first and the second module and transfers the resulting peptide onto the T domain of the
second module, where it is further elongated. In the last module, a thioesterase (TE)
domain cleaves off the molecule bound to the enzymel34-140 As proven for the FR
biosynthesis, thioesterases may transfer their product onto another molecule and, as
shown for the TE domain of the tyrocidine synthetase, they may cyclize linear peptide

chains42,

The FR biosynthesis gene cluster consists of eight genes (frsA-frsG) encoding two
NRPS, the mono-modular NRPS FrsA and the seven-modular NRPS FrsD-FrsG. The small
NRPS is responsible for the formation of the side chain, while the bigger NRPS forms the
cyclic moiety onto which the side chain is transferred via the TE domain of FrsA (Figure
2)130143 Additionally, frsB encodes for an MbtH-like protein (MLP), which is a group of
proteins known to beneficially effect solubility and stability of A domains!44-147, The

precursor phenylpyruvic acid is transformed during the FR biosynthesis by FrsC and FrsE
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module 3 into D-Plal48149, [n recent studies, FrsH was revealed to hydroxylate the L-

leucines150.
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Figure 2: FR biosynthesis. Figure adapted from Criisemann et al, 2018143,
FR belongs to the group called chromodepsins, which include all derivatives of FR
and of YM-254890 (YM) (natural occurring chromodepsins are shown in (Figure 3)151).
YM was discovered in 2003 and differs at two positions from FR, (i) N-Ac-B-HyLeu for the
side chain instead of N-Prop-B-HyLeu, and (ii) N-Ac-Thr instead of N-Ac-3-HyLeul52153,
The biosynthetic gene cluster was revealed to have the same structure as the frs gene

cluster (Genbank: LC380916.1).

Chromodepsins are of interest for drug development, as they are specific and potent
inhibitors of Gag. G proteins consist of three subunits, a, 3, and y, and are bound in their
inactive state to the inside of the cell membrane to a G protein-coupled receptor (GPCR).
The Ga subunit harbors a GTPase activity and binds a guanosine diphosphate (GDP) in its
dormant form. Once a ligand binds to the GPCR, the G protein translates the external signal
into an internal signal by activating further effectors or transmitters. In detail, the GDP
bound by Ga is exchanged for a guanosine triphosphate (GTP), which leads to the

dissociation of the G protein into GBy and Ga, affecting further effectors separately?54155,

Ga subunits are divided into four major families in humans, Gas, Gai, Gog, and
Gouz/13. Gas activates, while Gai inhibits adenylate cyclase and Gaiz/13 stimulates Rho
GTPases!%6, Gaq triggers the B-isoform of the phospholipase C (B-PLC) to cleave
phosphatidylinositol bisphosphate (PIP2) into inositol triphosphate (IP3) and

diacylglycerol (DAG) leading to calcium mobilization>7.
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Chromodepsins interact with Gogq proteins and thereby inhibit Gag-mediated
nucleotide exchange with high selectivity at micromolar potency!31l. YM and FR differ in
their residence time, but not in their binding affinity or inhibitory potency towards
Gag158159, Hence, they are both extremely useful tools to study Gq-mediated signaling of

GPCRs154160,

As GPCRs are responsible for many major physiological processes due to their
multifaceted functionality6l, approx. 35 % of our pharmaceutical drugs target them162,
Up until now, approx. 800 GPCRs but only four Ga families are known63, a phenomenon
that may be used to treat multifactorial diseases by inhibiting G proteins, where the
selective targeting of one GPCR may prove not effectivel>4. Therefore, chromodepsins, like
FR and YM, may be highly relevant for a possible medical use in the treatment of airway
disorders164165, reduction of adipositas!®®, maintenance of colony formation of murine

embryonic stem cells167, and suppression of uveal melanoma168-170,

Chromodepsins were isolated from various ecosystems, i.e., FR from the plant
Ardisia crenata and the free-living soil bacterium C. vaccinii MWU205, YM from the culture
broth of Chromobacterium sp. QS3666 isolated from soil samples collected in Okutama,
Tokyo, Japan, and sameuramide (same structure as FR-3) isolated in Japan from a
didemnid ascidian (Figure 3). This shows that chromodepsins are widely spread in

nature.

First investigations regarding the ecological role of FR for the plant A. crenata have
revealed that the endosymbiotic bacterium Candidatus Burkholderia crenata lives in the
leaf nodules and produces FR. Previous experiments towards insects and mammals
confirm FR to probably serve in nature as a defense for the bacterial producer and, as in
the case of endosymbiotic bacteria, its host plants. In experiments using Sf9 insect cell
membranes and Gq proteins of the Bombyx mori and Bemisia tabaci FR displays strong
affinity towards the membranes and proteins. The effect of FR on nymphs of the beetle
Riptortus pedestris has been evaluated by measuring their survival rate after exposure to
different FR concentrations over nine days. For the two highest FR concentrations, 40 uM
and 200 pM, the survival rate begun to decrease drastically after four days, with all insects
being dead after seven days!43. FR activity was also tested in micel¢* and ratsl’! to
examine its effects on mammals. While the intratracheal application of FR in mice lead to

airway relaxation, which may be of medical importancel®4, the systemic oral application
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in mice and rats resulted in decreased blood pressure and transient bradycardia, which
surely is of ecological importance if FR is consumed by mammals in nature 164171172,
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Figure 3: All naturally occurring FR (dashed line)1129143173 and YM derivatives (round dots)152174
arranged in groups according to their origin (green: Ardisia crenata, red: Chromobacterium vaccinii
MWUZ205, black and dashed line: Didemnid ascidian, black and round dots: C. sp. QS3666). All building
blocks of FR are labeled and colored. For all other derivatives the building block that is different compared
to FRis colored. Compounds marked with an asterisk (*) are derivatives isolated after feeding experiments.
Scanning electron microscope recording of C. vaccinii MWU205 was performed by “eye of science”.
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2. Aim of the study

The investigation of the ecological role of the soil microbiome is still in its infancy,
however, most important to secure or re-establish a healthy nature and agriculture. The
here investigated Chromobacterium vaccinii MWUZ205 has originally been isolated from
the soil surrounding Vaccinium macrocarpon Ait. plants. Former studies have shown that
this bacterial strain is producing the Gq signal transduction inhibitor FR900359 (FR), a
member of the non-ribosomal peptide family chromodepsins, under laboratory

conditions.

The overall aim of this study was to search for bioactive secondary metabolites, with
special emphasize on new FR derivatives, in the genome and the metabolome of C. vaccinii
MWU205. To shed light on the ecological relevance of FR, its production was investigated
under soil-like conditions. Subsequently, its bioactivity on soil organisms, e.g., nematodes

was assayed.
Thus, this investigation included the following partial projects:

(i) Bioinformatic analysis of the genome of C. vaccinii MWU205 was intended to
reveal the BGCs of all relevant secondary metabolites. Afterwards, feature-
based molecular networking was to be applied to characterize the
metabolome of C. vaccinii MWU205 with special emphasis on novel FR
derivatives, their isolation, characterization and assessment of bioactivity,
i.e., Gq inhibition.

(i)  Within the framework of the research group FOR2372, I aimed to obtain
13C/15N-labeled FR using labeled precursors for detailed NMR studies of the
FR/Gq interaction. Following the metabolome analysis, additional feeding
experiments were conducted to investigate the substrate flexibility of the
biosynthetic enzymes.

(iii)  Soil extracts were utilized to examine whether FR is produced under soil-like
conditions and combined with experiments contemplating the excretion of
FR to answer whether FR is affecting its surrounding habitat.

(iv)  The ecological bioactivity of FR on soil-associated nematodes was aimed to
be assessed using in silico, in vitro, and in vivo methods. In silico alignments
combined with visualization of the changes in the FR binding site were
intended to evaluate whether FR binds nematode Gaq proteins, and which
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organisms are representatively chosen for further in vitro and in vivo assays.
In vitro assays with the Gagq of these selected nematodes were planned to
study whether FR acts as nematode Goginhibitor. Furthermore, in vivo assays
with the selected nematodes were designated to unveil whether FR affects
selected physiological parameters of nematodes, involving their movement

and propagation.
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3. Results

3.1. Analysis of the metabolome of C. vaccinii MWU205

Prior to the metabolome analysis a bioinformatic investigation of the genome
sequence (size: 5,091,536 kilobase pair) of Chromobacterium vaccinii MWU205 was
conducted via antiSMASH75, to reveal potential biosynthetic gene clusters (BGCs) of
already described and unknown NPs. AntiSMASH translates all protein-encoding genes in
a DNA sample and searches these genes with profile hidden markov models to detect

BGCs of secondary metabolites and compares them subsequently to known BGCs176.

Afterwards, the metabolome of C. vaccinii MWU205was explored using high
performance liquid chromatography (HPLC) combined with high-resolution tandem mass
spectrometry (LC/MS?) to investigate extracts of C. vaccinii MWU205grown in different
media. The generated MS?2 data were investigated with MZmine 2177-179 and visualized
using the feature-based molecular networking (FBMN) workflow180 offered by global
natural product social molecular networking (GNPS)181, A molecular network (MN) is an
untargeted analysis tool for MS? data, which consists of nodes and connecting edges
between nodes. Each node represents one compound with a distinct mass-to-charge
(m/z) value and a fragmentation pattern, while edges between two nodes indicate similar
fragmentation patterns. Depending on the chosen parameters, nodes are detected and
connected thereby forming clusters and visualizing the chemical space of extracts. This
enables the identification of related compounds as molecular families and therefore
guides the detailed MS? analysis towards novel compounds or derivatives181-183 [n case
of the FBMN, information of the HPLC retention time of a compound is included for the
MN creationl80. The resulting FBMN was examined in detail for secondary metabolites
and their derivatives produced by C. vaccinii MWUZ205, using manual analysis and other
tools, i.e., the library search, the DEREPLICATOR tool, and MS2LDA offered by GNPS, or
the CANOPUS tool from the SIRIUS platform184-189,

3.1.1. Prediction of NP BGCs in the genome of C. vaccinii
MWU205

To investigate the genome of C. vaccinii MWU205 for its potential to produce NPs
antiSMASH was applied as described in chapter 5.11. In total, ten regions were predicted

to encode NP biosynthetic pathways, with two regions showing 100 % and further two
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regions around 90 % similarity to known NP BGCs (Figure 4). Region 1 was identified as
BGC of violacein, a NP produced by various members of the genus Chromobacterium and
known for many different bioactivities (Figure 1)7275. Region 9 was identified as genes
encoding the biosynthetic enzymes for N-acyl homoserine lactone (AHL) production.
AHLs are known to regulate genes like the violacein BGC in C. violaceum in response to
QS81190, Region 7 was found to be the BGC of chromobactin, and region 3 contained a
viobactin-related BGC (92 %). Both, viobactin and chromobactin are siderophores with
unknown structure, even though their gene clusters and production has been detected for
C. violaceum192, Region 10 was diagnosed to contain the BGC of FR, with 87 % similarity
to frs from Cand. Burkholderia crenata. A closer look into region 10 revealed it to also
contain the BGC of cyclic and linear lipopeptides known as valhidepsins, that might
function as biosurfactant!29. Another region with high similarity, i.e., 75 %, was region 6,
which was related to the BGC of Pseudomonas fluorescens Q2-87 encoding the
biosynthesis enzymes of 2,4-diacetylphloroglucinoll®l. Recently, the genus
Chromobacterium was investigated for its ability to produce 2,4 phloroglucinol and the
gene cluster has been identified in eleven strains including C. vaccinii MWU205. The study
by Johnson et al, 2023 proved the BGC to be functioning, however, the isolation of 2,4-
diacetylphloroglucinol was not achieved2¢. The remaining four regions, with predicted
BGCs related to terpenes, polyketides, and -lactones did not have a similarity higher than

50 % to known sequences.
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1 3 5 7 9
i o 08 e m
2 4 6 8 10
Region | Type From To Most similar known cluster Similarity
1 Indole 253,547 276,543 Violacein (Alkaloid) 100 %
2 Terpene 561,068 582,795 Surfactin (NRP: Lipopeptide) 8%
NRPS 1,062,077 | 1,108,786 | Viobactin (NRP) 92 %
4 PKS-like, transAT- | 1,296,157 | 1,386,469 | Kalimantacin A (NRP + Polyketide: 24 %
PKS Modular Type 1 + Polyketide: Trans-
AT Type 1)
Betalactone 2,006,956 | 2,029,875 | Corynecin I-III (other) 13 %
6 T3PKS 2,198,740 | 2,239,789 | 2,4-diacetylphloroglucinol 75 %
(Polyketide)
NRP-metallophore, | 2,339,076 | 2,387,612 | Chromobactin (NRP) 100 %
NRPS
8 NRPS, T1PKS, 2,962,778 | 3,036,404 | Oxalomycin B (NRP + Polyketide) 6 %
NRPS-like
9 Homoserine 3,195,345 | 3,215,998
lactone cluster
- NRPS 4,261,802 | 4,371,656 [ FR900359 (NRP: Cyclic depsipeptide) |87 %

Figure 4: Bioinformatical search of the genome of Chromobacterium vaccinii MWU205 with
antiSMASH version 7 for potential biosynthetic gene clusters of secondary metabolites. PKS = Polyketide
synthase, T3 = Type 3, T1 = Type 1. NRP(S) = Nonribosomal peptide (synthetase).

3.1.2. Analysis of C. vaccinii MWU205 extracts using
FBMN

To explore the metabolome of C. vaccinii MWU205, the bacterium was grown in a
complex (LB) and a minimal medium (M9) for 7.5 d and extracted with n-butanol every
12 h as described in chapter 5.6.2. Afterwards the samples were analyzed using LC/MS?,
adding the already existing LC/MS? data of the depsipeptide-containing fraction from the
leaves of the cultivated plant A. crenatal’3 to the data set. This allowed the comparison of
FR derivatives present in the plant/bacterial symbiont association with those produced
by C. vaccinii MWU205. The MS2 data of all sixty-one samples were visualized and
compared with each other using the FBMN workflow (version: release_20) from GNPS to
include chromatographic information, e.g., retention time, into the analysis and to

distinguish isomers as described in chapter 5.12177.178,180,181

The resulting FBMN (Figure 5 (A)) consists of forty clusters and 845 single nodes?.
Thirty clusters, are exclusively derived from C. vaccinii MWU205extracts (clusters
harboring only red or/and white nodes, e.g., Figure 5 (A) cluster 2). The depsipeptide-

containing A. crenata fraction yielded five unique clusters (clusters containing only green
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nodes, e.g.,, Figure 5 (A), cluster 15). In total five molecular families of mixed origin have
been identified where both, plant and C. vaccinii MWU205 extracts, contained either the
same (Figure 5 (A), cluster 7) or a different m/z (Figure 5 (A), cluster 16) of the family

(occurrence of red, white, and green nodes)?.
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Figure 5: Feature-based molecular network (FBMN) (workflow release_20.0) of the metabolomes of
n-butanol extracts from Chromobacterium vaccinii MWU205 cultivated in LB or M9 medium and the
depsipeptide-containing fraction of Ardisia crenata leaves. (A) shows the complete FBMN, displaying the
origin (C. vaccinii MWU205 LB medium: red, C. vaccinii MWU205 M9 medium: white, A. crenata: green) of
each node as pie chart. All clusters containing at least two nodes are numbered. (A) was adapted and
modified from Hanke et al, 20211. (B) shows only the clusters of the FBMN that were labeled with their
predicted compound classes by global natural product social molecular networking tools
(DEREPLICATOR184187 MS2LDA185186) and colored according to the predicted compound classes by the
CANOPUS tool188189, No compound class = white, amino acids and peptides = light green, fatty acids = yellow,
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shikimates/phenylpropanoids = purple, carbohydrates = light blue, alkaloids = dark green, polyketides =
red, terpenoids = dark red.

The library search done by GNPS proposed structures for thirteen nodes, with
twelve nodes being part of clusters. Seven nodes from cluster 1 were identified as FR, FR-
2, and FR-1, revealing this cluster to be the FR molecular family, which is further analyzed
in chapter 3.1.2.1.13.1.2.1. Furthermore, two nodes from cluster 19 and one node from
cluster 26 were predicted to be peptides, while cluster 25 was identified as membrane

components (Table 13).

Next to the library search, cluster 2 was manually identified to contain the molecular
family of valhidepsins, which is analyzed further in chapter 3.1.2.2, and cluster 28 was

diagnosed manually to be the violacein molecular family analyzed in chapter 3.1.2.3.

All clusters were analyzed to find products related to the predicted BGCs by
combining two tools available on the GNPS platform, the DEREPLICATOR for the
identification of peptidic natural products (PNP), using in silico spectra of PNPs from
chemical libraries184187 and the MS2LDA to annotate molecular substructures8>186
(Table 14). To extent the search for compound classes beyond the PNPs the MS2 data
were investigated with the CANOPUS tool!88 available on the SIRIUS platform8?(Table
15). The information of both platforms, GNPS and SIRIUS, were united in Figure 5 (B)
and revealed compound classes for nearly all clusters or at least one node of a cluster in
the network, leaving only four clusters without any prediction. Most nodes were
identified as amino acids and peptides, followed by alkaloids and fatty acids. The analyses
confirmed the predictions of the library search done by GNPS and additionally classified
the cluster of the valhidepsins and violacein correctly. For the remaining regions with
predicted BGCs related to terpenes, polyketides, B-lactones, AHLs, or nonribosomal
peptides, possible candidates of all NP classes except polyketides were determined. Due
to the lack of information regarding the structure of the NPs produced by the predicted

BGCs a subsequent analysis using fragmentation patterns was impossible.

In total, thirty-four of the C. vaccinii MWU205 clusters were unidentified and

underline the potential of C. vaccinii MWU205 as source for new NP.

3.1.2.1. Molecular family of FR

Cluster 1 of the FBMN was identified to contain the molecular family of FR, which is

represented by fifty-three nodes (Figure 5). To focus on unique nodes and to find new FR
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derivatives, sodium and ammonium adduct ions were deleted from the network. These
deletions condensed the FR molecular family to a core network of thirty-eight nodes,

ranging from m/z 706 to 1036 (Figure 6).
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Figure 6: Molecular cluster of FR900359 (FR) (determined by MS2) from the feature-based
molecular network (NH4* and Na* adducts were removed). Data pool includes extracts of Chromobacterium
vaccinii MWU205 cultivated in M9 (white color) and LB medium (red color), and the depsipeptide-
containing fraction of Ardisia crenata leaves (green color). Nodes display distinct m/z features, i.e., parent
mass and LC retention time. Their size corresponds to the number of spectra obtained and their color
displays the origin. The width of the edges corresponds to the similarity of the fragmentation spectra of the
connected nodes. Known and already published FR derivatives (Figure 3) are indicated by arrows and
named. Newly identified FR derivatives are indicated by dashed arrows and italic names. Figure was
adapted and modified from Hanke et al, 20211

All currently known FR derivatives, i.e., FR, FR-1, FR-2, and FR-3/4, and FR-Core

®
i
5

1002.536
15.4 min

derivatives, i.e, FR-Core, FR-Core 2, and FR-Core 4, were identified using LC/MS?2
fragmentation pattern analyses (Figure 12 and Figure 44 to Figure 46) and retention
times of standards (FR, FR-2, and FR-Core) or previously reported LC/MS?2 datal73. FR-
Core 1 was identified as well, and the detailed analysis of the fragmentation pattern was

done in chapter 3.1.2.1.1.
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As described in the accompanying publication, a second peak with the extracted ion
chromatogram (EIC) of m/z 1002.53 (as FR) and a shorter retention time (11.5 min) was
observed, which was interpreted as that of an FR isomer?! (Figure 7). This phenomenon
was also noticed for the described FR derivatives FR-2 (m/z: 988.518, RT: 10.9 min), FR-
1 (m/z: 1032.542, RT: 10.5 min), and FR-Core (m/z: 817.431, RT: 10.4 min). The
comparison of the MS?2 spectra of FR and its isomer by GNPS did not reveal a cosine score
above 0.7, leaving them unconnected in the cluster (Figure 6). The same was observed
for the isomers of FR-1, FR-2, and FR-Core, as well as the isomers of structurally not yet

determined FR derivatives (m/z: 974.502, RT: 10.0 min and m/z: 849.453, RT: 9.7)1.
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Figure 7: Structures of the isomer of FR900359 (FR)!2° (A) and FR (B), and the extracted ion
chromatograms (EIC) (m/z 1002.53+0.05) of Chromobacterium vaccinii MWU205 extracts grown in LB
medium for 1.5 and 7.5 days (C).

The structure of the isomer was revealed to be a linearized FR molecule hydrolyzed
between the N,0-Me2-Thr and the N-Ac-B-HyLeu, whereby the latter was dehydrated
forming N-acetyldehydroleucine. In addition, the corresponding isomer of FR-2 was

purified and revealed to have the same structural rearrangement?29,

Next to the known molecules, twenty-seven m/z ratios (71 %) for unknown

compounds were found in the FR cluster. In total, thirteen nodes (34 %) of the FR cluster
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originate specifically from C. vaccinii MWU205 cultivated in M9 medium (white, Figure
6). No unique m/z was discovered in LB medium extracts (red, Figure 6). Twelve nodes
(31 %) were only found in the depsipeptide-containing fraction of A. crenata leaves
extract (green, Figure 6). Thirteen m/z values were found in extracts from both plant and
bacterium (34 %). This demonstrates, that both bacterial FR producers, i.e., Cand.
Burkholderia crenata in A. crenata and C. vaccinii MWUZ205, synthesize a different

spectrum of FR derivatives.

3.1.2.1.1. Identification of new FR derivatives via MSZ

fragmentation analysis

The focus of this study was the investigation of the metabolome of C. vaccinii
MWUZ205 and the identification of new FR derivatives unique to C. vaccinii MWU205.
Therefore, FBMN nodes found only in C. vaccinii MWUZ205 cultures were targeted. Twelve
nodes of unexplored metabolites, which were directly connected to a known FR
derivative, were selected from the core network (Figure 6), i.e., m/z 706.363 (RT: 8.7
min), 789.401 (RT: 9.9 min), 801.436 (RT: 13.0 min), 803.415 (RT: 10.4 min), 833.425
(RT: 10.4 min), 956.492 (RT: 13.4 min), 974.503 (RT: 11.2 and 12.5 min), 988.517 (RT:
11.7 min), 1004.514 (RT: 13.0 min), and 1018.528 (RT: 12.9 min), respectively. To
investigate the structures of these twelve FR derivatives, their MS2 data were analyzed in
detail, using the characteristic MS fragmentation pathways of FR and FR-Core, as changes

in m/z values of individual fragments to FR and FR-Core identify structural modifications.

The ions in the fragmentation pattern of FR and FR derivatives are named according
to the nomenclature system developed by Ngoka et all2 based on the Biemanns
modifications1?3 of Roepstorffs nomenclaturel®4. Cyclic depsipeptides like FR and its
derivatives linearize due to the breakage of a peptide or ester bond. In case of FR, the most
observed breakage occurs between the alanine (A’) and hydroxyleucine (L”). Peptides are
known to produce different types of fragments, i.e., the b-series consists of acylium ions,
the y-series of ammonium ions, and the a-series is like the b-series without a carbon
monoxide. In case of FR, mainly b-ions are observed losing one building block after
another. Fragment ions are named using the following formula: bnz. “n” equals the
number of building blocks left in the peptide chain, In the case of FR, “n” can be two to

eight. For the orientation of the molecule “J” is naming the building block containing the

N-terminus and “Z” is the C-terminal amino acid residue. In this case, the C-terminus is a
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newly formed oxazolone representing the alanine residue of FR. Changes in the
fragmentation pattern of derivatives can be used to pinpoint the structural differences,

therefore the fragmentation pattern of FR is displayed in Figure 8195,
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Figure 8: Structure of FR900359 (FR) (A) and schematic version (B) with named and colored
building blocks. Fragmentation pattern of m/z 1002.5310 named following the nomenclature system by
Ngokal92 based on Biemanns modifications!?3 of Roepstorffs nomenclature in one-letter amino acid code%4.
b° = b-ion with loss of water. L’ = N-Ac-f3-HyLeu, A = Ala, A’ = N-Me-Ala, T’ = N,0-Me2-Thr, L””” = N-Prop-3-
HyLeu, L” = 3-HyLeu, F’ = Pla, A” = N-Me-Dha.

Apart from the twelve targeted novel m/z values, FR-Core 1 was identified to be
present in both C. vaccinii MWU205 and the plant extract. However, the detailed
comparison of the fragmentation patterns from the plant and the bacterium differed
significantly (Figure 9). For the novel compound unique for C. vaccinii MWU205 with m/z
831.445, the difference of 14.01 Dalton (Da) compared to FR-Core, most likely a CH2
group, was pinpointed to the alanine. Two possibilities for the position of the additional
CHz group are reasonable: (i) The replacement of the alanine by homoalanine as already
observed for FR-4, a FR derivative from the plant with a homoalanine in the position of

the alanine (Figure 3) or (ii) the methylation of nitrogen leading to the presence of two

N-Me-Ala next to each other.
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Figure 9: Fragmentation pattern of (A) FR-Core (m/z 817.4387) from Hanke et al, 2021%, FR-Core 1
(m/z 831.4575), and the isomer of FR-Core 1 (m/z 831.4508 (B) following the nomenclature system by
Ngokal92 based on Biemanns modifications!?3 of Roepstorffs nomenclature in one-letter amino acid code%4.
b° = b-ion with loss of water. L’ = N-Ac-B-HyLeu, L” = B-HyLeu, L"” = N-Prop--HyLeu, A = Ala, A’ = N-Me-Ala,
A* = methylated Ala, T’ = N,0-Mez-Thr, F’ = Pla, A” = N-Me-Dha.

For the compounds with m/z 801.436 and 789.401, a structure close to that of FR-
Core (Figure 10) was speculated and therefore, their m/z and fragmentation pattern was
compared to FR-Core. In the case of m/z 801.436, a 16.00 Da difference to FR-Core was
most likely the outcome of a missing oxygen. The MS? spectrum (Figure 10 (B)) revealed
that the B-HyLeu/L” was replaced by leucine. This change results in a more hydrophobic
derivative now named FR-Core 5, which has a longer retention time in reversed-phase

chromatography (RT: 13.0 min) compared to FR-Core (RT: 12.2 min).

The mass difference of the compound giving rise to m/z 789.401 and FR-Core (Am/z:
28.03 Da) suggested the lack of two CHz groups for the new derivative. The MS

fragmentation pattern (Figure 10 (C)) investigation pointed towards the lack of both
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methylations of the building block N,0-Me2-Thr, resulting in an unmodified threonine. The
missing methyl groups cause a more polar derivative, for which the name FR-Core 6 is
suggested, resulting in a much shorter retention time (RT: 9.9 min) as compared to that

of FR-Core (RT: 12.2 min).

For both compounds, FR-Core 5 and 6 (Figure 10), structure elucidation via LC/MS2
was unambiguous. In other cases, fragmentation pattern analysis merely identified the
building block in which the structural change is located. These metabolites and their

respective m/z values are described in the following part.
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Figure 10: Structure of FR-Core (left) and proposed structures for the new FR-Core derivatives FR-
Core 5 (middle) and FR-Core 6 (right) based on MS fragmentation patterns ((B), (C)) compared to FR-Core
(A). The structural changes compared to FR-Core are highlighted by boxes. Fragmentation ions are named
following the nomenclature system by Ngokal92 based on Biemanns modifications!?3 of Roepstorffs
nomenclature in one-letter amino acid code!%4. b°® = b-ion with loss of water. L’ = N-Ac--HyLeu, A = Ala, A’
= N-Me-Ala, T’ = N,0-Mez-Thr, T = Thr, L” = B-HyLeu, L = Leu, F’ = Pla, A” = N-Me-Dha. Figure adapted and
modified from Hanke et al, 20211.

For the derivative with m/z 833.425 (RT: 10.4 min) the mass change of 15.99 Da

compared to FR-Core was probably the result of an additional oxygen. Comparison of the

33



Results

fragmentation spectra with FR-Core revealed a change in the phenyllactic acid (Pla)
moiety, where instead of Pla a hydroxylated Pla was added by the biosynthetic machinery
(Figure 11). The exact position of this hydroxy group could not be determined by MS2. In
vitro experiments with the respective biosynthetic enzymes, FrsE and FrsC, did show that
4-hydroxy-phenylpyruvic acid and 4-hydroxy-Pla are incorporated at very low levels148,
Due to the polar nature of the oxygen the retention time of this FR-Core derivative was
shorter compared to FR-Core. The m/z values 1004.514 (RT: 13.0 min) and 1018.528 (RT:
12.9 min) probably represent the respective FR and FR-2 analog with a hydroxylated Pla
moiety. However, the fragmentation patterns for both m/z were not clear enough to draw

any conclusions towards their structures.
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Figure 11: Fragmentation pattern of (A) FR-Core (m/z 817.4387) from Hanke et al, 20211 and (B)
the new FR-Core derivative (m/z 833.4254) named following the nomenclature system by Ngokal92 based
on Biemanns modifications!?3 of Roepstorffs nomenclature in one-letter amino acid code?. b°® = b-ion with
loss of water. L” = N-Ac-f-HyLeu, A = Ala, A’ = N-Me-Ala, T = N,0-Mez-Thr, L” = 3-HyLeu, F’ = Pla, F* = HyPla,
A” = N-Me-Dha.

Two isomers with the identical m/z value of 803.415, were distinguished based on
their different retention times, i.e., 10.4 and 12.0 min, respectively. The compound with
RT: 12.0 min was identified as FR-Core 2, which lacks one methyl group at the N-Me-Ala
(A’ in Figure 8) residue compared to FR-Core (Figure 12 (B)). The fragmentation pattern

of the other compound with an m/z value of 803.415 (RT: 10.4 min) indicated the lack of
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amethyl group at the N,0-Me2-Thr moiety, i.e., either the N- or the O-methyl group (Figure
12 (Q)).
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Figure 12: Fragmentation pattern of (A) FR-Core (m/z 817.4387), (B) FR-Core 2 (m/z 803.4143)
and the isomer of (C) FR-Core 2 with an m/z of 803.4153 named following the nomenclature system by
Ngokal?2 based on Biemanns modifications!?3 of Roepstorffs nomenclature in one-letter amino acid code!%4.
b° = b-ion with loss of water. L’ = N-Ac-B-HyLeu, A = Ala, A’ = N-Me-Ala, T’ = N,0-Me:-Thr, T° = N- or O-Me-
Thr, L” = -HyLeu, F’ = Pla, A” = N-Me-Dha. Figure from Hanke et al, 20211.

A similar case was observed for two compounds with m/z 974.503 appearing at
different retention times (RTs: 11.2 min and 12.5 min). For both FR derivatives, the mass
difference of 28.03 Da indicated the loss of two CH2z groups compared to FR. The
fragmentation pattern of the more polar compound with an m/z 974.503 (RT: 11.2 min)
(Figure 13) exposed two building blocks lacking one methyl group, the N,0-Me2-Thr and
the N-Prop-B-HyLeu (L in Figure 8), where instead of the propionic acid moiety, acetic
acid most likely is present. As seen for the FR-Core 2 isomer, either the N- or the O-methyl

group could be missing. Unfortunately, the second metabolite with an m/z value of
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974.503 (RT: 12.5 min) did not have a clear MS fragmentation pattern and thus could not

be analyzed further.
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Figure 13: Fragmentation pattern of (A) FR900359 (m/z 1002.5310) and (B) the substance with
m/z 974.5032 named following the nomenclature system by Ngoka®Z based on Biemanns modifications193
of Roepstorffs nomenclature in one-letter amino acid code!?%. b° = b-ion with loss of water. L’ = N-Ac-$-
HyLeu, A = Ala, A’ = N-Me-Ala, T’ = N,0-Mez-Thr, T° = N- or O-Me-Thr, L"” = N-Prop-§3-HyLeu, L” = -HyLeu,
F’ =Pla, A” = N-Me-Dha. Figure from Hanke et al, 20211

FR-Core 5 (RT: 13.0 min) gives rise to m/z 801.436 (Figure 10). A second

remarkably close, but not identical m/z value of 801.437 (RT: 11.6 min) was recognized
in the extracts of the plant A. crenata with a similar fragmentation pattern compared to
its neighbor node FR-Core 1 (RT: 12.7 min, Am/z of 30.01 Da). The comparison to the
fragmentation pattern of FR-Core revealed three structural changes (Figure 14), i.e., the
absence of an oxygen from the (3-HyLeu/L” in Figure 8 (Am/z of 15.99 Da); the exchange
of acetic acid to propionic acid for the N-Ac-B-HyLeu residue in FR-Core (Am/z of
14.01 Da); and the lack of a methyl group in the N,0-Me2-Thr moiety (Am/z of 14.01 Da).
As before, it was not possible to determine which methyl group of the N,0-Me2-Thr moiety

was missing.
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A +MS2(817.4387), 36.3-58 2eV, Dissect, 12.0-12.4min #2117-2180
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Figure 14: Fragmentation pattern of (A) FR-Core (m/z 817.4387) and (B) the substance with m/z
801.4375 named following the nomenclature system by Ngoka!?2 based on Biemanns modifications!?3 of
Roepstorffs nomenclature in one-letter amino acid code!%4. b° = b-ion with loss of water. L’ = N-Ac-f-HyLeu,
A =Ala, A’ = N-Me-Ala, T’ = N,0-Mez-Thr, T°® = N- or O-Me-Thr, L"” = N-Prop--HyLeu, L” = -HyLeu, L = Leu,
F’ = Pla, A” = N-Me-Dha. Figure from Hanke et al, 20211

For the derivative with m/z 706.363 (RT: 8.7 min) connected to the compound with
m/z 835.443 the mass difference of 129.08 Da was proposed to be the lack of the 3-HyLeu
or the N,0-Me2-Thr. According to the mass difference of 18.01 Da between the derivative
giving rise to m/z value 835.443 (RT: 9.4 min) and the FR-Core isomer (RT: 10.4 min) the
addition of water is plausible, resulting in a shorter retention time. The fragmentation
pattern strengthened the presence of a linear FR-Core derivative, as it resembled those of
the other linear isomers (Figure 47). However, the exact building block containing the

change could not be determined.

For the m/z values 974.503 (RT: 12.5 min) and 988.517 (RT: 11.7 min), both
presumably isomers of FR-2 and the compound described above, the fragmentation

patterns were not clear enough to draw any conclusion towards their structure.

3.1.2.1.2. FR-6isolation and bioactivity

To isolate and characterize new FR derivatives, C. vaccinii MWU205 was cultivated
in 6 L M9 medium as described in chapter 5.6.1.3. After several chromatographic
separation and purification steps described in chapter 5.8, 3 mg of a white compound

having an m/z value of 956.480 were isolated.
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LC/MS? analysis of the compound FR-6 (m/z 956.480, Figure 15) indicated this FR
derivative to have the molecular formula C47He9N7014 (calculated 956.4975 for [M+H]*).
The comparison of the MS spectrum of FR-6 to FR (Figure 15) revealed a mass difference
of 32.03 Da in all fragments containing the N,0-Me2-Thr moiety. Additionally, a mass
difference of 14.01 Da was observed in all fragments containing the N-Prop-f-HyLeu

compared to FR.
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Figure 15: (A) Structure of FR-6. (B) Fragmentation pathway of FR-6 proton adduct. (C)
Fragmentation pattern of the substance with an m/z 0of 956.4880 named following the nomenclature system
by Ngokal?2 based on Biemanns modifications!?3 of Roepstorffs nomenclature in one-letter amino acid
codel?4. b° = b-ion with loss of water. L’ = N-Ac-B-HyLeu, A = Ala, A’ = N-Me-Ala, T* = 2-methylamino-2-
butenoyl, L” = B-HyLeu, F’ = Pla, A” = N-Me-Dha. Figure adapted and modified from Hanke et al, 20211.

NMR data analysis of FR-6 (Table 1) verified the findings of the fragmentation
pattern analysis, as its main difference compared to FR was pinpointed in the N,0-Me2-
Thr moiety. Thus, in the 1H and 13C NMR spectra of FR-6 three resonances are missing, i.e.,
the resonance for a methoxy group is missing and the resonances for the respective a and
B methine groups. As a substitute, two carbon (C-26, C-27) resonances at 6 132.8 and &
141.2 indicated the presence of a double bond. Taken together, a 2-methylamino-2-
butenoic acid moiety, probably a result from dehydration of a threonine, replaces the
originally present threonine moiety in FR-6. Another difference between FR and FR-6 is
the exchange of the propionyl residue in N-Prop--HyLeu (as in FR) by an acetyl group,
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which is known for FR-2. Detailed analyses of the 1D and 2D NMR data unambiguously
proved the structure of FR-6 (Table 1, Figure 48 to Figure 53). Both, FR and FR-6, are
products of the same NRPS biosynthetic system, therefore the configuration of FR-6 is
suggested to be identical to that of FR. The configuration of the double bond A26,27 was
determined to be Z due to a ROESY correlation between H3-28 and H3-29.

Table 1: 'H and 13C NMR spectroscopic data of FR-6 in chloroform-ds (*H: 600 MHz; 13C: 150 MHz).
Table from Hanke et al, 20211,

Residuelal NoC/H  &c, mult 8u (J [Hz]) cosy HMBC ROESY
Ala 1 173.5,C -
2 44.7, CH 5.24 (dq, 10.1, 6.5) 3,2-NH 1,34 2-NH, 3, 39
2-NH - 7.80 (d, 10.1) 2 2,4 2,3,6a
3 18.4, CHs 1.38 (d, 6.5) 3 1,2 2, 2-NH
N-Me-Dha 4 163.6,C -
5 142.0,C -
6a 123.3,CHz  a5.32 (brs) 6b 5 2-NH, 6b
6b - b 3.42 (brs) 6a 5 6a
7 37.9, CHs 3.12 (s) 58
Pla 8 167.6,C -
9 71.0, CH 5.21 (dd, 4.2,11.2) 10a, 10b 8,10,17 10b
10a 38.8, CH: a3.26(dd,11.2,12.7) 9,10b 9, 11, 10b,12/16
12/16
10b - b 2.87 (dd, 4.2,12.7) 10a 9, 11, 9,10a,12/16
12/16
11 135.8,C -
12/16 130.0, CH 7.08 (d, 7.7) 13/15 10,14 10a, 10b, 13/15
13/15 128.5,CH 7.23ldl 12/16 11 12/16
14 127.1,CH 7.23ldl 12/16
N-Ac-B-HyLeu 17 167.8,C -
18 53.1,CH 5.33(dd, 3.1,10.3) 18-NH, 19 17,19 18-NH, 19
18-NH - 7.32,(d, 10.3) 18 18,23 18, 20, 24
19 79.8, CH 5.57 (dd, 3.1,10.0) 18,20 20,25 18,21, 22
20 29.7,CH 1.89 (m) 19, 21,22 21,22
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21 19.1, CHs 0.88 (d, 6.6) 20 20,22 19, 22

22 18.7, CHs 1.04 (d, 6.6) 20 20,21 19,21

23 170.2,C -

24 2250, CHs  2.23 (s) 23 37,18-NH
Dab 25 162.4,C -

26 132.8,C -

27 141.2,CH 7.13(q, 7.3) 28 25, 26, 28 28

28 13.4, CHs 1.87 (d, 7.3) 27 26,27 27,29

29 37.6, CHs 3.30 (s) 26,30 28,31
B-HyLeu 30 17090, C -

31 48.7, CH 5.08 (d, 8.3) 31-NH, 32 30,32 31-NH

31-NH 9.64, (d, 8.3) 31, 36 31,32,33

32 76.4, CH 5.06 (d, 8.8) 31,33 40 31-NH, 33

33 30.7,CH 2.02 (m) 32,34,35 34,35 32,34,35

34 18.9, CHs 1.09 (d, 6.6) 33 32,33,35 32,35

35 18.5, CH3 1.00 (d, 6.6) 33 32,33,34 32,34
N-Me-Ala 36 173.2,C -

37 66.8, CH 3.72(q,7.3) 38 36,38 38,39

38 16.2, CHs 1.79 (d, 7.3) 37 35,36 37

39 41.5,CHs 3.32(s) 1,37 37
N-Ac-B- 40 170.90b], C -
HyLeu2

41 54.2,CH 4.86 (d,9.7) 41-NH 40 41-NH, 42, 44, 45

41-NH - 8.40 (d,9.7) 41 41,46 47

42 77.9, CH 3.86 (d, 6.0) 43 40,43 41,43, 44,45

43 32.2,CH 1.84 (m) 42, 44,45 44,45 42,44, 45

44 20.2, CHs 1.09 (6.7) 43 42,43,45 43,45

45 17.8, CHs 0.99 (6.7) 43 42,43,44 43,44

46 171.2,C -

47 22.5l4,CHs  2.15 (s) 46 41-NH

[a] Residues: Ala = alanine, N-Me-Dha = N-methyldehydroalanine, Pla = 3-phenyllactic acid, N-Ac-B-HyLeu= N-
acetylhydroxyleucine, Dab = 2-methylamino-2-butenoic acid, f-HyLeu = hydroxyleucine, N-Me-Ala = N-methylalanine,

(b]. [c]. [4] overlapping resonances.
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To evaluate the bioactivity of FR-6 as Gq inhibitor, the dynamic mass redistribution
(DMR) assay was performed by Dr. Patt (AG Kostenis, Institute for Pharmaceutical
Biology, University of Bonn). DMR technology provides phenotypic measures of cellular
activity in real-time when cells are exposed to pharmacologically active stimulil?6197, HEK
293 cells were genome edited with the clustered regularly interspaced short palindromic
repeats/Caspase9 (CRISPR/Cas9) method to be Gaq and Gai1 deficient (HEK Gq/11-KO
cells). These cells allow re-expression of Gaq and therefore the specific activation of the
Gq signaling cascade by an endogenous Gq-linked muscarinic M3 receptor, which is
inactive in HEK Gq/11-KO cells. (Figure 54). In this study’s specific DMR paradigm, cell
activation results from Gq signaling only. As shown in Figure 16 (Ai), (Aii), and (B), a
robust muscarinic acetylcholine receptor type 3-dependent Gq activation in response to
carbachol (Cch) was observed and inhibited by both FR and FR-6. However, FR-6 was less
potent (6-fold) as compared to FR, revealing the importance of the methoxy group of the

N,0-Me2-Thr for efficient Gq inhibition and the negative impact of the double bound.
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Figure 16: Characterization of FR-6 and FR900359 (FR) for inhibition of and binding to Gq proteins.
Concentration-dependent inhibition of cell responses induced with carbachol (Cch) [100 pM] by (Ai) FR and
(Aii) FR-6 in HEK Gq/11-KO cells transfected to express wild type Gagq. (B) Concentration-inhibition
relationships for the traces shown in (Ai) and (Aii) and quantification. Dynamic mass redistribution (DMR)
recordings are representative (mean + Standard error of the mean (SEM)) of at least 5 independent
biological replicates conducted in triplicate. Negative logarithms of the half maximal inhibitory
concentrations (pICso) (FR, FR-6) were determined by nonlinear regression from concentration-inhibition
relationships. (C) Specific binding of the FR-derived radioligand [*H]PSB-15900 (5 nM) to human platelet
membrane preparations (25 ug of protein) in the presence of varying concentrations of FR and FR-6. Data
points represent means * SEM of five independent experiments. Binding poses of ((Di), orange) FR-6 and
(Dii), cyan) FR in the Gq protein (white, PDB code: 3AH8)1%8 as suggested by molecular docking. Nearby
amino acid residues are depicted as white sticks and are labeled accordingly. Figure from Hanke etal, 20211.
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To evaluate the affinity of FR-6 towards Gq proteins in human platelet membranes,
a competition binding assay, using the radiolabeled FR derivative [’H]PSB-15900 (Figure
16 (C)) was conducted by Dr. Voss (AG Miiller, PharmaCenter Bonn, Pharmaceutical
Institute, Pharmaceutical & Medicinal Chemistry, University of Bonn)1>°. The negative
logarithm of the inhibitor constant (pKi) of FR-6 was calculated to be 7.50 + 0.16 and

revealed a 19-fold reduced affinity towards Gq as compared to FR (pKi = 8.66).

Molecular docking experiments were performed by Dr. Namasivayam (AG Miiller,
PharmaCenter Bonn, Pharmaceutical Institute, Pharmaceutical & Medicinal Chemistry,
University of Bonn) to compare the poses of FR-6 and FR in their human Gq protein
binding sites (Figure 16 (Di) and (Dii)). The comparison of all crucial inhibitor-protein
interactions of FR and FR-6 revealed them to be nearly identical, as only minor rotations
around single bonds are predicted, e.g., for the propionate in proximity to E191 or the
isopropyl residue near 1190. Therefore, the docked pose of FR-6 is predicted to be
virtually identical to the docked pose of the parent compound FR. The structural
difference between FR and FR-6, i.e. the elimination of methanol of the N,0-Me2-Thr
residue of FR, was expected to reduce hydrophobic interactions between the inhibitor and
the surrounding amino acids L78, V184, P185, T186, and T187 in the binding pocket. The
impact of the double bound in FR-6 was not predictable by the molecular docking
experiments. Taken together, the comparison provides an atom-level hypothesis for the
affinity decrease of FR-6 observed in the radioligand binding assay. The reduced affinity
correlates to the decreased binding affinity and Gq inhibition capacity of FR-6 determined

in functional DMR assays.

3.1.2.2. Molecular family of valhidepsins

In C. vaccinii MWU205, another NRPS BGC was located directly downstream of the
frs gene cluster (Figure 4). The NRPS encoded by this gene cluster is responsible for the
formation of cyclic and linear lipopeptides, known as valhidepsins which mostly consist
of valine moieties. Eight of these peptides have recently been described and
characterized28. In the extracts of C. vaccinii MWUZ205 cultivated in LB and M9 medium

six of these peptides were identified (Figure 17).
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Figure 17: Structures of the six known valhidepsins!28 found in extracts of Chromobacterium vaccinii
MWU205. Building blocks are colored and named exemplarily for valhidepsin A.

Cluster 2 was revealed to be the molecular family of the valhidepsins, as the m/z
values 567.347, 593.363, 787.501, 761.487, 779.500, and 805.514 were identified as
valhidepsins A-F according to their fragmentation spectra (Figure 55 to Figure 59)
which matched the described fragmentation pattern and the corresponding structures?28,
For the m/z values 751.468, 761.487, 765.483, 779.500, 787.501, and 805.514 two nodes
were detected, one originating from LB medium extracts with a shorter retention time
and one from M9 medium extracts with a longer retention time. Comparison of their
fragmentation patterns (Figure 55 to Figure 58, Figure 60) revealed all of these m/z
pairs to be identical except for the m/z 765.483. As the measurements of the LB extracts
were done separately from those of the M9 extracts, retention time shifts due to small
variation in the conditions might have occurred. Therefore, five of six pairs were merged
into one node in Figure 18, as their fragmentation patterns did not differ significantly,
while both nodes with m/z 765.483 were left separated. In the original network created

by the FBMN workflow (release_20), five nodes with m/z 793.474-793.477 were detected.
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The detailed analysis of the extracted ion chromatograms for the m/z 793.476 (+0.01)
revealed four peaks (RTs: 8.2 min, 8.5 min, 8.8 min, and 10.0 min). As the preprocessing
by MZmine 2 was not able to separate the three early peaks (RTs: 8.2 min, 8.5 min, and
8.8 min) consistently in each sample, the nodes representing the three early peaks were
merged into m/z 793.476 with a RT of 8.2 min, whereas m/z 793.476 with a RT of 9.9 min
corresponds to the HPLC peak with a RT of 10.0 min. In total, seventeen valhidepsin
analogues were identified, among them eleven unknowns, with one being unique for LB

medium and nine unique for M9 medium.

~<«— Valhidepsin F

30.009
795.492
9.9 min

765.483 2.016
14.017 9.2 min

26.016
Valhidepsin E ———>

765.483

Valhidepsin D 10.4 min

198.135

26.015

791.498
11.7 min
9.5

LB: 9.9 min 54.010 793.476
M9: 11.0 min 10.0 min
821.506 17 819.493
11.3 min 9.1 min
40.031
27.993
26.015 0.001
758.564
14.5 min 18.012 42.007 26.017
2.923 28.032 14.015
805.514 68825
LB: 10.9 min 12.040
/ Zg‘:l'l?;’ M9: 12.3 min 793.476
. o M9: 13.7 8.2 min
Valhidepsin C 15408
28.032 54.047
26.013
42.009
60.021
soons 3345
Valhidepsin A —> 787.501 : 18.012
LB: 12.9
M9: 15.7 751.468

LB: 8.5 min

Valhidepsin B M9: 9.3 min

Figure 18: Molecular cluster of cyclic and linear valhidepsin lipopeptides (determined by MS?) from
the feature-based molecular network of n-butanol extracts of Chromobacterium vaccinii MWUZ205 cultivated
in M9 and LB medium. Nodes display distinct m/z features, i.e. their parent mass and liquid
chromatography retention time. Their size represents the number of spectra obtained and their color
displays their origin (white: C. vaccinii MWU205 cultivated in M9 medium; red: C. vaccinii MWU205
cultivated in LB medium). The width of the edges corresponds to the similarity of the fragmentation spectra
of the connected nodes and the display the mass difference between connected m/z values. Known and
already published valhidepsins!28 are indicated by arrows and named.

Analyses of the fragmentation patterns of the proton adducts were performed and
generated first hints for the structure of seven unknown compounds with m/z 733.456,

751.468, 765.483 (RT: 10.4 min), 765.483 (RT: 9.2 min), 791.498, and 793.476 (RT:
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8.2 min), and 793.476 (RT: 10.0 min). For the remaining four unknown compounds with
m/z values 758.566, 795.483, 819.493, and 821.506, the fragmentation patterns were not
clear enough to draw any conclusion towards their structure. All cyclic lipopeptides were
linearized by breakage of the ester between valine and serine, leading to similar
fragmentation pattern for valhidepsin A and B (Figure 19) and valhidepsin C and D
(Figure 61). Afterwards the linear peptide chain sequentially loses amino acids from the

carboxy terminus, creating b-ions, their respective a-ions, and b-ions without water (b°).
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Figure 19: Fragmentation pattern of valhidepsin A (m/z 787.501) and valhidepsin B (m/z 805.514).
Fragment ions were named following the nomenclature system by Ngokal®? based on Biemanns
modifications?3 of Roepstorffs nomenclature in one-letter amino acid code.1?4 b°® = b-ion with loss of water.
S’ = acylated serine.

For four compounds with m/z values 733.456 (RT: 11.4), 751.468, 793.474 (RT:

8.7), and 765.483 (RT: 9.2 min) structural changes compared to the known lipopeptides
were pinpointed to the N-acyl-chain, which differed in its length and the presence of a
carbon-carbon double bond, as observed for the known lipopeptides. For the derivative
with m/z 733.456, a mass difference of 28.03 Da compared to valhidepsin C was most
likely due to the loss of two CH2z groups. The same observation was made for the
compound giving rise to m/z 751.468 compared to valhidepsin D. As both of these m/z
values for unknown compounds were connected in the network and had a mass difference
of 18.01 Da to each other, the derivative with m/z 733.456 is most likely the cyclic form
of the linear molecule with m/z 751.468 (Figure 20). In comparison to valhidepsin C and
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D, both are hypothesized to have a Ce acyl chain instead of the Cs present in valhidepsin C
and D. However, both methyl groups also could have been added at different sites of the

acylated serine moiety.
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Figure 20: Fragmentation pattern of valhidepsin C (m/z 761.493) and the m/z values 751.468 and
733.456. Fragment ions were named following the nomenclature system by Ngoka!?2 based on Biemanns
modifications?3 of Roepstorffs nomenclature in one-letter amino acid code.1?4 b°® = b-ion with loss of water.
S’ = acylated serine.

The compound with m/z 765.483 (RT: 9.2 min) had a 14.03 Da mass difference

compared to valhidepsin D, most likely caused by the loss of a CHz group in the
valhidepsin acyl chain, as the change was located in the acylated serine. Both compounds
giving rise to m/z 793.476 but distinguished by different retention times (8.2 min and
10.0 min), showed similar fragmentation patterns, but were not connected to a known
valhidepsin. However, the derivative with m/z 793.476 (RT: 8.2 min) was related to the
compound with m/z 765. 483 (RT:9.2 min). As the change of 27.99 Da was located in the
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acylated serine, it probably corresponds to two CH2 groups added to the acyl chain.

Therefore, the four isomers found in extracts of C. vacciniit MWU205probably differed with

regard to the presence of additional CHz groups. (Figure 21).
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Figure 21: Fragmentation pattern of valhidepsin D (m/z 779.503) and the unknown m/z values
765.483 (retention time (RT): 9.2 min), and 793.474 (RT: 8.2 min and 10.0 min). Fragment ions were named
following the nomenclature system by Ngokal92 based on Biemanns modifications!?3 of Roepstorffs
nomenclature in one-letter amino acid code!%4. b°® = b-ion with loss of water. S’ = acylated serine.

The last two unknown derivatives with m/z values 765.483 and 791.498 did not

only differ in the acyl chain, but in the peptide part of the molecule. Analysis of the
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fragmentation pattern and mass difference of the compound with m/z 765.483 (RT:

10.4 min, Am/z: 14.03) compared to valhidepsin D clearly revealed the loss of a CHz group

in the leucine moiety (Figure 22). As valine is the main building block of the valhidepsins,

the replacement of the leucine moiety for a valine moiety is likely. For the molecule giving

rise to m/z 791.498, connected solely to the derivative with m/z 765.483 (RT: 10.4), a

similar fragmentation pattern suggested that this compound also contains valine instead

of leucine and that the remaining mass difference of 26.02 Da was due to differences in

the acyl moiety, indicating the formation of a double bond and addition of two CHz groups

(Figure 22). This could be the same acyl moiety as present in valhidepsins A and B.
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Figure 22: Fragmentation pattern of valhidepsin D (m/z 779.503) and the unknown m/z values
791.498 and 765.483 (retention time: 10.4 min). Fragment ions were named following the nomenclature
system by Ngokal°2 based on Biemanns modifications!?3 of Roepstorffs nomenclature in one-letter amino
acid code?*. b® = b-ion with loss of water. S’ = acylated serine.
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3.1.2.3. Molecular family of violacein

Bacteria of the genus Chromobacterium are known producers of the purple pigment
violacein and also C. vaccinii MWU205 has been reported as violacein-producing
bacterium®l. The molecular family of violacein was identified as cluster 28 in the FBMN
(Figure 5 (A)) and represents two compounds with m/z values 344.102 (RT: 9.6 min)
and 328.107 (RT: 11.1 min) (Figure 23 (A)). According to the exact mass of violacein
(343.0957 Da) and its fragmentation pattern, the compound giving rise to m/z 344.107
was identified as proton adduct of violacein (Figure 23 (B))78. With a mass difference of
16.00 Da compared to violacein the derivative with m/z 328.109 was most likely
deoxyviolacein lacking one oxygen. This was further supported by its fragmentation

pattern, which revealed the indole moiety as the site of the structural difference (Figure

23 (C)).
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Figure 23: (A) Molecular cluster of violacein (determined by MS?) from the feature-based molecular
network. Data pool includes extracts of Chromobacterium vaccinii MWU205 cultivated in M9 and LB
medium. Nodes display distinct m/z features, representing their parent mass. Their size represents the
number of spectra obtained. The width of the edges corresponds to the similarity of the fragmentation
spectra of the connected nodes and is labeled according to the mass difference. Node color displays their
origin (white: C. vaccinii MWU205 cultivated in M9 medium; red: C. vaccinii MWU205 cultivated in LB
medium). Structures and fragmentation patterns of violacein (B) and deoxyviolacein (C)78.

3.1.3. Discussion

The antiSMASH and metabolome analysis of the soil bacterium C. vaccinii MWU205
led to the clear identification and subsequent analysis of three molecular families related

to FR, valhidepsins, and violacein and their respective BGCs.
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The detailed analysis of the molecular family of FR identified thirteen unique FR
derivatives in extracts from C. vaccinii MWUZ205, while twelve unique compounds are
found in the extracts of A. crenata plant leaves containing the bacterial endosymbiont
Cand. Burkholderia crenata (Figure 6). Both FR producers, C. vaccinii MWU205 and Cand.
Burkholderia crenata, were discovered to produce different FR derivatives, which might
be explained by the ability of the biosynthetic enzymes to incorporate different building
blocks. However, the comparison of frs BGCs in C. vaccinii MWU205 and Cand.
Burkholderia crenata revealed that they are close to identical (Table 16)130.199, The other
explanation for this different range of FR derivatives is the presence/absence of certain
precursor molecules in the surroundings, which surely affects biosynthesis. For example,
FR-1 contains N-3-HyProp-f3-HyLeu instead of N-Ac-B-HyLeu (L") (Figure 3), therefore its
biosynthesis requires the unusual 3-hydroxypropionate as a precursor. This precursor
might not be produced by C. vaccinii MWU205 or is not available in the medium. To further
investigate the biochemical background of the metabolic differences detected in this
study, biosynthetic experiments like feeding experiments and bioinformatic analysis of

the bacterial genomes are needed.

With the detailed analysis of the MS? fragmentation pattern, the structures of two
new FR-Core derivatives were elucidated and named FR-Core 5 and FR-Core 6 (Figure
10). Furthermore, the analysis revealed first structural information, i.e., defining the
structural change and pinpointing the change to one specific building blocks, on six new
FR derivatives, i.e.,, m/z values 706.363 (RT: 8.7 min), 801.436 (RT: 13.0 min), 803.415
(RT:10.4 min), 831.443 (RT: 12.7 min), 833.425 (RT: 10.4 min), 974.503 (RT: 11.2 min).
The structure of one new FR derivative, FR-6, was unambiguously established. First, FR-
6 was identified by FBMN, then isolated from C. vaccinii MWU205 extracts, and the pure
compound elucidated via LC/MS2 and NMR subsequently. Compared to FR, FR-6 contains
a N-Ac-B-HyLeu as side chain and a Thr moiety without the O-Me group but with a double
bound, i.e., 2-methylamino-2-butenoic acid (Figure 15). FR-6 showed significantly lower
inhibition of Gq signaling and lower binding affinity towards Gq compared to FR (Figure
16). Molecular docking studies suggested that the absence of the O-Me-group in the N,0-
Mez-Thr moiety of FR-6 (as compared to FR) reduced hydrophobic interactions with
binding pocket residues in Gaq. These investigations underline recent findings that almost
the whole FR molecule constitutes the pharmacophore essential for binding and

inhibition of G4200.
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The FBMN allowed the analysis of the valhidepsin family of compounds as it
connected the known valhidepsins A-F (Figure 17) and eleven new derivatives (Figure
18). With the help of MS2 most of the structural changes were pinpointed towards the
acylated serine moiety, except one derivative with a change in the leucine moiety.

Therefore, the exact structure of these derivatives could not be elucidated using MS2.

These findings underline the ability of molecular networking combined with the
detailed analysis of the fragmentation pattern to investigate minor compounds and isolate
new derivatives of known NPs. Nevertheless, the isolation of the pure compounds and
subsequent structure elucidation via NMR is indispensable, as mass differences and
fragmentation pattern analysis are not sufficient in most cases. For the isolation of
compounds a big scale cultivation of C. vaccinii MWU205 combined with feeding
experiments to enhance the production of minor metabolites can be used, as shown for
the three FR derivatives, FR-7, FR-8, and FR-9 (Figure 3)129. All twelve FR derivatives and
the majority of new valhidepsin derivatives were produced by C. vaccinii MWUZ205 in the
minimal medium M9 (Figure 6 and Figure 18), making M9 medium the perfect platform
to investigate minor and novel derivatives, as shown by the isolation of FR-6 from M9
medium. This was also reported for violacein production in two Janthinobacterium
strains, where minimal medium enhanced the production. This is further proof that the
mimicking of environmental or nutritional stress increases the production of secondary
metabolites201202, Therefore, further attempts to isolate the new minor derivatives of
both FR and valhidepsins should utilize M9 medium or other minimal media. Additionally,
mutation of BGCs of C. vaccinii MWU205 might allow the isolation of novel and minor
naturally occurring, but also engineered derivatives. One idea is to target specific
domains, e.g., the C domain of FrsD, with point mutations that allow the incorporation of
other precursors. Another possibility is the deletion of genes, modules, or domains, a
method that has been used to isolate FR-Core by deletion of the frsA genel30. In the case
of the FR biosynthesis, the C domain of FrsA and FrsD show high similarity and therefore
may be exchangeable, an experiment that could broaden the incorporated building blocks
by FrsD and enable the isolation of derivatives like FR-1 (Figure 3). These experiments
are currently performed by Dr. Richarz and Christoph Ulbricht (AG K6nig/Criisemann,

Institute of Pharmaceutical Biology, University of Bonn).
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Apart from the identified clusters and BGCs, thirty-four unknown molecular families
were found, and on the geneticlevel seven regions encoding for BGCs (Figure 4) for which

no compound could yet be identified were discovered.

The prediction of an AHL BGC in the genome of C. vaccinii MWU205 (Figure 4, region
9) was expected, as violacein biosynthesis is regulated via QS, a signaling pathway
involving AHLs. The production of AHLs was verified and investigated for different
Chromobacterium strains81,190.203,204  However, none of the AHLs found in the other
Chromobacterium spp. were chemically detected in the metabolome of C. vaccinii
MWU205205, which was reasonable, as AHLs are usually extracted using chloroform,

dichloromethane, acidified ethyl acetate, and hexane2%¢, but not with n-butanol.

The identification of a BGC for chromobactin and one related to viobactin in the
genome of C. vaccinii MWU205 (Figure 4, regions 3 and 7) showed that the production of
these siderophores might not be restricted to C. violaceum192. Siderophores are iron-
binding secondary metabolites, which make iron available for their bacterial producer
and other surrounding organisms like plants, thereby promoting their growth.
Additionally, the utilization of siderophore-producing bacteria as biofertilizers may
inhibit plant pathogens by reducing the amount of available iron for the growth of
pathogens207-210_ Siderophores are divided according to their chemical nature into
catecholates and phenolates, hydroxamates, carboxylates, and mixed type
siderophores2%8, Viobactin and chromobactin are synthesized by NRPS and belong to the
catecholate-typel92 but their exact structure has remained unknown. In order to elucidate
these structures, the siderophores of C. vaccinii MWU205 may be isolated using iron-
deficient media instead of the iron-supplemented M9 and iron-rich LB medium for

cultivation211-213,

The genome analysis predicted a 2,4-diacetylphloroglucinol-related BGC in the
genome of C. vaccinii MWU205 (Figure 4, region 6). 2,4-diacetylphloroglucinol is
produced by plant-beneficial Pseudomonas spp. and has been shown to suppress plant
pathogens thereby controlling soil-borne plant diseases191214-216, Qnly recently, the
presence of the 2,4-diacetylphloroglucinol BGC has been investigated for the genus
Chromobacterium, including C. vaccinii MWUZ205, and revealed a novel potential ability to
promote plant health12¢, Again, as in the case of AHLs, the solvents applied in this study
may not dissolve and extract the product produced by the predicted BGC217.218 and thus

was not detected in the metabolome analysis.
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For the remaining four BGCs (Figure 4), i.e., one related to terpene biosynthesis, one
PKS-like system, one NRPS-associated pathway, and one belonging to the (-lactone type,

the similarity to known BGCs was too low to draw further conclusions on their products.

The first analysis with the GNPS FBMN workflow was conducted in 20211. Since
then, newer versions of the FBMN workflow were released, hence a re-analysis with the
current version (release_28.2) from 2023 was performed and the resulting network was
very similar to the previous FBMN (Figure 62). Clusters for FR, valhidepsins, and
violacein, were rediscovered and contained most of the nodes found in the previous
molecular families. However, some nodes and connections disappeared in the results
obtained with the current version (release_28.2) from 2023, which demonstrates the
difficulties of working with external bioinformatic tools. One of the most striking
differences between the results from the versions of 2021 and 2023 was the lack of
connection between the known valhidepsins, as valhidepsin E and F formed a separate
cluster in the network calculated with the version from 2023. The findings in this study
verify most of the results from 2021 and underline the importance of a detailed manual

analysis to investigate the total spectrum of molecules.

The ecological relevance of C. vaccinii MWU205 has been investigated before, as a
first draft genome analysis in 2015 revealed C. vaccinii MWU205 to possess genes of which
the products may be virulence factors towards insect larvae, like violacein, siderophores,
hydrogen cyanide, and chitinases219. This thesis confirms the production of violacein and
further reveals the potential of C. vaccinii MWU205 to support plant growth by the
detection of BGCs for siderophores and 2,4-diacetylphloroglucinol. The bioinformatic and
metabolome analyses underline the potential of C. vaccinii MWU205 as source for NPs
with ecologically relevant bioactivities. Next steps in order to further investigate the
metabolome of C. vaccinii MWU205 are the heterologous expression of BGCs of unknown
compounds, the cultivation of C. vaccinii MWU205 under different conditions allowing the
isolation of other NP classes like siderophores, and the utilization of other extraction
solvents. To examine the ecological effect of C. vaccinii MWU205 in its natural habitat, its
secondary metabolites, e.g., FR, valhidepsins, and violacein, should be tested for
production under the natural conditions and investigated for bioactivities that affect the
natural surrounding organisms. This study focusses on the ecological role of the cyclic
depsipeptide FR. For the other secondary metabolites further studies need to be

conducted.
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3.2. Feeding experiments with C. vaccinii MWU205

Complex culture media allow many bacteria to grow without restrictions, but are a
limitation if certain precursor molecules, influencing the production of metabolites, shall
be added or exchanged. Using minimal media like M9 medium, it is possible to exchange
components, e.g., to generate isotope-labeled molecules, or to add certain precursors to
investigate their influence on the produced metabolite spectrum. The feeding of isotope-
labeled precursors is used to investigate biosynthetic pathways?20.221  to elucidate the
structures of target molecules if combined with methods like LC/MS2 and NMR222223 and
to generate labeled compounds that may function as internal standards for quantitative
LC/MS measurements?24 and also to allow detailed NMR analysis. Feeding precursor
molecules to bacterial cultures grown in minimal or even complex medium can shift the
spectrum of derivatives produced by a biosynthetic pathway129.130, This influence can be
used to optimize the production of specific derivatives and to investigate the flexibility

and substrate specificity of biosynthetic enzymes.

3.2.1. Generation of completely 13C/1>N-labeled FR

Within the framework of the research group FOR2372, the completely 13C/15N-
labeled FR was crucial for the detailed investigations of the structure of FR using NMR and
for the examination of the binding of FR to Gq using solid-state NMR (project of Prof.
Glaubitz, Institute for Biophysical Chemistry and Centre for Biomolecular Magnetic
Resonance, Goethe University Frankfurt/Main, FOR2372). After establishing the minimal
medium M9 as suitable medium for the cultivation of C. vaccinii MWU205 and FR
production?25, it was now possible to exchange certain components of the minimal media
for their labeled counterparts. This was done for the nitrogen source (NH4Cl), which was
exchanged for 1>NH4(l, and for the carbon source glucose, which was exchanged for the
U-13C-labeled analog, as described in chapter 5.6.3. First, a cultivation experiment with 2
L, was performed to test whether the incorporation was successful. After cultivation for
48 h at 25 °C and extraction with n-butanol, the extract was separated via flash
chromatography as described in chapter 5.8.1. According to previous FR isolations, the
flash chromatography peak around 60 min was collected and investigated in detail using
NMR and LC/MS2. TH-NMR and LC/MS? measurements confirmed the presence of FR
(Figure 63, Figure 24). The m/z value of 1058.684 was detected, which matched the
expected m/z value for completely 13C/15N-labeled FR (Figure 24 (A), (C)). Further
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investigations of the fragmentation pattern verified the complete labeling of all fragments
known for the FR fragmentation pattern (Figure 24 (B), (D)). However, upscaling of the
cultivation to 10 L for the isolation of labeled FR did, after employing the established
work-up protocol, only result in 3 mg 13C/15N-FR and 55 mg 13C/15N-FR-2.
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Figure 24: (A) Structure and exact mass of the proton adduct of the completely 13C/1>N-labeled
FR900359 (FR). (B) Structure of the unlabeled FR with colored and named building blocks. (C) LC/MS?2
chromatogram of the FR fraction collected after 60 min and extracted ion chromatogram (EIC) for the m/z
of the completely labeled FR. Fragmentation pattern of FR (D) and completely 13C/1°N-labeled FR (E) with
fragments labeled following the nomenclature system by Ngoka!?2 based on Biemanns modifications!°3 of
Roepstorffs nomenclature in one-letter amino acid code.1%4 b° = b-ion with loss of water. L’ = N-Ac-3-HyLeu,
A =Ala, A’ = N-Me-Ala, T’ = N,0-Me;-Thr, L”” = N-Prop-B-HyLeu, L” = B-HyLeu, F’ = Pla, A” = N-Me-Dha.
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The shift of the production titers from FR to FR-2 in M9 medium has already been
observed during the comparison of the FR production curves by C. vaccinii MWU205
grown in M9 and LB medium (Figure 25 (A)). In both media, the production peaked after
36 h of cultivation but afterwards the amount of FR decreased in LB medium while its
production in M9 medium remained stable over the course of 7.5 days. For FR-2 a similar
observation was made, but in M9 medium, the area under the curve (AUC) of the FR peak

seemed to be larger compared to FR (Figure 25 (B))3225.
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Figure 25: Production of FR900359 measured via LC/MS as area under the curve (AUC) for the m/z
1002.54 (A) and FR-2 measured as AUC for the m/z 988.52 (B) by Chromobacterium vaccinii MWU205
cultivated in LB medium (black) and M9 medium (grey) over 7.5 d. Error bars show the standard deviation
of two repeats. Figures adapted from Hanke, 2018225,

As FR and FR-2 only differ in the incorporation of acetic acid instead of propionic
acid (PA), respectively in the side chain (Figure 3) two explanations were possible, i.e.,
the abundance of PA could be different in the applied media and the pH of the medium
might have influenced the FR/FR-2 production. To test the first explanation a small scale
experiment with PA fed to C. vaccinii MWU205 in M9 medium was conducted as described
in chapter 5.6.4. The n-butanol extracts were analyzed via LC/MS and depicted an
increase of the FR m/z AUC when PA was fed. Subsequently, the AUC of the m/z of FR-2
decreased in presence of PA (Figure 26). This result suggested that the production of PA
by C. vaccinii MWU205 in M9 medium is lower and therefore the precursor is less
abundant. This was utilized to enhance the production of completely 13C/15N-labeled FR
by adding 13C-labeled PA to 4.5 L of culture. After purification, 40 mg (8.9 mg/L) of
completely 13C/1>N-labeled FR were isolated from 4.5 L.

58



Results

9_ '
4%10 o FR (m/z 1002.5)
o o FR-2 (m/z 988.5)
3%10°+ 50 |
-
g 2x10° i
< :
1%x10°-
o § =
0 T I : | |

Control +PA Control +PA

Figure 26: Production of FR900359 (FR) measured via LC/MS as area under the curve (AUC) for m/z
1002.54 (circle) and FR-2 measured as AUC for m/z 988.52 (rectangle) by Chromobacterium vaccinii
MWU205 cultivated in LB medium with and without [Control] 5 mM propionic acid [+PA]. All experiments,
n=3.

3.2.2. Non-labeled precursor feeding

The mass spectrometric analyses of the FR molecular family described in chapter
3.1.2.1 revealed that most FR derivatives produced by C. vaccinii MWU205 show their
structural changes in certain building blocks, i.e., the three 3-HyLeu moieties, the N,0-Me2-
Thr, the Pla, and the N-Me-Ala moiety. Therefore, feeding experiments were conducted to
investigate the substrate flexibility of the FR synthetase towards two of the four moieties,

i.e., the B-HyLeu and the Pla moieties.

3.2.2.1. Feeding carboxylic acids to C. vaccinii MWU205

In a previous study, feeding butyric acid to C. vaccinii MWUZ205 in LB medium
resulted in the formation of FR-5 (Figure 3), a derivative with a N-butyryl-3-HyLeu side
chain139, Additionally, most characterized derivatives, e.g., FR-2 and FR-1, differ in the acyl
chain of one of the two N-acylated-3-HyLeu. Both N-Ac-3-HyLeu and N-Prop-B-HyLeu are
synthesized starting from B-Leu, which is activated by the A domains of FrsA and FrsD
and bound to the FrsA/D T domains. Subsequently, the leucine $-hydroxylation by FrsH
occurs, followed by N-acylation catalyzed by the starter C domains of the respective
modules130143150 These starter C domains seem to have a low substrate specificity,
therefore feeding experiments with isobutyric (iBA), valeric (VA) and isovaleric acid (iVA)

were conducted to further examine the flexibility in vivo. The experimental design is

59



Results

described in chapter 5.6.4. For the experiment with iBA, a new FR derivative with an m/z
of 1016.56 was expected. As Figure 27 (A) shows, the C. vaccinii MWU205 wildtype
produced a minor compound with the m/z 1016.56 with unknown structure (RT: 16.0
min). The production of this ion was increased 6-fold by feeding compared to wildtype
extracts. A similar result was observed when feeding iVA and VA for the m/z 1030.57
(Figure 27 (B)), as a 3-fold increase of the peak occurred. These initial experiments
underline the proposed flexible substrate specificity of the C domains of FrsA and FrsD.
However, compared to the nearly 50-fold increase detected for the butyric acid feeding
done by Dr. Hermes?226, the observed increase was not thought to be enough to isolate the

novel compounds.
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Figure 27: Production of derivatives with m/z 1016.56 and m/z 1030.57 as area under the curve
(AUC) for n-butanol extracts of Chromobacterium vaccinii MWU205 LB medium cultures fed with (A)
isobutyric [+iBA], (B) valeric [+VA] and (B) isovaleric acid [+iVA] compared to n-butanol extracts of C.
vaccinii MWU205 LB medium cultures without feeding [Control]. For the feeding experiments three repeats
were performed and measurement was done via LC/MS.

3.2.2.2. Feeding 3-Fluoro-DL-phenylalanine to C. vaccinii
MWU205

Previous feeding experiments with 3-Fluoro-DL-phenylalanine (meta-F-Phe)
resulted in the production of a compound with m/z 1020.528, with a structural change in

the Pla moiety22>. The precursor phenylpyruvic acid is derived from phenylalanine
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metabolism and transformed during the FR biosynthesis by FrsC and FrsE module 3 into
D-Plal48149, Three FR derivatives, m/z 833.425, 1004.514, 1018.528, were found in the
extracts of C. vaccinii MWU205 cultivated in M9 medium (Figure 6). These compounds
were hypothesized to have a hydroxylated D-Pla moiety (Figure 11), and thus changes at
the benzyl ring of the Pla moiety seem to be tolerated by FrsE and the subsequent domains

of FR biosynthesis enzymes.

To verify and optimize the production of the desired fluorinated FR derivative, the
experiment with the meta-F-Phe was repeated in M9 medium as described in chapter
5.6.4. However, C. vaccinii MWU205 did not grow in M9 medium supplemented with
meta-F-Phe and therefore no peak was observed in the EIC for m/z 1020.5 (Figure 28).
Fluorinated amino acid analogs have been reported as growth inhibiting and toxic for
organisms like bacteria, which might explain the lack of growth observed?27-230, In an
attempt to avoid the possible toxic effects of the fluorinated Phe the precursor was added
after 20 h of cultivation, using an LIS system as described in chapter 5.6.4. This allowed
growth of C. vaccinii MWU205 but did not yield any increased AUC for m/z 1020.5
compared to the control (Figure 64).
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Figure 28: Comparison of the extracted ion chromatograms measured via LC/MS for the m/z
1020.53 in n-butanol extracts of Chromobacterium vaccinii MWU205 cultivated in M9 medium for 36 h with
or without the addition of meta-F-Phe.

To investigate whether the C. vaccinii MWU205 mutant lacking the violacein
production (C. vaccinii AvioA) does accept meta-F-Phe, feeding experiments were
performed by master student Goran Gruji¢i¢ under my supervision as described in
chapter 5.6.4. As shown in Figure 29 (A) the AUC of the m/z 1020.5 increased 9-fold and
verified the incorporation of meta-F-Phe. As fluorinated pharmaceuticals represent 20 %
of all drugs on the market, the isolation from a big scale cultivation, i.e., 4.5 L, of C. vaccinii
AvioA fed with meta-F-Phe was pursued. The subsequent flash chromatography was

performed as described in chapter 5.8.1 did not show two distinct peaks for FR and the
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meta-F-FR derivatives, as the LC/MS analysis of fraction 2 and 3 revealed both fractions
to contain mostly FR and the compound with an m/z of 1020.5 (Figure 65). Nevertheless,

the incorporation worked and the purification of the fraction via HPLC is the next step.

To test if the position of the additional fluorine at the ring is important, feeding of 4-
fluoro-DL-phenylalanine (para-F-Phe) and 2-fluoro-pL-phenylalanine (ortho-F-Phe) was
tested. Figure 29 (B) shows that the phenylalanine containing fluorine at the ortho-
position was incorporated, as a 29-fold increase of the AUC for the m/z 1020.5 was
observed, while an exchange at the para-position was not accepted. Taken all findings
together, changes in the meta- and ortho-position of the Pla moiety are accepted, while

changes in the para-position are not.
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Figure 29: (A) Production of derivatives with m/z 1020.5 displayed as area under the curve (AUC)
in n-butanol extracts of Chromobacterium vaccinii MWU205 AvioA cultivated in LB medium for 36 h at 25 °C
fed with meta-F-Phe compared to n-butanol extracts of C. vaccinii MWU205 cultures without feeding
[Control]. (B) Production of derivatives with m/z 1020.5 displayed as area under the curve (AUC) in n-
butanol extracts of C. vaccinii MWU205 wildtype (WT) cultivated in LB medium for 36 h at 25°C fed with
ortho-F-Phe and para-F-Phe compared to n-butanol extracts of C. vaccinii MWU205 cultures without feeding
[Control]. For the feeding experiments three repeats were performed and measurement was done via
LC/MS.
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3.2.3. Discussion

M9 medium is a minimal and chemically defined medium, thereby offering two
advantages compared to LB medium; (i) it mirrors in some ways the nutritional stress in
a natural environment and (ii) it simplifies the generation of completely 13C/1>N-labeled
compounds, as its nitrogen or carbon sources are defined and thus exchangeable for the
isotope-labeled ones. The disadvantage that the FR biosynthesis in M9 medium produces
more FR-2 than FR was overcome in this study by shifting the production to FR with PA.
Cultivation of C. vaccinii MWU205 in M9 medium with labeled precursors enabled the
complete 13C and >N labeling of FR (Figure 24), which was isolated in pure form for
analysis and further application. The completely 13C/15N labeled FR isolated in this study
was used for intensive NMR analysis, i.e., the structure elucidation of FR via NMR using
natural solvents like water or buffer instead of organic solvents, and the investigation of
the binding to Gq with solid state NMR. These investigations were done by Christian
Bonifer (AK Glaubitz, Institute for Biophysical Chemistry and Centre for Biomolecular
Magnetic Resonance, Goethe University Frankfurt/Main) and will soon be published
(correspondence with Christian Bonifer). Furthermore, the completely 13C/1>N-labeled
FR can be utilized as internal standard for LC/MS measurements to quantify FR, e.g., in

soil samples.

Adding isobutyric, valeric, and isovaleric acid to culture media in feeding
experiments did increase the AUC of the expected m/z, i.e.,, 1016.56 and 1030.57, pointing
towards an incorporation (Figure 27). Thus, an FR derivative with an N-isobutyryl-3-
HyLeu (m/z 1016.56), one with N-valeryl-B-HyLeu (m/z 1030.57), and one FR derivative
with N-isovaleryl-B-HyLeu (m/z 1030.57) were probably formed. However, LC/MS2
measurements are necessary to verify this structural proposal by fragmentation pattern
analysis. If these measurements verify the incorporation of isobutyric, valeric, and
isovaleric acid in the side chain of FR, it will confirm the higher substrate flexibility of the
C domain of FrsA compared to the C domain of FrsD observed in in vitro assays130.
Different precursor concentrations, the use of other media like M9 medium, and the
feeding of the precursor to C. vaccinii MWU205 mutant strains like AvioA may enable the
production of higher amounts and should be tested. Following the observed incorporation
even longer acids may be fed to test the limits of the substrate flexibility. Apart from the
natural acceptance of precursors, the exchange of the FrsD C domain with the highly

similar but not identical FrsA C domain39, either completely or with point mutations,
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should be performed to test whether the substrate flexibility of FrsD could be increased.
Natural minor derivatives like FR-3 (Figure 3), also known as sameuramide A may be

produced in higher amounts as a result.

The addition of different monofluorinated phenylalanines to cultures of C. vaccinii
MWU205 confirmed that FrsE, responsible for the incorporation of the Pla moiety, which
is biosynthetically derived from phenylalanine, tolerated changes in meta- and ortho-
position, but not in the para-position (Figure 28). Investigations with 4-hydroxy-
phenylpyruvic acid and 4-hydroxy-phenyllactic acid, both hydroxy groups at the para-
position, showed low incorporation rates for the A domain of FrsE and FrsC in vitro, which
is in line with the lack of incorporation of para-F-Phel48. The acceptance of meta- and
ortho- but not para-substituted precursors has been observed for the synthesis of
pyrophen produced by Aspergillus niger?3! and alamethicin F50 and trichokonin VI
isolated from Trichoderma spp.232. For the novel compounds (m/z 833.425, 1004.514, and
1018.528), which were hypothesized in chapter 3.1.2.1.1 to contain a hydroxylated Pla
moiety, it is reasonable to suspect the hydroxy group in either meta- or ortho-position. To

test this hypothesis the feeding of meta- and ortho-tyrosine should be tested.

While fluorine is only found in a small number of organic compounds in nature, 20 %
of all pharmaceuticals are fluoro-pharmaceuticals. There are several reasons for the use
of fluorine in pharmaceuticals; (i) it is best suited to replace hydrogen without changing
structures drastically, (ii) the C-F bond often increases the metabolic stability of a drug,
(iii) F induces bond polarity due to its electronegativity, that may alter lipophilicity and
pKavalues, and (iv) it can be used as a bioisostere of the hydroxyl group?33. Therefore, the
generation of a fluorinated FR might be interesting for its further development as drug
candidate. Regarding the isolation of the fluorinated FR derivatives the purification via
HPLC might be difficult due to its similar retention time as FR (RT: 14.7 min) and the
compound with m/z 1020.5 (RT: 15.4 min) observed in the LC/MS and was therefore not

completed in this study. Nevertheless, the separation via HPLC should be further pursued.

Taken together, feeding experiments allowed the generation of isotope-labeled FR.
They allowed the optimization of the FR production in M9 medium by influencing the
FR/FR-2 ratio. Furthermore, feeding experiments revealed new insights regarding the
substrate specificity of the biosynthetic enzymes, e.g., FrsA and FrsE. The knowledge
obtained from the metabolome analysis of C. vaccinii MWU205 in chapter 3.1.2.1 helped

to select specific precursors for feeding experiments and thus proved to be a successful
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method to influence the secondary metabolite production of C. vaccinii MWUZ205. Further
“targeted feeding experiments” could be performed focusing the N,0-Me2-Thr and the N-
Me-Ala moiety.

3.3. Cultivation experiments using soil-like conditions

The functional assessment of single members of the soil microbiome, e.g., C. vaccinii
MWUZ205, is extremely difficult for mainly three reasons: (i) Only a small percentage of
soil bacteria can be cultivated in the laboratory3234, (ii) their interactions and secondary
metabolite production under natural conditions are mostly unknown?23>, and (iii) the
ecological function of NPs is often not understood. C. vaccinii MWU205 has only been
shown to produce FR under standard laboratory conditions39, therefore it is not clear
whether secondary metabolite production also occurs under natural or at least close to

natural conditions.

The natural environment of C. vaccinii MWU205 are the soil and roots of wild
cranberry plants (Vaccinium macrocarpon Ait.) in the Cape Cod National Seashore in
Truro and Provincetown, and commercial cranberry plants in Wareham, Massachusetts®!.
Most of the bogs in this region are peat bogs, which were formed when the glaciers of the
Ice Age melted. Peat bogs require a year-round water saturation, with water that is poor
in nutrients and oxygen, acidic, and cool. These conditions, that can be found in kettle-
hole peat deposits in Massachusetts, do only allow a slow decomposition of plants
resulting in the formation of peat. For commercial cranberries, the peat is covered every
two to five years with a thin layer of sand, leading to alternating layers of sand and organic

matter with peat at the bottom?236237,

As the natural bog soil was not available, a soil sample was collected in Germany
(location described in chapter 5.3) for cultivation experiments with C. vaccinii MWU205.
In a first attempt the collected soil was used directly as culture, i.e., the soil sample was
mixed with agar to test the growth of C. vaccinii MWU205 on the respective plates at
different cultivation temperatures (described in chapter 5.4.7), but did not yield any
colonies. To test, whether FR is produced by C. vaccinii MWU205 under soil-like
conditions, soil extracts which included nutrients present in soil, were thought to be
suitable. Therefore, experiments were conducted to test different soil extracts as media

to cultivate C. vaccinii MWU205 and in order to find soil-like conditions that allow
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production of FR. Additionally, the excretion of FR from the bacterial producer cells was

investigated, to speculate on the impact of FR on the surrounding environment.

3.3.1. Cultivation of C. vaccinii MWU205 in different soil

extracts

To investigate FR production under soil-like conditions, topsoil was sampled as
described in chapter 5.3. Afterwards, the soil was extracted using four different methods
and solvents generating four soil extracts; (i) New soil extract (NSE)238, which uses
methanol for extraction, (ii) water extract (WE)?239, (iii) NaOH extract (NE)240, and (iv)
soil-extracted solubilized organic matter (SESOM)?41, which uses water and 3-(N-
morpholino) propanesulfonic acid (MOPS) buffer for extraction as described in chapter
5.4.6. These extracts were used for cultivation of C. vaccinii MWU205 for 5 days and
compared to a control, which was extracted directly after inoculation. Comparison of the
FR concentration determined by the calibration curve shown in Figure 30 (A) revealed
that SESOM led to the highest production of FR by C. vaccinii MWUZ205 in one of three
samples (Figure 30 (B)). As only a small increase was observed in cultivations of C.
vaccinii MWU205 in the water extract and no FR was noticed in the NaOH and NSE
experiments, these conditions were not thought to be suitable. Therefore, SESOM was

chosen as soil extracts for further experiments.
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Figure 30: (A) Calibration curve of FR900359 (FR) with the area under the curve (AUC) for FR (m/z
1002.5) determined by LC/MS for five concentrations (0; 0.0001, 0.0005, 0.001, and 0.005 mg/mL FR).
Equations given in the figures were calculated using Prism (Vers. 9.5.1) (B) Concentration of FR in n-butanol
extracts of Chromobacterium vaccinii MWU205 cultures grown in soil extracts for 5 d. NSE=New soil
extract?38 (empty circle), WE = water extract23? (empty square), NE = NaOH extracts240 (filled circle), and
SESOM = soil-extracted solubilized organic matter?4! (filled square).
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3.3.2. Cultivation experiments with SESOM and SESOM+

SESOM applies MOPS buffer for soil extraction. The resulting extract can be used for
bacterial cultivations24l. As the production did not seem to be stable, the preculture
preparations were optimized as described in chapter 5.6.6.1. In short, preparation of the
preculture in SESOM was replaced by one in LB medium to generate a big inoculum, which
was harvested by centrifugation. Subsequent washing steps helped to remove the
complex LB medium. Results calculated as described in chapters 5.6.6.2 and 5.6.6.3,
using the latter preculture preparation, showed a significant 18-fold increase (unpaired
t-test: P<0.0001) of FR in extracts from C. vaccinii MWU205 cultures cultivated for 5 days
in SESOM (Figure 31 (B)). The FR concentration was determined from the AUC for the
m/z 1002.5 signal, using the calibration curve shown in Figure 31 (A). Furthermore, the
naturally occurring soil polymer chitin was added to SESOM (SESOM+), as it is a possible
natural nitrogen and carbon source. C. vaccinii MWU205 was reported to harbor genes
encoding chitinases, which, if active, would make chitin accessible for the bacterium. FR
production was proven in the presence of chitin showing a significant 3-fold increase
(unpaired t-test: P=0.0007) in FR concentration after 5 days of cultivation (Figure 31
(C)). However, no enhancement of the FR concentration in SESOM+ compared to SESOM

was observed.
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Figure 31: (A) Calibration curve of FR900359 (FR) with the area under the curve (AUC) for FR (m/z
1002.5) determined by LC/MS for eight concentrations (0; 0.0001, 0.0005, 0.001, 0.005, 0.01, 0.05, and
0.1 mg/L FR). Equations given in the figures were calculated using Prism (Vers. 9.5.1). FR concentration in
n-butanol extracts of Chromobacterium vaccinii MWU205 cultivated in (B) SESOM or(C) SESOM
supplemented with chitin (SESOM+) for five days or extracted after inoculation [0 days]. FR concentration
was evaluated using LC/MS For both experiments n=3. The significance was determined using a two-tailed
unpaired t-test. P>0.05=ns, P<0.05=*, P<0.01=** P<0.001="*** P<0.0001=**** (A) was adapted from Hanke
etal, 2023 and raw data of the figure can be found in the supplementary of the publication?.
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3.3.3. FR excretion from C. vaccinii MWU205 cells

Following the proof of FR production under soil-like conditions, it was studied,
whether FR is excreted by C. vaccinii MWUZ205. This was thought to be an important
question to answer, in order to examine the environmental impact of FR. As a higher FR
production was more suited to observe differences in the FR concentration between the
bacterial pellet and the supernatant, LB medium was chosen instead of SESOM. Following
the cultivation of C. vaccinii MWU205 in LB, the FR content in both the pellet and the
supernatant was separately measured and calculated using the FR calibration curve
(Figure 32 (A)). The supernatant contained a significantly (paired t-test: P<0.0001)
higher FR concentration than the pellet (Figure 32 (B)).
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Figure 32: (A) Calibration curve of FR900359 (FR) with the area under the curve (AUC) for FR (m/z
1002.5) determined by LC/MS for eight concentrations (0; 0.0001, 0.0005, 0.001, 0.005, 0.01, 0.05, and
0.1 mg/L FR). Equations given in the figures were calculated using Prism (Vers. 9.5.1). (B) Concentration of
FR (mg/mL) in supernatant and pellet of Chromobacterium vaccinii MWU205 liquid culture. C. vaccinii
MWU205 was cultivated for 43 h in LB medium and centrifuged afterwards, resulting in pellet and
supernatant, which were extracted separately with n-butanol. Six repeats were performed. The significance
was determined using a paired t-test. P>0.05=ns, P<0.05=* P<0.01=** P<0.001=***, P<0.0001=**** Figure
was adapted from Hanke et al, 2023 and raw data of the figure can be found in the supplementary of the
publicationZ.

It is thus concluded, that under soil-like conditions the measured FR concentration
is around 0.0003 mg/mL. Furthermore, FR is excreted by C. vaccinii MWU205, suggesting
the presence of FR in soil inhabited by C. vaccinii MWU205.
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3.3.4. Discussion

As shown in Figure 31, C. vaccinii MWU205 is producing FR in soil-derived liquid
media, i.e.,, SESOM from garden soil with concentrations around 0.0003 mg/mL. It has
been shown for antibiotics derived from soil bacteria that NPs can affect surrounding
organisms at low concentrations, i.e.,, subinhibitory concentrations of antibiotics may
mediate species interactions, a phenomenon called hormesis235242243, This could also
apply to FR. However, it must be mentioned that the FR concentrations found in our
experiments are very low, probably caused by insufficient mimicking of natural
conditions. C. vaccinii MWU205 was originally isolated from bog soil®! near the root of
cranberries (Vaccinium macrocarpon Ait.). Commercial bog soil in Massachusetts consists
of alternating layers of sand and organic matter supposedly with other nutrients than
garden soil236. C. vaccinii MWUZ205 might also be part of the rhizosphere of cranberry
plants and therefore provided with root exudates, which are missing in SESOM. As
multiple organisms are present in soil, their interactions may induce or inhibit the
production of metabolites. The dynamic interplay between organisms is difficult to

simulate, but likely to influence FR production.

The addition of chitin to SESOM as a naturally occurring nutrient was a first attempt
to mirror natural conditions more closely and confirmed FR production. However, it did
not enhance it further (Figure 31), even though a first genome analysis of the draft
genome of C. vaccinii MWU205 has revealed it to have the potential to produce
chitinases?1%. However, chitin degradation is a complex process244, and some explanations
for the lack of FR enhancement under the tested conditions can be named. Maybe the
reported chitinase genes are not transcribed or translated, even if present, they may not
able to degrade chitin, or chitin degradation happens, but the resulting nutrients do not
influence FR biosynthesis. To verify any of these explanations the transcriptome or
proteome of C. vaccinii MWU205 should be investigated, the chitinases could also be
heterologously expressed and examined for their enzymatic activity, and lastly chitin
degradation products could be fed to cultures of C. vaccinii MWU205 to test if they
enhance the FR production. Additionally, labeled molecules may directly prove the

incorporation of the chitin degradation metabolites into FR biosynthesis.

It is reasonable to suggest that mimicking of the factors mentioned above, e.g.,

nutrients in bog soil and exudates from cranberry, when cultivating C. vaccinii MWU205
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would lead to a higher FR production. Indeed cultivation of C. vaccinii MWU205 in LB
medium has revealed its potential to produce much higher amounts of FR, as 2.5 mg of
pure FR were isolated from C. vaccinii MWU205 cultivated in one liter LB medium?39,
Furthermore, one of the extracts in the preliminary experiments (Figure 30) had an FR
concentration well-above 0.001 mg/mL, which could, however, not be reached again in

the following experiments.

To quantify FR production in the environment directly, an in situ approach, in which
a suitable adsorber resin is placed into the soil to extract FR from the respective
surroundings?45-247, would be of interest. An additional possibility would be to use a
droplet-based system to cultivate C. vaccinii MWU205 and to simulate the soil bacterial
community in situ. This would allow to investigate the influence of different factors, e.g.,
cocultivation with other bacteria isolated from cranberry bog soil, on the growth of C.
vaccinii MWU205248249 Tn addition, a metagenomic analysis of various environmental soil
DNAs for the frs BGC?50 could generate new insights into the overall presence and

frequency of potential FR producers.

Still, though limited, the experiments in this study clearly indicate the ability of C.
vaccinii MWU205 to produce FR in soil.

3.4. Bioactivity of FR against soil-associated nematodes

The phylum Nematoda is ubiquitously distributed in soil3>3¢ and many nematodes
feed on bacteria. Therefore, it is conceivable that soil bacteria like C. vaccinii MWU205
produce NPs like FR as a defense inter alia against nematodes!30153, The phylum
Nematoda also contains members known as dreaded plant pathogens, which may be
similarly affected by FR. This is quite plausible, since Gq proteins are highly conserved in

most eukaryotes 251,252,

To assess the bioactivity of FR against soil-associated nematodes, the following

chapter summarizes the results gained from in silico, in vitro, and in vivo analyses.

3.4.1. In silico analysis of FR binding to nematode Gagq

proteins
This is the first analysis judging the sensitivity of nematode Gq proteins to FR.

Therefore, initially, the basic local alignment search tool (BLAST)253254 was used to

identify Gog protein sequences from nematodes. Subsequently, the respective presumed
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FR binding sites were aligned and the impact of differences between the human Gaq and
the nematode Gog proteins on FR binding was estimated using PyMOL™ 2.5.4. In silico
analyses were assumed to be very insightful, due to the detailed knowledge on the binding
site of the FR related YM to the human Gq protein, which is in parts confirmed for FR via
mutagenesis and binding studies!>8255, Additionally, Gq proteins are highly conserved in
metazoa and essential for their life251252) making the findings on the effects of FR on the

human Gq translatable to nematode Gq proteins.

3.4.1.1. BLAST search for nematode Goq proteins

Caenorhabditis elegans is a bacteria-feeding nematode and a well-studied model
organism?2°6-258, The cDNA of the Gaq ortholog expressed by C. elegans has 82 % amino
acid sequence identity to the murine Gaq cDNA. Comparable to the impact of the human
Gag, C. elegans Goq plays a crucial role in nematode physiology, e.g., egg-laying,
locomotion, pharyngeal activity, and axon regeneration2>. The protein named Egl-30
(UniProt: G5EGU1) is encoded by egl-30 and was taken as query to search for other
nematode Gagq sequences with BLAST?253.254, restricting the organism group to the taxon
Nematoda. In total, sixteen sequences were chosen from the resulting output (one
hundred sequences) as most sequences belonged to parasitic nematodes known to infect

humans and mammals with no direct connection to soil.

Nine sequences of Caenorhabditis spp. were chosen for the alignment to fully
represent the genus Caenorhabditis, which is divided into two supergroups, i.e., Elegans
and Drosophilae, and additionally a basal group. All three clades have egl-30 orthologs ,
which were detected by the BLAST search and included in the alignment (Figure 34), e.g.,
C. elegans, C. latens, C. nigoni, C. tropicalis, C. briggsae, C. remanei, C. japonica belonging to
the Elegans supergroup, C. angaria and C. bovis to the Drosophilae supergroup, and C.
auriculariae to the basal group260. These Caenorhabditis spp. were found on insects260-268,
invertebrates28, rotten material2® or in an entomopathogenic relationship with

bacteria26°.

The other seven sequences selected for the alignment were soil or soil-associated
nematodes (Figure 34). Pristionchus pacificus and C. elegans shared their last common
ancestor about 200-300 million years ago27% and P. pacificus is known as satellite model
organism associated with scarab beetles, with which it has a necromenic relationship271.

Aphelenchus avenae is recognized as a fungivorous nematode found commonly in soil272.
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Bursaphelenchus okinawaensis has been isolated from the longhorn beetle Monochamus
maruokai. The genus Bursaphelenchus feeds on plants and fungi and is phoretically
associated with insects?73. All other selected nematodes are plant parasitic. Ditylenchus
destructor is the potato cyst nematode and used as model organism for plant
parasitism274, Meloidogyne graminicola and Meloidogyne enterolobii (syn Meloidogyne
mayaguensis) are plant parasitic root-knot nematodes, with Meloidogyne graminicola
targeting rice plants as sedentary endoparasite2’> and Meloidogyne enterolobii harming
vegetables in China, Vietnam, and America?’6. The last plant parasitic nematode is the
foliar Aphelenchoides besseyi, which feeds as ecto- and endoparasite on above-ground

plant parts causing, e.g., the ‘white tip’ disease on rice43.

Another representative, the plant parasitic cyst nematode Heterodera schachtii, is
known as pest of the sugar beet277. After sequencing its genome and transcriptome?78 a
search for probable Gaq orthologs revealed an messenger ribonucleic acid encoding of
353 amino acids, which was used for the alignment (Access to the sequences was provided

to us by Dr Sebastian-Eves-van den Akker).

In total, eighteen nematode Gog sequences (Table 11) were selected from the

BLAST search and compared to the human Gag.

3.4.1.2. Alignment of nematode Gaq proteins

A literature survey showed that the FR binding site was investigated by multiple
studies, starting with the identification of the binding site of the FR-related depsipeptide
YM (Figure 3) in a heterotrimeric human Gi/q chimeric protein by X-ray
crystallography198. Based on this structure, further binding and mutagenesis studies have
investigated the FR and YM binding site!>8255, In summary, these studies show that FR
attaches to human Gq in the interdomain cleft between the helical (H) and GTPase domain
(G) by connecting to linker I and switch I (linker 2) (Figure 33)158. Hydrophobic
interactions, more specifically the eight following positions in the human Gaq according
to the common Ga numbering system, were reported to be crucial for FR binding?27°:
V1826Ghfs21 gnd V184Ghfs23 [1906GS22, E1916S23, and P1936525, followed by, G74HHA6
F75HHA7 and L78HHA10 Tn addition, hydrogen bonds with R60HH19 which are relying on
the salt-bridge formation between the polar aspartate D71HHA3 and the mentioned

argininel58198.255 stabilize FR binding. Aside from these amino acid residues, eight others
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were revealed by the crystal structure to directly or indirectly interact with YM and thus

may also be relevant for FR binding198.

K /

|

Figure 33: Gai/qfy heterotrimer (grey) in complex with YM-254890 (red, sticks) and guanosine
diphosphate (spheres, rose) (Protein data bank code: 3AH8). Linker 1 and switch I (linker 2) are shown in
orange. The figure was taken from Hanke et al, 20232

To compare the assumed FR binding region, i.e., forty-two amino acid residues of
the human Goagq protein, to the corresponding sequences in eighteen nematode Gagq
proteins an alignment was performed as described in chapter 5.13.2 (Figure 34). The
hereby identified differences were visualized via PyMOL™ 2.5.4 using the inhibitor
binding the YM-Gq/i crystal structure (Protein data bank code: 3AH8) to estimate the

importance of each difference (Figure 35)198.
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Alignment Ak hk Kk khkhkhkkhkkkkk **k * % % * x khkhkkhkhkkhkhkhkkkkkxkxx
Caenorhabditis elegans KSTFIKQMRITIHGQGYSEEDKRAHIRL VRVPTTGIIEYPFDL
Caenorhabditis angaria KSTFIKQMRITHGQGYSDEDKRAHIRL VRVPTTGIIEYPFDL
Caenorhabditis latens KSTFIKQMRITHGQGYSDEDKRAHIRL VRVPTTGIIEYPFDL
Caenorhabditis briggsae KSTFIKQMRIIHGQGYSDEDKRAHIRL VRVPTTGIIEYPFDL
Caenorhabditis nigoni KSTFIKQMRITHGQGYSDEDKRAHIRL VRVPTTGIIEYPFDL
Caenorhabditis remanei KSTFIKQMRITHGQGYSDEDKRAHIRL VRVPTTGIIEYPFDL
Caenorhabditis japonica KSTFIKQMRIIHGQGYSDEDKRAHIRL VRVPTTGIIEYPFDL
Caenorhabditis tropicalis KSTFIKQMRITIHGQGYSDEDKRAHIRL VRVPTTGIIEYPFDL
Caenorhabditis auriculariae KSTFIKOMRIIHGNGYSDEDKRTYIRL VRVPTTGIIEYPFDL
Caenorhabditis bovis KSTFIKQMRIIHGQGYSDEDKRAHIRL VRVPTTGIIEYPFDL
Pristionchus pacificus KSTFIKQMRITIHGNGYSEEDKRGHIRL VRVPTTGIIEYPFDL
Heterodera schachtii KSTFIKQMRITHGSGYSLEDKRQHIRL VRVPTTGIIEYPFDL
Ditylenchus destructor KSTFIKQOMRITIHGQGYSDDDKRQFIRL VRVPTTGIIEYPFDL
Meloidogyne graminicola KSTFIKQMRITIHGSGYTLEDKRQHTRL VRVPTTGIIEYPFDL
Meloidogyne enterolobii KSTFIKQMRITHGSGYSLEDKRQHTRL VRVPTTGIIEYPFDL
Aphelenchus avenae KSTFIKQMRIIHGNGYSEEDKRQHTRL VRVPTTGIIEYPFDL
Bursaphelenchus okinawaensis KSTFIKQMRIIHGNGYSEEDKRQHIRL VRVPTTGIIEYPFDL
Aphelenchoides besseyi KSTFIKQMRITHGQGYSEEDKRQHIRL VRVPTTGIIEYPFDL
Position 52 78 182 196
| [ | |
Homo sapiens KSTFIKQMRIIHGSGYSDEDKRGEFTKL VRVPTTGIIEYPFDL

Figure 34: FR900359 (FR) and YM-254890 (YM) binding sites in Gaq proteins of nematodes.
Sequences (Table 11) were aligned using the Clustal W algorithm and compared to the human Gaq protein
(UniProtKB: P50148). Identical positions within the binding sites are marked with asterisks and positions
shown in bold are divergent. Positions predicted to be important for FR and YM binding are highlighted in
blue, and positions confirmed via mutagenesis studies highlighted in yellow58198255 The common Ga
numbering system was used and secondary structures were indicated with symbols (cylinder=a-helix;
arrow=[3-sheet)?27°. The figure was adapted from Hanke et al, 20232,

The comparison identified seven positions of the forty-two amino acid residues
investigated which differ between the Gagq sequences of nematodes and the FR-sensitive
human Goq protein: position G.h1ha.2, G.h1ha.5, H.HA.1-2, and H.HA.6-8 (Figure 34). The
visualization revealed that five positions are unlikely to influence FR or YM binding due
to two reasons: The distance between the amino acid residue and the inhibitor is too big
and therefore a change is improbable to affect the inhibitor binding as observed for
S656h1ha2 which has a distance of >6.9 A to the inhibitor. Also, if the amino acid side chain
points away from the inhibitor this residue is unlikely to have an impact on inhibitor
binding. This is the case for the positions S68Ghlhas DEOHHAL E7(OHHA2 and T76HHAS 35

depicted in Figure 35 (A). These findings are in line with published studies198.

The other two positions, G74HHA6 and F75HHA7 were predicted to have a more
profound influence on FR and YM binding. Three different amino acids are found at

position H.HA.6, i.e., glycine for the human Gogq protein and alanine or glutamine for the
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nematode Gaq proteins. As the distance between the glycine in the heterotrimeric human
Gi/q chimeric protein and YM is 3.8 A, the change to bigger residues might influence FR
and YM binding (Figure 35 (B)). Binding experiments support this assumption, as
exchanging glycine to the bigger residue valine at this position leads to a faster

dissociation of an FR-based radioligand [3H]PSB-15900-FR158,

A direct interaction of F75HHA7 with YM is predicted by Nishimura et al.198 and
further supported for FR itself1>8, as phenylalanine is part of a hydrophobic network
important to stabilize FR and YM binding. Additionally, F754HA7 has approximately 4.1 A
distance to YM as predicted from the crystal structure (Figure 35 (C)). The alignment
unveiled that 89 % of all nematode sequences contain a histidine at H.HA.7, and all
sequences of nematodes (Figure 34) contain aromatic amino acids, e.g. tyrosine,
histidine or phenylalanine. This change is not considered to severely impact FR binding,

as these amino acids do not disrupt the hydrophobic network.
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45°

A

Figure 35: Gai/qf3y heterotrimer (grey) in complex with YM-254890 (YM) (red, sticks) and guanosine
diphosphate (spheres, rose) (Protein data bank code: 3AH8). Linker 1 and switch I (linker 2) are shown in
orange. Representation of human residues at positions with differing nematode amino acids in the Gog
sequence alignment S65Ghihaz S68Ghihas DEQHHAL E7(QHHAZ and T76HHAS in (A) as turquoise sticks;
G74H1HA6in (B) as spheres; F75HHA7 in (C) as turquoise sticks. Each position was rotated once by 45° along
the z-axis. Measured distances between the amino acids and YM are shown as dashed yellow lines.
Visualization and measurement were done using PyMOL™ 2.5.4. Figure taken from Hanke et al, 20232

The other investigated regions, i.e., G.hfs2 and G.s2 of all Gaq proteins (Figure 34),

are clearly involved in YM and FR binding158198.255 and identical for all sequences.

Taken together, in silico analyses revealed that the Goq proteins of nematodes are
likely to be inhibited by FR and YM. Two positions in Gogq proteins of nematodes were

identified to differ from human Gogq and possibly influence the binding of FR. To
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substantiate this further, in vitro experiments were conducted with the Gogq of the

nematode model organism C. elegans and the plant parasitic H. schachtii.

A pairwise alignment to compare both full length Gogq amino acid sequences of H.
schachtii and C. elegans revealed 90 % identity, while the investigated FR binding region
of these two nematodes (Figure 34) differed only at three positions, G.h1ha.2, HHA.1,
and H.HA.6. As revealed above the first two positions, G.h1ha.2 and H.HA.1, are unlikely
to be required for the interaction with FR/YM (Figure 35 (A)). The difference at position
H.HA.6 is seemingly of interest as nematodes belonging to the Caenorhabditis group have
a less spacious residue with alanine compared to the glutamine present in plant parasitic
nematodes like H. schachtii. The influence of these changes on binding and activity of FR

is difficult to predict and therefore inhibition of FR on nematode Goq was tested in vitro.

3.4.2. In vitro analysis of FR inhibition of heterologously

expressed nematode Gog proteins

Both, H. schachtii as plant pathogenic nematode and C. elegans as bacteria-feeding
nematode and well-characterized model organism, were chosen to investigate the
sensitivity of their Gogq isoforms to FR in vitro. Using the CRISPR/Cas9 technology,
endogenous Gq and Gi1 proteins were knocked out in HEK293 cells (HEK Gq/11-KO cells)
to avoid signal confounding. Afterwards the Gaq protein of H. schachtii and C. elegans were
transiently introduced. For the in vitro investigation the inositol monophosphate (IP1) and
the calcium mobilization assay were chosen as functional Gq readout. Gaq triggers the 3-
isoform of the phospholipase C (B-PLC) to cleave phosphatidylinositol bisphosphate
(PIP2) into inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG), leading to calcium
mobilization!57. Therefore, measurement of calcium and IP1, which is a degradation
product of IP3, are suitable readouts for Gq signaling280-285, These experiments were
conducted by Judith Alenfelder (AG Kostenis, Institute for Pharmaceutical Biology,

University of Bonn).

3.4.2.1. IP1 assay with heterologously expressed nematode

Gog proteins

First experiments with different carbachol concentrations up to 100 uM testing the
functional expression of the Gaq of H. schachtii in HEK293 together with endogenously

expressed muscarinic acetylcholine receptor type 3 (M3) did not increase the level of [P1
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level over vector control. Under the same conditions, heterologously expressed murine Gq
resulted in increased IP1 accumulation. Various explanations for the lack of signal were
considered, ranging from improper protein folding or location to the absence of additional
proteins necessary for H. schachtii Gq signaling. One of these proteins, the resistance to
inhibitors of cholinesterase 8A (RIC-8A) was first identified as a crucial part of Gq
signaling in the nematode C. elegans28¢. Further studies revealed RIC-8A to increase G
protein expression287 by facilitating folding, act as guanine-nucleotide exchange factor28s,
and has been used to amplify signaling of other insect G proteins28°. Based on this, a co-
expression of RIC-8A with H. schachtii Goq was tested, but also did not result in a
measurable response of the Gagq protein to carbachol. Furthermore, the M3 receptor for G
protein activation was over-expressed, but did not lead to an increase in [P1 accumulation
over vector control (Figure 36). Finally, when combining RIC-8A expression and M3 over-
expression, a concentration-dependent IP1 accumulation upon carbachol addition was
observed (Figure 37 (A)). As is evident from Figure 37 (C), C. elegans Goq (egl-30) can be
functionally expressed in HEK Ggq/11-KO cells if M3 is over- and RIC-8A is expressed.
Furthermore, the activation behavior of C. elegans Gagq is similar to that of H. schachtii Gay,
regarding the shapes of their dose response curves and their negative logarithms of the

half maximal effective concentration (pECso) values.
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Figure 36: myo-Inositol 1 phosphate (IP1) accumulation after stimulation without and with 1 mM
and 10 pM carbachol (Cch) of HEK Ggq/11-KO cells transfected to express only H. schachtii Goq isoform; H.
schachtii Goq isoform with muscarinic acetylcholine receptor type 3 (M3) overexpression; with the
resistance to inhibitors of cholinesterase 8A (RIC-8A) expression; or with both M3 overexpression and RIC-
8A expression. Mean * Standard error of the mean, 3 biological replicates performed in triplicate. Figure
was adapted from Hanke et al, 2023 and raw data of the figure can be found in the supplementary material
of the publication?.

After these experiments, the FR sensitivity of H. schachtii Goq and C. elegans Gagq

were investigated by pre-incubating cells with varying concentrations of the inhibitor and
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stimulating with the carbachol concentration that elicits the highest response (10 pM). In
line with the predictions from the in silico analyses, both nematode Gaq proteins are
clearly FR-sensitive, as FR was able to completely blunt H. schachtii and C. elegans Gq

signaling with low micromolar potency (Figure 37 (B), (D)).
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Figure 37: Functional expression of nematode Gaq proteins and inhibition by FR900359. (A), (C)
Concentration-dependent IP1 accumulation after stimulation of HEK Gq/11-KO cells transfected to express
(A) Heterodera schachtii and (C) Caenorhabditis elegans Goq isoforms with carbachol. (B), (D)
Concentration-inhibition curves of FR on H. schachtii (B) and C. elegans (D) Goq proteins normalized to the
IP1 accumulation evoked by 10 uM carbachol (Cch). Mean * standard error of the mean, at least 3 biological
replicates performed in triplicate. Figure was adapted from Hanke et al, 2023 and raw data of the figure can
be found in the supplementary of the publication?.

3.4.2.2. Ca?* mobilization assay with heterologously

expressed nematode Gog proteins

Due to the plethora of established experimental methods known for C. elegans, the
effects of FR may be studied more easily in this organism. Therefore, the calcium assay
was chosen as additional read-out!57 and conducted with C. elegans Goq to corroborate
the functional expression of the nematode Gog and its inhibition by FR observed in the IP1
accumulation assay. As before, activation and inhibition experiments were carried out

measuring the increase of intracellular calcium concentrations as consequence of Gq
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activation. Again, C. elegans Goq was functionally expressed (Figure 38 (A)) and inhibited
by FR (Figure 38 (B)). Curiously, the resulting dose-response curve was shifted to the left
to a high nanomolar potency, revealing a more moderate steepness of the curve compared
to the [P1 accumulation assay. These results confirmed the conclusions from the IP1 assay
data in that FR was able to inhibit C. elegans Gogq. Therefore, a calcium assay with H.

schachtii Goq was not expected to reveal new insight and deemed unnecessary.
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Figure 38: Functional expression of nematode Gaq proteins and inhibition by FR900359 (FR). (A)
Concentration-dependent calcium signal after stimulation of HEK Gq/11-KO cells transfected to express
Caenorhabditis elegans Gaq isoforms with carbachol (Cch). (B) Concentration-inhibition curves of FR on C.
elegans Goq proteins normalized to the calcium signal evoked by 100 pM Cch. Mean # standard error of
mean, at least 3 biological replicates performed in triplicate. Figure was adapted from Hanke et al, 2023 and
raw data of the figure can be found in the supplementary material of the publication?.

Taken together, both Gog proteins of H. schachtii and C. elegans were functionally
expressed in cell cultures and inhibited by FR. Interestingly, the potency of inhibition was
similar for H. schachtii and C. elegans Gaq in the IP1 assay. This implies that the difference
in the FR binding site between both proteins observed in the in silico analyses is not
interfering with FR activity. The variance at position H.HA.6 might not influence FR
binding because alanine and glutamine both face away from the inhibitor. These
promising in vitro results made in vivo effects very likely, which were thus examined in

the next experiments.

3.4.3. In vivo assays with soil-associated nematodes

To investigate the effect of FR on soil-associated nematodes like C. elegans and plant
pathogenic nematodes like H. schachtii, different in vivo assays focusing on movement and
propagation were chosen. As Egl-30 is known to be involved in locomotion and egg-laying
of C. elegans, tracking experiments and egg-laying assays were selected to study the effect
of FR on these physiological mechanisms?2>°. Subsequently, the effects of FR on the activity

of juvenile stage 2 (J2) H. schachtii and the hatching of ]2’s from the cyst were examined.
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Experiments with C. elegans were conducted with the help of Dr. Liu and Dr. Scholz
(Neural Information Flow, Max Planck Institute for Neurobiology of Behavior - CAESAR,
Bonn), while experiments with H. schachtii were done together with Dr. Gutbrod
(Molecular Biotechnology/Biochemistry Department, Institute of Molecular Physiology
and Biotechnology of Plants, University of Bonn). The results of these experiments are

summarized in this chapter.

3.4.3.1. In vivo experiments with C. elegans and FR

In the following assays, C. elegans wildtype N2 and five different C. elegans mutant
strains were examined to investigate the effect of FR. Three strains with different egl-30
mutations demonstrate different Gq loss-of-function phenotypes, i.e., one severe egg-
laying phenotype, which it is nearly paralyzed and bloated with eggs, also called “strong
mutant” (egl-30(ad805), and two hypomorphic mutants, egl-30(n686), and egl-30(ad806),
which are both less bloated with eggs and sluggish (egl-30(ad806)) to very sluggish (egl-
30(n686)), but never paralyzed, and termed “weak mutants” in this study2>°. To
investigate the opposing phenotype, two Gq signaling suppressor mutants were included
as well. One suppressor mutant, dgk-1(sy428), encodes a loss-of-function diacylglycerol
kinase (Dgk-1)290. The kinase is known to function as a negative regulator of Gq signaling
by phosphorylating the second messenger diacylglycerol (DAG)2°l. The second
suppressor mutant, eat-16(sa609), is a missense loss-of-function mutant with an amino
acid exchange (R396C) of eat-16, encoding a negative regulator of G protein signaling. This
negative regulator belongs to the family of GTPase activating proteins, which turn G
proteins into their inactive state by the hydrolysis of GTP292. Both suppressor mutants are

described to be hyperactive due to their movements and rapid egg-laying2°2.

3.4.3.1.1. Investigation of the effect of FR on movement

and spatial distribution of C. elegans

As Gagq is important for the locomotion of C. elegans259, tracking experiments on agar
plates as explained in chapter 5.15.2 were performed. In short, a spot of Escherichia coli
OP50 bacteria was placed in the center of the agar plate thereby creating the bacterial
lawn on which the nematodes feed. This setup allowed the analysis of three parameters,
i.e., the velocity of nematodes, the spatial distribution of nematodes outside or in the
bacterial lawn, and the number of border crossings. For each of the six genotypes (C.
elegans N2, egl-30(ad805), egl-30(n686), egl-30(ad806), dgk-1(sy428), eat-16(sa609))
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three repeats were conducted and the results are depicted in Figure 39, Figure 40, and
Table 2. Pictures summarizing the nematodes movement of each tracking are depicted in

Figure 66 to Figure 71.

Comparing the velocity of each genotype control in Figure 39, i.e., without FR
treatment, revealed a clear ranking: Both suppressor mutants, i.e., dgk-1(sy428) and eat-
16(sa609), were the fastest moving genotypes, followed by the wildtype N2. The slowest
genotypes were the egl-30 mutants, i.e., egl-30(n686), egl-30(ad806), and egl-30(ad805).

Previous reports have shown similar results259.292,
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Figure 39: Effect of FR900359 (FR) on the velocity of six Caenorhabditis elegans genotypes (N2, egl-
30(ad805), egl-30(n686), egl-30(ad806), dgk-1(sy428), eat-16(sa609)). All nematodes were fed with
Escherichia coli OP50, placed as lawn in the middle of the nematode growth medium plate and mixed with
1 % dimethyl sulfoxide (Control). In the FR group 2.5 mM FR were added to the food. The movement of
adult nematodes in and around the lawn was recorded and analyzed. Velocities are displayed as box plot
with tukey whiskers (Quartile + 1.5*inter-quartile distance), and the mean is displayed as +. Results
summarize the data from three repeats. Velocities of C. elegans N2, dgk-1(sy428), and eat-16(sa609) were
compared (FR versus control) using the Mann-Whitney test and velocity of egl-30 mutants were compared
using the unpaired t-test. P>0.05=ns, P<0.05=* P<0.01=**, P<0.001=***, P<0.0001=**** Figure was
adapted from Hanke et al, 2023 and raw data of the figure can be found in the supplementary material of
the publication?.

Regarding the wildtype N2, nematodes moved with a significantly lower average
velocity in the presence of FR (Multiple Mann-Whitney tests: P=0.0076) (Figure 39). The
spatial distribution of C. elegans N2 was also influenced by FR, as the number of worms in

the lawn was significantly reduced, i.e., 92.2 % without FR compared to 83.8 % with FR
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(Modified two sample binomial test (MBT): P=0.0021) (Figure 40). These results comply

with the expected outcome of Gq inhibition.

FR did not influence the mean velocity (Unpaired t-test: P=0.9876) of the strong
mutant egl-30(ad805) (Figure 39) or its spatial distribution (MBT: P=0.6818) (Figure
40). It must be mentioned that only two repeats were included in the analysis of the
spatial distribution, as the bacterial lawn of the third repeat was enlarged unevenly as
evident in Figure 67 (B) and therefore excluded. The strong mutant egl-30(ad805) was
not expected to be affected by the Gq inhibition of FR, as it already has a severely impaired

Gq signaling. Therefore, the results were as expected.

Both weak egl-30 mutants, egl-30(n686) and egl-30(ad806), moved significantly
slower on average in the presence of FR (Unpaired t-test: both P<0.0001) (Figure 39).
Comparison of the control experiments of both genotypes revealed that egl-30(ad806)
had a significantly higher velocity than egl-30(n686) in the control experiment (unpaired
t-test: P=0.0168), which agreed with previous reports?>°. For the weak egl-30 mutants,
significantly more worms were observed outside of the FR-containing lawn compared to
the control (egl-30(n686) MBT: P<0.0001, egl-30(ad806) MBT: P=0.0003) (Figure 40). As
the inhibition of Gq by FR increased the impairment of egl-30(n686) and egl-30(ad806),

similar phenotypes as observed for egl-30(ad805) were expected and confirmed.

The suppressor mutant dgk-1(sy428) showed a significantly reduced velocity in the
FR-containing lawn (Mann-Whitney tests: P<0.0001) (Figure 39), which was expected as
the Gq hyperactivity caused by the mutation of dgk-1 should be reduced by FR. Compared
to N2 grown in FR-containing lawn, dgk-1(sy428) worms moved significantly faster in
presence of FR (Mann-Whitney test: P<0.0001) revealing that dgk-1(sy428) was able to
rescue the velocity decrease by FR. The spatial distribution was significantly affected by
FR, as the number of worms in the lawn was significantly reduced, i.e., 84.4 % without FR

compared to 59.6 % with FR (MBT: P<0.0001) (Figure 40).

For the other suppressor mutant eat-16(sa609) the average velocity was reduced by
FR; however, the reduction was not significant (Multiple Mann-Whitney tests: P=0.0534).
Compared to dgk-1(sy428) a greater span of velocities was discovered for eat-16(sa609),
which might explain the lack of significance. Nevertheless, eat-16(sa609) grown on FR-
containing lawn was able to rescue the velocity decrease of N2 grown in presence of FR

(Mann-Whitney test: P<0.0001) as expected (Figure 39). As observed for the other
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suppressor mutant dgk-1(sy428), the number of eat-16(sa609) inside the lawn was
significantly decreased in the FR-containing lawn (MBT: P<0.0001) (Figure 40).

All C. elegans genotypes, except the strong egl-30(ad805) mutant, appeared to avoid
the presence of FR (Figure 40), as the number of nematodes was always significantly
lower in the bacterial lawn with FR compared to the control. One explanation is the
detection of FR by C. elegans via its sensory system, which subsequently initiates lawn
avoidance, as described for serrawettin W2, a cyclic depsipeptide and biosurfactant
produced by Serratia marcescens Db10293. In this case it is likely that FR-Core would be
detected similarly, but experiments with FR-Core did not influence the spatial distribution
of C. elegans N2 (Table 26). This suggests that the inhibitory effect of FR results in the
observed avoidance and the fact that Gq signaling plays an antagonistic role in olfactory
adaption to amphid wing "C" cells-sensed odorants2°4 might be an explanation. Therefore,
the Gq inhibition by FR might accelerate the adaptation of nematodes resulting in
avoidance. Nevertheless, the effect of FR is probably not solely connected to the Gq

inhibition, as avoidance has been observed for all genotypes, except the strong mutant

egl-30(ad805).
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Figure 40: Effect of FR900359 (FR) on the spatial distribution of six Caenorhabditis. elegans
genotypes (N2, egl-30(ad805), egl-30(n686), egl-30(ad806), dgk-1(sy428), eat-16(sa609)). All nematodes
were fed with Escherichia coli OP50, placed as lawn in the middle of the nematode growth medium plate
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and mixed with 1 % dimethyl sulfoxide (Control). In the FR group 2.5 mM FR were added to the food. The
movement of adult nematodes in and around the lawn was recorded and analyzed. All experiments except
spatial distribution experiments for egl-30(ad805) (two repeats) were done in three repeats. The spatial
distribution of nematodes in the lawn was compared using the modified two sample binomial test?> and
the empirical standard deviation was presented as error bars. P>0.05=ns, P<0.05=* P<0.01=**,
P<0.001=*** P<0.0001=**** Figure was adapted from Hanke et al, 2023 and raw data of the figure can be
found in the supplementary material of the publication?.

The counting of border crossings was thought to further support the avoidance of
FR, as more nematodes were expected to leave the lawn, thereby crossing its border. This
is in line with the behavior of C. elegans N2 and both suppressor mutants dgk-1(sy428)
and eat-16(sa609), as they showed an increase of border crossings (Table 2). Next to the
repellent effect of FR increasing the number of border crossings, an opposing effect was
observed for the locomotion impaired egl-30 mutants. In the cases of both weak mutants,
egl-30(n686) and egl-30(ad806), the presence of FR led to a smaller number of border
crossings (Table 2). This effect can be explained by the inhibition of locomotion in
presence of FR, which prevented the crossing of the lawn border. The difference between
both weak mutants is in line with their average velocity, as the slower mutant egl-
30(n686) did only cross borders in the control twice, while no crosses were observed in
the presence of FR. The more mobile egl-30(ad806) crossed the borders of the lawn
nineteen times in the control, but only twice in the presence of FR. In the case of the strong

mutant, the paralyzed phenotype did not allow border crossings.

Table 2: Effect of FR900359 (FR) on the total number of border crossings of six Caenorhabditis.
elegans genotypes (N2, egl-30(ad805), egl-30(n686), egl-30(ad806), dgk-1(sy428), eat-16(sa609)). All
nematodes were fed with Escherichia coli OP50, placed as lawn in the middle of the nematode growth
medium plate and mixed with 1 % dimethyl sulfoxide (Control). In the FR group 2.5 mM FR were added to
the food. The movement of adult nematodes in and around the lawn was recorded and analyzed.

C. elegans
N2 | egl-30(ad805) | egl-30(n686) | egl-30(ad806) | dgk-1(sy428) | eat-16(sa609)
Control |8 0 2 19 28 37
FR 28 |0 0 2 35 41

In summary, FR reduces the velocity of C. elegans by Gq inhibition. Additionally,
nematodes seemed to evade the presence of FR, as more nematodes are found outside of
the FR-containing lawn. The mechanism behind this effect is unknown thus further
studies investigating a learned avoidance of FR by C. elegans might reveal new insights

into the interaction of FR targets and FR producers.
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3.4.3.1.2. Investigation of the effect of FR on egg-laying

of C. elegans

Gog malfunction is associated with defective egg-laying (i.e., egl) by C. elegans?>9,
therefore the effect of FR on egg-laying was examined. For these experiments, the strong
C. elegans egl-30(ad805) mutant was excluded, as time extended tracking experiments
already revealed, as expected, that this mutant was close to being unable to lay eggs
(Figure 72). The remaining five genotypes (C. elegans N2, C. elegans egl-30(n686), C.
elegans egl-30(ad806), C. elegans dgk-1(sy428), C. elegans eat-16(sa609)) were
investigated regarding their egg-laying rate and raised as described in chapter 5.15. In
short, twelve egg-laying adults per genotype and for each condition (i.e., with and without
FR) were picked and placed on a new plate with the same condition (i.e., with or without

FR). Nematodes were removed after two hours and eggs counted.

The results shown in Figure 41 confirmed that an adult hermaphrodite C. elegans
lays between four to ten eggs per hour2°¢ as the wildtype N2 laid an average of five eggs
per hour. Surprisingly, N2 laid significantly more eggs per hour in the presence of FR
(Unpaired t-test: P=0.0350), possibly because of more eggs retained as worms without
hermaphrodite specific motor neurons accumulate eggs, due to a longer inactive state297,

and subsequently lay multiple eggs in their active state297.

Both weak egl-30 mutants egl-30(n686) and egl-30(ad806) laid fewer eggs
compared to the wildtype and therefore verified that the mutation of egl-30 results in egg-
laying malfunction?2>°. FR treatment further reduced the egg-laying rate significantly for
both weak egl-30 mutants, and in the case of egl-30(n686), no eggs were laid (Unpaired t-
tests: P<0.0001, P=0.0005) (Figure 41). These results comply with the expected outcome,

considering the influence of Gq on egg-laying.

For both suppressor mutants dgk-1(sy428) and eat-16(sa609), reduced egg-laying
compared to N2 was observed, which might be caused by the lack of egg production292,
However, both suppressor mutants were unaffected by FR treatment (Unpaired t-tests:

P=0.3542, P=0.0618) (Figure 41).
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Figure 41: FR900359 (FR) inhibits egg-laying of Caenorhabditis elegans. Egg-laying rate for different
C. elegans strains (N2, egl-30(n686), egl-30(ad806), dgk-1(sy428), and eat-16(sa609)) in presence (grey) or
absence of FR (control, white). Both groups were grown until egg-laying adult stage on nematode growth
medium plates covered with Escherichia coli OP50 as food source mixed with 1 % dimethyl sulfoxide, and
FR for the FR group. Twelve nematodes per group were analyzed individually for their egg-laying (Worms
on FR were analyzed in presence of FR and similar for control). Data are presented as box and tukey
whiskers (Quartile + 1.5*inter-quartile distance) plot. The significance was evaluated using uncorrected
multiple t-tests. P>0.05=ns, P<0.05=* P<0.01=**, P<0.001=*** P<0.0001=**** Figure was adapted from
Hanke et al, 2023 and raw data of the figure can be found in the supplementary material of the publication?.

Another read-out to investigate egg-laying and a more common approach is to count
the numbers of eggs in the uterus, also known as retained eggs. The retained eggs assay
was performed to disentangle the effects on egg-laying versus egg production, reasoning
that the more eggs are still in the uterus, the lower must be the egg-laying rate. The
number of mutants investigated was reduced by excluding both weak egl-30 mutants, egl-
30(n686) and egl-30(ad806), due to the clear and unequivocal result in the egg-laying
assay (Figure 41). In short, twenty egg-laying adults per condition (i.e., with and without
FR) and genotype (C. elegans N2, C. elegans dgk-1(sy428), C. elegans eat-16(sa609)) were
sampled, dissolved in bleach solution, and their remaining eggs counted as described in

chapter 5.15.3.2.

FR treatment led to significantly more eggs in the uterus of wildtype N2 nematodes,
as the mean increased from eleven to twenty-two eggs (Figure 42) (Unpaired t-test:
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P<0.0001). This strengthened the proposed explanation for the observed increase of the
egg-laying rate of C. elegans N2 in the presence of FR (Figure 41). In the absence of FR,
eat-16(sa609) and dgk-1(sy428) showed less eggs in their uterus, compared to prior
reports. However, the results in the report were achieved using a different timing
schedule??2, In the presence of FR, the number of retained eggs increased in both
suppressor mutants dgk-1(sy428) (Mann-Whitney test: P=0.0012) and eat-16(sa609)
(Unpaired t-test: P=0.0005) as well (Figure 42). The results for the wildtype and the
suppressor mutants, witnessed in the retained eggs assay, were expected as Gq inhibition
by FR led to higher numbers of eggs in the uterus due to egg-laying inhibition.
Furthermore, in presence of FR, the number of eggs in the uterus was significantly
decreased by dgk-1(sy428) (Mann-Whitney test: P<0.0001) and eat-16(sa609) (unpaired
t-test: P=0.0001) compared to N2, showing that the suppressor mutants rescue C. elegans

N2.
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Figure 42: FR900359 (FR) inhibits egg-laying of Caenorhabditis elegans. Retained egg assay was
performed with C. elegans N2, dgk-1(sy428), and eat-16(sa609). Both groups were grown until egg-laying
adult stage on nematode growth medium plates covered with Escherichia coli OP50 as food source and 1 %
dimethyl sulfoxide. For the FR group 2.5 mM FR were added to the food source. Twenty nematodes per
group were bleached and eggs were counted. Data are presented as box and tukey whiskers (Quartile *
1.5*inter-quartile distance) plot. The significance was evaluated using uncorrected multiple t-tests for C.
elegans N2 and eat-16(sa609), while dgk-1(sy428) was evaluated using Mann-Whitney test. P>0.05=ns,

88



Results

P<0.05=% P<0.01=**,P<0.001=*** P<0.0001=**** Figure was adapted from Hanke et al, 2023 and raw data
of the figure can be found in the supplementary material of the publication?.

Taken together, FR reduced velocity and inhibited egg-laying of C. elegans.
Furthermore, FR targets the Gaq ortholog of C. elegans and leads to phenotypes as

observed for egl-30 deficient mutants.

3.4.3.2. In vivo assays with H. schachtii and FR

As representative for plant pathogenic nematodes, H. schachtii was chosen to assess
the effects of FR. As unhatched juvenile stage 2 worms (J2) can survive in the cyst for a
long time, parasitic cyst nematodes, e.g., Globodera and Heterodera spp., are difficult to
erase from soil and present a challenge for agriculture. After hatching from their cyst, ]2
worms explore the soil for the root of a plant which they enter by piercing the cell wall,
migrate into, and form a syncytium by modifying plant cells. Until reaching juvenile stage
4 for males and adult stage for females, they stay at the plant and feed on the syncytium.
Then, the male fertilizes females, which develop into the cysts. Only two stages, i.e., the
cyst and the ]2 stage of H. schachtii, are detached from the host plant during the life cycle

of H. schachtii and therefore may be influenced by soil compounds?277.298-300,

For the activity assay, ]2 H. schachtii were exposed to FR and active versus inactive
J2 were determined by their body shape and compared. Additionally, the effect of
octopamine was tested, which is used to stimulate feeding, leading to an oral uptake of
xenobiotic compounds from surrounding media3%l., This resulted in four different
conditions that were tested, the control without FR and without octopamine (OA), the
experiment with OA, the experiment with FR, and the one with FR and OA (Figure 43
(A)). Compared to the control, FR (without OA) significantly raised the number of inactive
worms from 70 % to 83 % (One-way analysis of variance (ANOVA): P=0.0009). This effect
was stronger in the presence of octopamine as only 9 % were inactive nematodes in the
control and 92 % were inactive in the presence of FR (One-way ANOVA: P<0.0001).
Therefore, FR inhibition of Gq resulted in a decrease of H. schachtii ]2 activity. However,
the physiology behind this is unknown. As Figure 43 (B) illustrates, the number of

inactive nematodes at the ]2 stage is increasing in a FR concentration-dependent manner.

Comparing both experiments without FR, OA was revealed to significantly lower the
number of inactive nematodes in the control experiment from 70 % to 9 % (One-way
ANOVA: P<0.0001). Furthermore, octopamine increased the number of inactive

nematodes significantly in presence of FR from 83 % to 92 % (One-way ANOVA:
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P=0.0262) (Figure 43 (A)). These effects were expected, as octopamine enhanced the
intake of xenobiotic compounds, i.e,, FR301, and significantly reduced the number of
inactive worms in the experiment with OA but without FR, due to its influence on

movement3%2 and quiescence303.304,
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Figure 43: Effects of FR900359 (FR) on movement (A), (B) and hatching (C) of Heterodera schachtii
juvenile stage 2 (J2). (A) After incubation of H. schachtii ]2 for four days in the presence of FR (1 mM) mixed
with 1 % dimethyl sulfoxide (DMSO) [+FR] or 1 % DMSO [-FR] either with [+OA] or without octopamine
(OA) [-OA] the number of inactive (not bend or moving) and active worms was counted. The relative amount
is depicted on the y-axis. The significance was evaluated using ordinary one-way analysis of variance with
Tukey's multiple comparisons test. (B) After incubation of H. schachtii ]2 for four days in presence of six
different FR concentrations (0, 0.0625, 0.125, 0.25, 0.5, 1 mM) mixed with 1 % DMSO the number of inactive
(not bend or moving) and active worms was counted. The relative amount is depicted on the y-axis. (C)
Comparison of hatched H. schachtii juveniles per cyst with 1 mM FR disolved in 1 % DMSO [FR] or 1 % DMSO
[Control] after seven days of incubation. The significance was evaluated using unpaired t-test. All
experiments, n = 4. P>0.05=ns, P<0.05=* P<0.01=**, P<0.001=*** P<0.0001=**** Figure was adapted from
Hanke et al, 2023 and raw data of the figure can be found in the supplementary material of the publication?.

Next, the cysts of H. schachtii were exposed to FR during the cyst assay for 7 days.
Afterwards, the number of hatched juveniles in comparison to not treated cysts was
counted (Figure 43 (C)) and the ratio hatched juveniles per cyst calculated. FR inhibited
hatching of ]2, as the number of hatched ]2 per cyst was significantly decreased in the

presence of FR from 17 + 1 to 7 + 1 hatched ]2 per cyst (Unpaired t-test: P=0.0002).

In summary, inhibition of Gq by FR impairs ]2’s hatching from the cysts of H.
schachtii. As hatching from cysts involves movement of the juvenile worms305, the
inhibition of activity by FR may result in J2 that are unable to hatch. Alternative
explanations are also possible, e.g,, an effect of FR on the development of H. schachtii

stages or the inhibition of signaling cascades involved in hatching.
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3.4.4. Discussion

The following discussion is taken from Hanke et al, 20232: “FR is an inhibitor of Gq
proteins involved in signal transduction of GPCRs and shown to have the potential to
protect plants from insects43 and mammals164171 jn vitro and in vivo. Our in silico analysis
of the putative FR binding sites of various nematodic Gq proteins strongly indicated the
possibility of FR binding and inhibition of these proteins. (Figure 34 and Figure 35). In
vitro expression of egl-30 (i.e., Gq) of C. elegans and the here newly identified Gaq ortholog
of H. schachtii in HEK Ggq/11-KO cells, together with overexpression of RIC-8A and M3,
enabled functional expression and characterization of the proteins (Figure 37 and Figure
38). In vitro, FR inhibited both, C. elegans and H. schachtii Goq signaling, as IP1

accumulation and calcium increase were blocked.

In vivo, FR affects the nematode C. elegans by significantly decreasing their velocity
(Figure 39) and inhibiting egg-laying (Figure 41 and Figure 42). Considering that C.
elegans is feeding on bacteria, these effects suggest that C. vaccinii MWU205 produces FR
to reduce the activity and abundance of predators. H. schachtii is a pathogen feared in
agricultural cultivation of crops belonging to the family Brassicaceae or Amaranthaceae,
especially sugar beets (Beta vulgaris)3%, as the cysts persist in soil and are difficult to
erase390. In vivo experiments (Figure 43) demonstrate an inhibitory effect of FR on the

activity of ]2 H. schachtii and revealed FR to suppress hatching of J2.

It must be noted, however, that the low concentrations of FR observed in SESOM
could hardly lead to similar in vivo effects on C. elegans and H. schachtii. Chronic exposure
to FR in soil and exponential effects307.308 as conceivable by reduced egg-laying or
hatching, could work together in a synergistic fashion. Also, a higher production of FR by
C. vaccinii MWU205 in soil compared to SESOM is reasonable. The presence of other
potent metabolites from C. vaccinii MWU205, e.g., valhidepsins, for which a surfactant
effect has been shown128, and violacein®l, which is reported to have also nematocidal and

antibacterial activity’8 also has to be taken into account.”2

The results concerning the biological activity of FR, as described in this chapter,
provide a compelling example for the ecological importance of bacteria like C. vaccinii
MWU205 and their excreted metabolome in the soil. The bacterial community may well
contribute to an ecological homeostasis, being a requirement for the fruitful growth and

sustainable cultivation of plants.
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4. Conclusion and Outlook

This study focusses on Chromobacterium vaccinii MWU205 and one of its most
prominent secondary metabolites, i.e., FR. The bacterium was found to be part of the soil
microbiome®! and to secret FR (Figure 32). The conducted investigations aimed to shed
light on the possible role of C. vaccinii MWU205 and FR in its natural environment in the
context of plant health, focusing on soil-associated nematodes. The examination of the
function of single members of the microbiome, i.e., here C. vaccinii MWU205, may reveal

new insights into complex interactions.

The microbiome was defined by Berg et al in 2020 as a characteristic microbial
community in a defined habitat, which encompasses a theatre of activity thereby forming
a dynamic and interactive micro-ecosystem integrated in macro-ecosystems, for whose
health and function they are crucial3%°. Therefore, it has been the subject of science for
more than fifty years310, with a tremendous increase over the last twenty years until
today, as the number of publications on the platform PubMed® for the keyword
“microbiome” reached its maximum in 2022 with nearly 30,000 publications (5t
September 2023). This development underlines the enormous and growing importance
of research on microbiomes, whether it’s the microbiome of humans311-314, animals315-317,
plants11,318-320 or s0il®813, Recently, even holistic approaches were pursued looking at the
connection between all microbiomes in regard to their impact on “One health”s. Efforts to
influence the microbiome of an organism to benefit the host are known under the term
microbiome breeding and currently microbiome therapeutics, e.g., fecal microbiota
transplantation, probiotics, are developed for humans321-323, [n 2022, the Federal Drug
Administration approved Rebyota™ as first fecal microbiota product for the prevention
of recurrence of Clostridioides difficile infection in adults324. As stated by Peixoto et al,
2021, “Host-associated microbiomes contribute in many ways to the homeostasis of the
metaorganism”315, This is not only true for animals, but also transferable to soil, as soil

itself functions like a metaorganism and its homeostasis is supported by its microbiome.

Soil Health is the ability of soil to function as a vital living ecosystem that sustains
plants, animals, and humans325. Challenges like climate change and the increasing demand
of food underline the need for a healthy soil for sustainable agriculture®326. As the soil
microbiome functions as the backbone of sustainable agriculture327 and “[...] innovations

with the use of microbiomes represent the future of sustainable agriculture.”328, further
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research on this topic is indispensable329, Over the past years intensive investigations of
the soil microbiome have been conducted using different approaches like metagenomics,
metatranscriptomics, metaproteomics, and metabolomics that are united by the soil
metaphenome, which combines the expressed functions encoded in the metagenome with
the resources and spatial, biotic and abiotic constraints of the environment314326,
However, the elucidation of the microbiome’s function is difficult due to its heterogeneity
and complexity326, thus studies to elucidate the microbiome are becoming more complex
like the review published by Saleem et al in 2019 that used “[...] biodiversity-ecosystem
functioning relationships as an overarching framework that combines molecular
interactions with community ecology, thereby linking microbiome taxonomic and

functional diversity or composition to plant growth and soil health.”327.

The herein investigated C. vaccinii MWUZ205 is a member of the soil microbiome, as
it was isolated from wild cranberry bogs in 2013¢1. Previous investigations of the strain
have revealed it to produce the NPs violacein®!, valhidepsins!?8, and FR130.151,
Furthermore, C. vaccinii MWUZ205 possesses insecticidal activities probably due to FR and
violacein113.330, carries genes for virulence factors, e.g., siderophores, hydrogen cyanide,
and secreted chitinases?19, and produces volatile organic compounds that inhibit the
growth of fungal isolates from cranberry bogs331. Recently, the BGC of 2,4-
diacetylphloroglucinol was detected in the genomes of eleven Chromobacterium strains.
Additionally, the BGC of FR was discovered in all C. vaccinii strains2¢, All of these traits
make C. vaccinii MWU205 a soil bacterium with the ability to affect soil health and

influence organisms associated to soil.

In this study this trait was further investigated, as C. vaccinii MWU205 was revealed
to carry the BGCs for two siderophores and one 2,4-phloroglucinol-related compound
(Figure 4), which might have plant-growth promoting bioactivities. Furthermore, several
novel derivatives of FR and valhidepsins have been identified via mass spectrometric

approaches in chapter 3.1.2.

In the ecological context it is important to note, that this study provides the first
evidence that the biosynthesis of FR by C. vaccinii MWUZ205 is possible in soil extracts
(Figure 31), and taken together with the here shown excretion of FR from the bacterial
cell into the surrounding (Figure 32), FR can be suspected to be present in soil. As a
consequence, and based on former studies, FR might inhibit or even Kkill insects in

s0il113143330 The experiments conducted in this project could show that FR affects soil-
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associated nematodes in in vivo experiments, as it reduces the velocity (Figure 39) and
inhibits the egg-laying of C. elegans (Figure 41 and Figure 42), and suppresses the
activity and the hatching of H. schachtii juveniles (Figure 43). In general, it is most likely
that FR affects all Gag-containing organisms in soil and therefore might play a crucial role

in sustaining the ecological equilibrium and homeostasis of soil.

As this study has revealed the potential impact of FR on soil organisms, the question
“how widespread is the ability to produce FR in soil and specifically in the species C.
vaccinii?” needs to be answered in future. Using a combination of ‘omics’ technologies, i.e.,
metagenomics, metatranscriptomics, metaproteomics, and metabolomics32¢, soil samples
may be systematically scanned for the presence of FR/FR-related BGCs or other potential

FR producers in soil.

Recently, Johnson et al, 2023, proposed that genomes of all C. vaccinii strains carry
the BGC for FR. However, the authors did neither provide the respective sequences, nor
any data base entries of them. These sequences would enable a detailed comparison of all
FR gene clusters and allow investigations of its evolution. Furthermore, a comparison of
the spectrum of FR derivatives produced by each strain may be conducted using
molecular networking to identify novel FR derivatives. As C. vaccinii was found on North
and South America, and the European continent, further studies examining the diversity

of the species C. vaccinii may find new strains.

The ecological role and function of C. vaccinii MWU205 is still a complex puzzle,
therefore the identification of compounds encoded by the predicted BGCs, their isolation,
and the investigation of their bioactivity will help to further characterize the abilities of C.
vaccinii MWU205. One example are the siderophores viobactin and chromobactin, the
exact structure of which are not known1%2. Johnson et al., 2023 have proven the activity of
the 2,4-diacetylphloroglucinol-related BGC by conversion experiments of 2,4-
phloroglucinol to 2-acetylphloroglucinol and phloroglucinol, however, they were not able

to isolate the product of this clusterl2e.

Another current research gap are the synergistic effects of the produced secondary
metabolites, i.e., valhidepsins, violacein, and FR. Furthermore, the plant-growth
promoting effect of C. vaccinii MWU205 itself needs to be investigated. Pot

experiments332333 or novel methods like “ASURE”334 may be utilized to investigate the
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effect of C. vaccinii MWU205 and different mutants of C. vaccinii MWUZ205 on the growth

and health of plants.

In essence, this study reveals the impact of the secondary metabolite FR produced
by C. vaccinii MWU205 on soil-associated organisms and supports the hypothesis that C.
vaccinii MWU205 and the excreted FR in soil might contribute to an ecological

equilibrium, maintaining and establishing the successful growth of plants.
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5. Material and Methods
5.1. Chemicals

All chemicals were bought from Sigma-Aldrich®, Fisher Chemical®, Carl Roth®,

Sarstedt®, Labsolute® and Cambridge Isotope Laboratories if not otherwise mentioned.

5.2. Organisms

“Cultivation of Ardisia crenata was performed by the Botanical Garden Bonn of the
University of Bonn, after A. crenata was purchased commercially (Herbarium specimens’
location: Institute for Pharmaceutical Biology of the University of Bonn). The specimens

were dried at 25 °C until extraction.”!

“Chromobacterium vaccinii MWU205 (DSM 25150, ATCC BAA 2314) was purchased
from the German Collection of Microorganisms and Cell Cultures, DSMZ.”! Mutantes
(AfrsC, AvioA, AfrsGvioA) were generated by René Richarz. H. schachtii was kindly
contributed by Philipp Gutbrod. “C. elegans strains N2, egl-30(n686), egl-30(ad806), egl-
30(ad805), dgk-1(sy428), eat-16(sa609) and Escherichia coli strain OP50 were provided
by the Caenorhabditis Genetics Center, which is funded by the NIH Office for Research
Infrastructure Programs (P40 0D010440)."

5.3. Soil sample

“Topsoil was collected in a garden on the 2m of April 2019 (Dortmund Eichlinghofen,
North Rhine-Westphalia: 51°28°35.0“N 7°24°22.1“E) and air-dried on paper for one week
at room temperature.”? [t was stored at 4 °C and sieved before usage to separate it from

plant debris and rocks.

5.4. Media and buffers

The following media, LB and M9, were prepared as described below and
supplemented with the antibiotic carbenicillin disodium salt (final concentration:

50 pg/mL) except media used in the context of SESOM experiments.

5.4.1. LB medium

The components of Table 3 were solved in distilled water (dH20) and the medium’s

pH was adjusted to 7.5 using 5 M NaOH, and autoclaved.
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Table 3: Components of LB medium, solved in dH20. The pH was adjusted to 7.5 with 5 M sodium

hydroxide.

Component Final
concentration

NaCl 10 g/L

Tryptone 10 g/L

Yeast extract 5g/L

For agar plates 16 g of agar was added for 1 L of medium before autoclaving.

5.4.2.

M9 medium

M9 medium was prepared according to the protocol of the Helmholtz Zentrum

Miinchen summarized in Table 4 with biotin and thiamin for molecular networking and

without both supplements for later cultivations.

Table 4: M9 medium composition for 1 L. EDTA = Ethylenediaminetetraacetic acid.

Volume Component Final
concentration
100 mL M9 salt solution (10x) NazHPOa4: 33.7 mM
pH 7.2 (with 5 M NaOH) KH2PO4: 22 mM
autoclaved NaCl: 8.55 mM
NH4CL: 9.35
20 mL 20 % Glucose 0.4 %
autoclaved
1 mL 1 M MgSO0O4 1 mM
autoclave
0.3 mL 1 M CaClz 0.3 mM
autoclave
1mL/- Biotin (1 mg/mL) 1 pg/mL
sterile filtration
1mL/- Thiamin (1 mg/mL) 1 pg/mL

sterile filtration

10 mL or 1 mL*

Tracer elements solution

(100x or 1000x)

Solve EDTA (pH 7.5 with

5 M NaOH) + others
sterile filtration

EDTA: 0,134 mM
FeCl3: 0,031 mM
ZnClz: 6,2 uM
CoCl2: 0,76 uM
CoCl: 0,42 uM,
H3BO0s3: 1,62 uM
MgCl2: 0,081 pM

867 mL/876 mL*: +biotin & thiamin Autoclaved dH20
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869 mL/878 mL*: -biotin & thiamin

5.4.3. Nematode growth medium (NGM)

NGM agar plates were used to work with C. elegans. NGM was prepared using the

components listed in Table 5.

Table 5: Recipe for 1 L of NGM agar.

Component Amount

NaCl 3g

Agar 17 g

Peptone 25g

Cholesterol 1 mL (5 mg/mL in 95%
EtOH)

dH20 975 ml

After autoclaving, sterile solutions (autoclaved) as described in Table 6 were added.

Table 6: Components added to autoclaved NGM agar before plating. *to avoid precipitation, mix

between the addition of MgS0O4 and potassium phosphate

Component Volume
1 M CaClz 1 mL

1 M MgSO4 1 mL

1 M potassium phosphate (pH 6)* 25 mL

NGM agar plates were prepared with 1 mL for 3.5 cm plates, 10 mL for 6 cm plates,
and 20 mL for 10 cm plates. The smallest size was used for egg-laying experiments, while

6 cm was used for the tracking experiments. Both bigger sizes were used for maintenance.

5.4.4. MO buffer

For synchronization and collection of C. elegans M9 buffer was prepared as

described in Table 7 and below.

Table 7: Recipe for 1 L. M9 buffer.

Component Amount
KH.PO. 3g
Na.HPO. 6g
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NaCl 5g

After dissolving all components, dH.0 was added to 1 L and autoclaved. 1 mL

autoclaved 1 M MgSO0. was added to cool solution.

5.4.5. MOPS buffer

MOPS buffer was prepared as summarized in Table 8, its pH adjusted to 7 at 40°C,
and used to extract SESOM.

Table 8: Recipe for MOPS buffer.

Component Concentration

MOPS 2.093 g/L

Sodium 0.205 g/L

acetate

NazEDTA 0.186 g/L
5.4.6. Soil extracts

For the NSE238 500 g of dry soil were mixed with 1.3 L of 80 % methanol in dH20 and
shaken at 160 rpm overnight at 21 °C. The supernatant was collected after 30 min of
sedimentation and transferred to a new flask. Then 1.3 L of 80 % methanol was added to
the soil and shaken at 160 rpm for 3 h at 21 °C. The two supernatants were combined and
filtered through paper (folded filter paper, qualitative No. 40, Labsolute). The extract was
evaporated followed by adjustment to a final volume of 200 mL with dH20, subsequently
sterile filtered (0.2 pm polyether sulfone membrane) using a vacuum pump, and stored at
4 °C.

For the WE, also known as DSMZ medium 12239, 100 g were mixed with 250 mL tap
water for 1 h at 120 °C. After sedimentation and cooling for 1.5 h the extract was
centrifuged at 14,500 rpm to collect the supernatant (pH=6.9). Subsequently, the extract
was sterile filtered (0.2 pm polyether sulfone membrane) using a vacuum pump, and

stored at 4 °C.

The NE extract was generated following the previous protocol24%: 125 g of soil were
mixed with 250 mL of 50 mM NaOH and shaken over night at 160 rpm and 21 °C. After

30 min of sedimentation the mixture was centrifuged at 14,500 rpm to collect the
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supernatant. Subsequently, the extract was sterile filtered (0.2 um polyether sulfone

membrane) using a vacuum pump, and stored at 4 °C.

SESOM was extracted from soil according to the previous protocol24l: 100 mg sieved
soil was extracted with 0.5 L. MOPS buffer at 160 rpm for 2 h. Afterwards the extract was
filtered two times over paper filter (folded filter paper, qualitative No. 40, Labsolute)
followed by vacuum filtration with 5 pm and subsequently 0.45 pm polyvinylidene
fluoride. The pH was determined (7.1-7.3) and the whole extract was subsequently sterile
filtered (0.2 um polyether sulfone membrane). For SESOM+, chitin was autoclaved in the
flask, which was afterwards used for sterile filtration of the final SESOM (final chitin

concentration: 1 g/L).

All soil extracts were tested for sterility by inoculation of a LB plate and incubating

itat 37 °C for 24 h.

5.4.7. Soil agar

The protocol was adapted from a method to grow Streptopmyces soil (Version Sept
2021) provided by Jana Schniete. 50 g sieved soil were mixed with 0.6 % autoclaved
agarose (prepared with dH20) in a sterile glass plate. After it solidified, the soil agar was
inoculated with 40 pL of C. vaccinii MWU205 precultures prepared as described in
chapter 5.6.6.1 and cultivate for 5 days at 4 °C, 25 °C, and 37 °C.

5.5. Cultivation of E. coli OP50

E. coli OP50 was utilized as food source for C. elegans in all C. elegans experiments,
if not mentioned otherwise. An overnight culture of E. coli OP50 was prepared by picking
a single colony from an LB plate (stored at 4 °C) using a sterile tip and place 200 mL LB

medium. The culture was shaken at >150 rpm overnight at 37 °C.

Afterwards 100 pL of E. coli OP50 culture were added to NGM plates, swirled to
distribute, and dried overnight on the bench. Plates were stored for three weeks in the

cold room.
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5.6. Cultivation of C. vaccinii MWU205
5.6.1. General protocols

5.6.1.1. Generation of a cryo culture

To generate cryo cultures for storage at -80 °C, 500 uL glycerol were mixed with

1 mL C. vaccinii MWU205 culture and stored at -80 °C.

5.6.1.2. Production of a preculture

30 pL of a cryo culture were used to inoculate an LB agar plate with or without
ampicillin (final concentration: 200 pg/mL) and incubated for 2-4 days at 25 °C or 30 °C.
Afterwards between 10-30 mL medium (LB or M9 medium - depending on to the main
culture) were inoculated from the LB agar plate. Precultures were incubated for 15-36 h

at 180 rpm and 25 °C.

5.6.1.3. Cultivation of main cultures

Except for soil experiments, 0.1 % of the main culture volume was taken as volume
of preculture used for inoculation. The main culture was incubated between 36 to 48 h at
25°C and 180-200 rpm if not mentioned otherwise. For the isolation of FR-6, 6 L M9
medium were used for cultivation, for FR varying volumes between 2 and 6 L were chosen,

and for the completely 13C/1>N-labeled FR 2 L, 4.5 L, and 10 L were cultivated.

5.6.2. C. vaccinii MWU205 sample generation for FBMN

For cultivation in LB medium, sixteen 300 mL flasks were filled with 130 mL LB
medium, inoculated, and cultivated for 7.5 days. Two measurement series were
performed. Therefore, two flasks were treated in parallel each day, with two samples each
with 40 mL, one in the morning and one 12 h later, being taken from one flask and
extracted with n-butanol for 24 h followed by centrifugation at 4,000 rpm for 15 min to

harvest and evaporate the upper phase.

For cultivation in M9 medium, 50 mL M9 medium were filled in thirty 100 mL flasks,
inoculated, and cultivated for 7.5 days. Two measurement series were performed and on
each day two flasks, one in the morning and one 12 h later, per measurement row were
extracted with n-butanol for 23 h followed by centrifugation at 4,000 rpm for 15 min to

harvest and evaporate the upper phase.
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For evaluation of the FR and FR-2 production in Figure 25 the AUC of m/z 1002.54
(FR) and 988.52 (FR-2) were calculated and multiplied with their crude extract weight
resulting in the modified AUCs shown in Table 17 and Table 18.

5.6.3. Feeding experiments with labeled precursors

To generate completely 13C/15N-labeled FR glucose and ammonium chloride were
exchanged by their labeled analogs (U-13C-glucose and 15NH4Cl) in all steps of cultivation.
In a second big scale experiment completely 13C-labeled PA (5 mM final concentration)

was added to the cultivation.

5.6.4. Feeding experiments with non-labeled precursors

To change the FR derivative produced by C. vaccinii MWU205 different carbon acids
and monofluorinated phenylalanines were added to LB or M9 medium with final
concentrations stated in Table 9. All precursors were solved in their respective medium,

and the pH was adjusted to approximately 7.

Table 9: Final concentrations of precursor carbon acids.

Carbon acid Final concentration

Propionic acid 5 mM

U-13C-propionic acid 5 mM

I[sovaleric acid 20 mM
Isobutyric acid 20 mM
Valeric acid 20 mM
meta-F-Phe 2 mM

ortho-F-Phe 20 mM
para-F-Phe 20 mM

For PA, three repeats (50 mL M9 medium) with and without PA and three blanks
(M9 medium, Carbenicillin, PA) were examined. The average AUC of the three blanks for
m/z 1002.5 and m/z 988.5 were deducted from the respective AUC of the control and the
experiment with PA resulting in the modified AUC in Table 19. These values were used

for Figure 26.

For each carbon acid, except PA, one blank with 25 mL LB medium, carbenicillin and

one of the carbon acids was prepared. For the experiment, three repeats with 35 mL LB
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medium and one of the carbon acids were prepared. One control without any carbon acid
was prepared as well. For the evaluation the blank AUC (m/z of the expected FR
derivative) was deducted from the AUC of the control and the feeding experiments,

resulting in the modified AUCs in Table 20 and Table 21.

For the meta-F-Phe feeding in M9 medium, 50 mL of medium were cultivated and
supplemented at the beginning with meta-F-Phe, with one control in M9 medium without
feeding. Another experiment with M9 medium was conducted with the LIS system from
scientific bioprospecting (formally known as aquila biolabs), which injected a single shot
of meta-F-Phe, two repeats, or M9 medium for the control after 20 h of cultivation. Using
C. vaccinii MWU205 AvioA, three 40 mL LB cultures fed with meta-F-Phe at the beginning,
one control without feeding, and one medium blank were cultivated (Table 22). For the

big scale experiment, 4.5 L. were prepared and fed with meta-F-Phe.

To examine the impact of the location of the fluorine, ortho-F-Phe and para-F-Phe
were fed using higher concentrations plus one blank with 40 mL LB medium, carbenicillin
and ortho-F-Phe was prepared. For the experiment, three repeats with 35 mL LB medium
and either ortho-F-Phe and para-F-Phe were prepared. One control without any
phenylalanine was prepared as well. For the evaluation the blank AUC (m/z of the
expected FR derivative) was deducted from the AUC of the control and the feeding

experiments, resulting in the modified AUCs in Table 22.

5.6.5. Cultivation in soil extracts

For each of the four soil extracts, 35 mL were filled in four flasks. One of the flasks
was directly extracted with n-butanol and represented the negative control, which AUC
was later deducted from the inoculated samples. Three flasks represented the experiment
and were inoculated using two C. vaccinii MWU205 colonies grown on LB plates.
Afterwards the flasks were cultivated for 5 days as RT and subsequently extracted with
n-butanol. For the generation of Figure 30 the AUC for m/z 1002.5 of each extract blank
was subtracted from the AUC for m/z 1002.5 of the samples (Table 23). The resulting
AUCs were used to calculate the FR concentration, using the calibration curve in Figure

30.
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5.6.6. Cultivation in SESOM

5.6.6.1. Preculture preparation

Precultures in LB medium were prepared without carbenicillin as described in
chapter 5.6.1.2. Afterwards they were centrifuged at 5,000 rpm and 15 °C for 5 min. The
pellet was washed two times with 0.9 % sodium chloride solution and resuspended
afterwards. Next, colony-forming units (CFU) were determined using a dilution series,

which was plated onto LB agar plates. After 2-4 days at 25 °C they were evaluated.

5.6.6.2. SESOM

For SESOM two main cultures a 80 mL were inoculated using 3.2*104 CFU/uL. “One
culture was separated at the start (0 days) into three samples a 25 mL, which were
directly extracted. The second culture was separated similarly after 5 days of cultivation
at 25 °C and 180 rpm. One blank was prepared using only SESOM. Extraction (1:1) was
performed for 6 h at 180 rpm using n-butanol. Afterwards the whole extract was

centrifuged for 15 min at 4,000 rpm and the upper phase was evaporated.“2

For the generation of Figure 31 the AUC for m/z 1002.5 of the blank (41,991) was
subtracted from the AUC for m/z 1002.5 of the samples (Table 24). The resulting AUCs
were used to calculate the FR concentration, using the calibration curve in Figure 31.

Afterwards the concentration was multiplied with the weight of the raw extract in Table

24.

5.6.6.3. SESOM+

For SESOM+ eight 50 mL flasks with 30 mg chitin were sterilized and subsequently
filled with SESOM. A blank was generated by extracting one flask without inoculation.
Seven flasks were inoculated with 5.2*106 CFU/uL and three of these flasks were
extracted afterwards (0 days). Four flasks were cultivated (25°C and 180 rpm) and
extracted after five days. For analysis via LC/MS 2 mg/mL solutions were prepared using

LC/MS grade methanol.

For the generation of Figure 31 the AUC for m/z 1002.5 of the blank (20,448) was
subtracted from the AUC for m/z 1002.5 of each sample (Table 25). The resulting AUCs
were used to calculate the FR concentration, using the calibration curve in Figure 31.
Afterwards the concentration was divided by two and multiplied with the weight of the

crude extract in Table 25.
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5.7. Extraction protocols

5.7.1. General

Extractions were performed 1:1 with n-butanol over night at 180 rpm. Afterwards,
the upper phase was collected using centrifugation at 4,000 rpm for 10-15 min followed
by evaporation. The extract was weighed. If not mentioned otherwise, the concentration
of samples diluted with LC/MS grade methanol was 1 mg/mL for measurement with

LC/MS and LC/MSz2.

5.7.2. Separation into pellet and supernatant and

extraction

Main cultures of C. vaccinii MWU205 grown in LB medium were prepared as
described in chapter 5.6.15.6.1.3 with a cultivation time of 43 h. All six LB medium
cultures were centrifuged for 5 min at 5,000 rpm. The pellet was washed two times with
2.5 mL of 0.9 % sodium chloride solution. All three supernatants were united and
extracted with 30 mL n-butanol as described above. The pellets were extracted with n-
butanol, shortly treated with ultrasonic, and finally further extracted as described above.
Samples with a concentration of 2 mg/mL were evaluated using LC/MS. The AUC at m/z
1002.5 of each sample was used for the calculation of the FR concentration with the
calibration curve in Figure 32 and divided by two and multiplied with the crude extract

weight.

5.7.3. Extraction and isolation of A. crenata leaves

“LC/MS extracts of A. crenata were prepared using plant material from the green
house of the Botanical Garden Bonn. After grounding 200 g of dried plant leaves and
extracting them with methanol, the MeOH extract was extracted with n-butanol/water.
Afterward the butanolic phase was fractionated by RP1s vacuum liquid chromatography
(column: 11 x 7 cm, Polygoprep 60-50 Cis, Macherey-Nagel, Diiren, Germany) using
gradient elution from 70/30 H20/MeOH to 100 % MeOH to yield eight fractions (each
200 mL). Fraction 8 (100 % MeOH) was further purified using Sephadex LH-20 size
exclusion chromatography (column: 60 x 3 cm) using MeOH as eluent. After sample
loading and discarding the first 150 mL, a fraction of 30 mL was collected for LC/MS

measurement.”?,
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5.8. Isolation of pure compounds

FR-Core was isolated as described by Hermes et al, 2021130,

5.8.1. Flash chromatography

For the isolation of FR, FR-6 and completely 13C/15N-labeled FR crude extracts were

fractionated using a Reveleris® Cis flash column (220 g, 40 um) following the protocol in

Table 10.

Table 10: Fractionation run to isolate FR derivates on a Reveleris® Cis flash column (220 g, 40 um).

Duration dH20 (%) Methanol (%)

13 min 50 50
1 min 30 70
13 min 30 70
1 min 25 75
15-25min 25 75
1 min 20 80
13 min 20 80
1 min 15 85
15-25min 15 85
1 min 0 100
10 min 0 100

According to the measured evaporative light scattering detector and ultraviolet
signals at 220 nm, a FR-6 containing fraction was collected at 60 min and FR as well as

13C/15N-labeled FR containing fractions were collected at 70 min.

5.8.2. HPLC

Final purification was done by HPLC with a semi-preparative Macherey-Nagel
Nucleodur Cig column (250 x 8 mm, 5 um) using an isocratic elution with 20/8 H20/MeOH
(flow 2.0 mL/min) for FR and 13C/1>N-labeled FR (RT: 20 min) and 19/81 H20/MeOH
(flow 2.0 mL/min) for FR-6. Pure FR-6 was isolated as a white powder (FR-6: RT: 13 min,
3 mg).
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5.9. Investigation of pure compounds and extracts

59.1.  LC/MS
“High-performance liquid chromatography mass spectrometry (HPLC/MS) data

were recorded on a Waters 2695 separation module, which was coupled to a Waters 996
photodiode array detector, and a Waters QDa detector with electrospray ionization
source. For separation a gradient elution with mobile phases A (acetonitrile/water 5/95
with 5 mM ammonium acetate and 40 pL acetic acid per Liter) and B (acetonitrile/water
95/5 with 5 mM ammonium acetate and 40 pL acetic acid per liter) on a Waters X Bridge
Shield RP1s column (100 x 2.1 mm; 3.5 pm) at 25 °C were used (flow of 0.3 mL/min, 80/20
A/Bto 0/100 A/B within 20 min and hold for 10 min). MS data were collected in positive
and negative mode in the range between m/z 140-1250 and additionally in the positive
single ion mode for the mass trace of FR (m/z 1002.5; M+H*). HPLC was carried out either
using a Waters HPLC system, controlled by Waters Millenium software, consisting of a
600E pump, a 996 PDA detector, and a 717 plus autosampler or on a Waters Breeze HPLC
system equipped with a 1525u dual pump, a 2998 photodiode array detector, and a
Rheodyne 7725i injection system.”2.

59.2.  LC/MS?

The measurements via HPLC combined with high resolution MS were done as
described by Hanke et al, 2021: “LC/MS data were recorded on a micrOTOF-QII mass
spectrometer (Bruker) with ESI-source coupled with a HPLC Dionex Ultimate 3000
(Thermo Scientific) using an EC10/2 Nucleoshell Cis 2.7 pm column (Macherey-Nagel).
The column temperature was 25 °C. MS data were acquired over a range from 100-3,000
m/z in positive mode. Auto MS/MS fragmentation was achieved with rising collision
energy (35-50 keV over a gradient from m/z 500-2,000) with a frequency of 4 Hz for all
ions over a threshold of 100. HPLC begins with 90 % H20 containing 0.1 % AcOH. The
gradient starts after 1 min to 100 % acetonitrile (0.1 % AcOH) in 20 min. A 5 puL. amount
of a 1 mg/mL sample solution (MeOH) was injected to a flow of 0.3 mL/min. Data analysis

was performed using Bruker Compass DataAnalysis Version 4.2 (Build: 383.1)."1.

5.9.3. NMR

NMR spectra were recorded on a Bruker Avance 300 DPX spectrometer performing

at 300 MHz (1H) and a Bruker Ascend 600 NMR spectrometer operating at 600 MHz (1H)
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and 150 MHz (13C) using CDCI3 as solvent (Deutero GmbH; 99.8 % D). Spectra were
referenced to residual solvent signals with resonances at 8H/C 7.26/ 77.0 (CDCl3). NMR

spectra were processed using Bruker Topspin Version 1.3 or MestReNova 8.0.1 software.

5.9.4. Further measurements

“Optical rotations were measured with a Jasco P-2000 polarimeter. UV and IR
spectra were obtained using Perkin-Elmer Lambda 40 and Perkin-Elmer Spectrum BX

instruments.”?,

5.10.Calibration curve for FR

Eight different FR concentrations (0; 0.0001; 0.0005; 0.001; 0.005; 0.01; 0.05;
0.1 mM FR) were prepared using highly purified FR (purity >90 %) solved in LC/MS grade
methanol and measured via LC/MS. The measured AUC for the m/z of FR, 1002.5, was
used to calculate a calibration curve for FR. Three calibration curves, one with the four
smallest concentrations, one with the five smallest concentrations, and one with all
concentrations, were calculated using Prism 9.5.1 (733). The blank was subtracted from
the AUC of m/z 1002.5 measured by LC/MS and this value was used to determine the FR
concentration in 1 or 2 mg of crude extract. Subsequently, the FR concentration in the

total crude extract was determined and used to create the graphs in Figure 30 to Figure

32.

5.11.Bioinformatic analysis with antiSMASH

For the analysis the bacterial version of antiSMASH17> was started with the C.
vaccinii MWU205 genome sequence as input. Default parameters were selected, and all

extra features were turned on.
5.12.Molecular networking

5.12.1. MZmine 2 data preprocessing

The preprocessing was done as described by Hanke et al, 2021: LC/MS? files were
exported to the .mgf and .mzXML format with Bruker Compass DataAnalysis Version 4.2
(Build: 383.1) and further processed using an ad hoc-written Perl5 scriptl. The
resulting .mzXML files were processed using the MZmine 2.53177.178, For mass detection
(MS1), the noise level was kept at 1.0 x 103 and for MS? the noise level was kept at 1.0 x

102. For chromatogram building the ADAP chromatogram builder335 was applied sorting
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all data points by their intensity and creating an EIC for the highest intense data point
when there are 8 scans of continuous data points above the noise level of 5.02 each. Other
data points within an m/z range of 0.01 (or 20 ppm) will be added to the EIC. If a data
point does not fit in the m/z range of another EIC but fulfills the other criteria it will
become a new EIC. Next the chromatogram is smoothed using a filter width of 5. The
chromatogram deconvolution baseline cut-off algorithm was used with the following
settings: A peak min. height of 1.03, a max. peak duration of 0.1 to 3.5 min and a baseline
level of 2.02. The m/z range for MS? pairing (Da) was fixed at 0.02, the RT range for MS?2
pairing (min) was fixed at 0.15. Chromatograms were deisotoped using the isotopic peaks
grouper algorithm with an m/z tolerance of 0.01 (or 20 ppm) and a RT tolerance of
0.7 min. Maximum charge was set on 2 and the most intense isotope was chosen as
representative isotope. Peak alignment was performed using the join aligner method,
where a match score is formed based on mass (m/z weight: 0.75) and retention time (RT
weight: 0.25) of each peak with a given tolerance (m/z tolerance: 0.01 or 20 ppm; RT
tolerance: 0.7 min). Finally, the peak list was filtered using the feature list row filter
keeping only peaks with MS2. The peak list was searched for sodium, potassium,
ammonium, and magnesium adducts with a retention time tolerance of 0.7 min and an
m/z tolerance of 0.01 (or 20 ppm). The maximum height of the adduct peak was set to
50 % of the main peak?.

5.12.2. FBMN

After MZmine 2 preprocessing as described above the peak list was exported
merging the MS/MS data and filter rows, which have no MS2. The MS/MS data was merged
across the sample, with the m/z values being merged using the weighted average and their
intensities getting summed up. The expected mass deviation was set to 0.01 (or 20 ppm).
The cosine threshold was set to 70 %. Peaks only occurring in 20 % of the merged spectra
were excluded. The isolation window was defined by an offset of 0 m/z and a width of 3
m/z. After exporting the data set via the “Export/Import to GNPS-FBMN” function the
Feature Networking tool of GNPS (release_20 and release_28.2 for the reanalysis) was
used180.181 “The .mgf and .csv file were uploaded to CCMS (ccms.ucsd.edu). For the
network creation, a parent mass tolerance of 0.02 Da and a fragment ion tolerance of 0.02
Da were applied. Edges were filtered to have a cosine score above 0.7 and more than six
matched peaks. If each of the nodes appeared in each other’s respective top 10 most

similar nodes further edges between two nodes were kept in the network. The spectra in
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the network were searched against GNPS’ spectral libraries. The library spectra were
filtered in the same manner as the input data. All matches kept between network spectra
and library spectra were required to have a score above 0.7 and at least six matched peaks.
Additionally, 100 Da was decided to be the maximum difference between the precursor

ion mass of the searched MS/MS spectrum and the library MS/MS spectra.”?.

Cytoscape 3.8.2 (www.cytoscape.org) was utilized to visualize the networks using

the solid style layout.

5.12.3. Further tools

The DEREPLICATOR tool (version 1.2.8) from the GNPS platform was utilized to
analyze the FBMN generated with the old (release_20) and the new (release_28.2) FBMN
workflow using default parameters except for the maximal isotopic shift, which was set
to 2 and the additional search for sodium and potassium adducts. Additionally, the

VarQuest search was activated with default parameters184187,

The MS2LDA tool (release_31.1) was used as advanced tool to investigate both
networks generated with the old (release_20) and the new (release_28.2) FBMN

workflow with default parameters185.186,

The MolNetEnhancer (release_22) is offered by GNPS to combine tools like MS2LDA
and DEREPLICATOR and applied with default parameters to unite the information from
the either the old (release_20) FBMN with its respective DEREPLICATOR and MS2LDA

analysis or the new (release_28.2) FBMN using default parameters?.

The MZmine 2 data was analyzed on the SIRIUS platform (Version 5.6.3)188189 with
the tools CANOPUS336:337 CSI:Finger ID set to [M+Na]* and [M+H]* for fallback adducts,
and non in silico databanks, ZODIAC, and SIRIUS set to all data banks and [M+Na]* and

[M+H]* as possible ionization.

5.13.Comparison of Gag amino acid sequences of nematodes

BLAST search, alignment, and visualization were done as described by Hanke et al,

20232

5.13.1. BLAST

“The Basic Local Alignment Search Tool (BLAST)?53254 was utilized using the amino

acid sequence of the Gaq isoform a of C. elegans (UniProt: GSEGU1) as query. Standard
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databases (non-redundant protein sequences) were selected as search set but restricted
to the organisms belonging to Nematoda. The blastp algorithm was used with default

parameters.”2.

5.13.2.  Alignment

Alignment of sequences named in Table 11 were aligned using the Clustal W
alignment tool in MEGA 11 (Version 11.0.11). “For the pairwise alignment, a penalty of 10
for gap opening and 0.1 for gap extension were selected. For the multiple alignment, the
penalty for gap opening was the same, but gap extension was punished with 0.2. Gonnet
was chosen as protein weight matrix, and residue-specific and hydrophilic penalties were
switched on. Concerning gap separation, a matrix of four and no end were selected. No

negative matrix was used, and the delay divergent cutoff was set at 30 %.”2.

Table 11: Sequence accession numbers, corresponding organisms from Figure 34 and their

description.
Sequence accession No. or Organisms Type and Origin (Clade for
Origin Caenorhabditis spp. 26°)

G5EGU1 (UniProtKB) Caenorhabditis elegans Elegans supergroup

B6VBV2 (UniProtKB) Caenorhabditis angaria Drosophilae supergroup, ectophoretic
associate of Metamasius hemipterus 261

A0A261B5L1 (UniProtKB) Caenorhabditis latens Elegans supergroup, strain from Jiangsu
and Wuhan City in China 262263

Q4VT45 (UniProtKB) Caenorhabditis briggsae Elegans supergroup, entomopathogenic
strain associated with Serratia sp 26°

AO0A2G5VU95 (UniProtKB) Caenorhabditis nigoni Elegans supergroup, isolated in south
India and Congo from rotting flowers
263,338

E3LXV8 (UniProtKB) Caenorhabditis remanei Elegans supergroup, isolated from
isopods obtained from compost heaps
264

AOA1I7UE77 (UniProtKB) Caenorhabditis tropicalis Elegans supergroup, isolated in La
Réunion and French Guiana from rotting
flowers 263,338

AOA8R1DI86 (UniProtKB) Caenorhabditis japonica Elegans supergroup, associated with

Parastrachia japonensis 265

AO0A8S1GU46 (UniProtKB) Caenorhabditis auriculariae Basal group, isolated from fruiting
bodies of Auricularia polytricha 33°

AOA8S1F2EO (UniProtKB) Caenorhabditis bovis Drosophilae  supergroup, associated
with Chrysomya bezziana 340

KAF8367701.1 (Genbank) Pristionchus pacificus Satellite model organism associated
with scarab beetles 271

KAI1707081.1 (Genbank) Ditylenchus destructor Plant parasitic potato root nematode 274
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AOAB8S9ZE38 (UniProtKB) Meloidogyne graminicola Plant parasitic root-knot nematodes 275
AO0A6V7U1D6 (UniProtKB) Meloidogyne enterolobii Plant parasitic root-knot nematodes 276
KAH7721960.1 (Genbank) Aphelenchus avenae Fungivorous soil nematode 272
AOA811JUES8 (UniProtKB) Bursaphelenchus Associated with longhorn beetle
okinawaensis Monochamus maruokai 73
KAI6178527.1 (Genbank) Aphelenchoides besseyi Foliar plant parasitic nematode 43
WormBase ParaSite - Heterodera schachtii Plant pathogenic cyst nematodes 277
BioProject PRJNA722882:
Transcript of

Hsc_gene_6303
(Hsc_gene_6303.t1)

P50148 (UniProtKB) Homo sapiens -

5.13.3. Visualization

“Depictions of YM in complex with a chimeric Gii/q protein were created with

PyMOL™ 2.5.4 (Schrodinger) from PDB ID 3AH8198.”2,
5.14. In vitro assays and molecular docking

5.14.1. Cell Culture and transient transfection

Cell culture materials were purchased from Invitrogen (Carlsbad, CA, USA).
Generation of genetically engineered HEK293 cells using CRISPR/Cas9 technology to
knockout the subunits of Gaq and Gai1 (HEK Gq/11-KO cells) is described elsewherel31,
Cells were maintained in Dulbecco’s modified Eagle’s medium supplemented with 10 %
(v/v) fetal calf serum (PAN biotech, Germany), penicillin (100 units/mL), and
streptomycin (0.1 mg/mL), and cultured at 37 °C in a humidified atmosphere of 95 % air
and 5 % CO2. All cell lines were screened by polymerase chain reaction monthly for

mycoplasma contamination and were tested negative.l2

HEK Ggq/11-KO cells were transfected in suspension 48 h prior to the experiments
using polyethylenimine (PEI, 1 mg/mL, Polyscience) following the manufacturer’s
protocol. A total amount of 8 pug plasmid (3 pg, 0.6 pug, 2 pg of expression plasmids
containing human influenza hemagglutinin-tagged Gogq isoforms, muscarinic
acetylcholine M3 receptor, and RIC-8A, respectively, filled up with pcDNA3.1(+)) and
24 uL PEI solution were added to 2.8 x 106 cells plated in 10 cm dishes.2

5.14.2. Label-free DMR Assay

,At 48 h post transfection with the Goq subunit, real-time whole-cell DMR

measurements were conducted as previously described in detail1°6197 using the Epic DMR
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reader (Corning, NY, USA) together with the Cybi-SELMA semi-automated electronic
pipetting system (Analytik Jena AG, Jena, Germany). Briefly, 24 h after transfection,
HEK293 cells were counted and seeded at a density of 17 000 cells per well on 384-well
fibronectin-coated biosensor plates. On the next day, cells were washed twice with Hanks'
buffered salt solution containing 20 mM HEPES (HBSS+HEPES) and incubated for 1 h at
37 °C in the EPIC reader. FR and FR-6 were added 1h before the measurement in
HBSS+HEPES. The sensor plate was scanned for a baseline optical read (no change in basal
DMR) of about 3 min and after agonist addition, DMR alterations were monitored for
3,000 s at 37 °C. All data were analyzed using GraphPad Prism 8.0.0 (GraphPad Inc, La
Jolla, CA, USA). Quantification of DMR signals was performed by calculation of the
maximum responses. Data points from inhibition curves of individual functional
experiments were fitted to a four-parameter logistic function:

(top — bottom)
1+ 10(logEC50—x)slope

Y = bottom +

Concentration-inhibition curves represented in Figure 54 were normalized by
setting each experimental maximal effect as 100 % response. All data are expressed as
mean + or + standard error of the mean (SEM) of at least three independent experiments

performed in technical triplicates.“1.

5.14.3.  IP1accumulation assay

“The IP1 accumulation was measured using homogeneous time resolved
fluorescence (HTRF) technology (Cisbio) following the manufacturer’s instructions.”2 For
this, transfected HEK Gq/11-KO cells were detached and washed in phosphate-buffered
saline. “After resuspension in LiCl-containing assay buffer stopping breakdown of IP1,
cells were seeded into white 384-well plates with 50,000 cells per well. Carbachol and FR
were added simultaneously, followed by 40 minutes of incubation at 37 °C. Subsequently,
cells were lysed and incubated with d2-labeled and cryptate-labeled IP1 antibodies for a
minimum of 60 min at room temperature. The HTRF ratio values measured with a Mithras
LB 940 multimode plate reader (Berthold Technologies) were converted to IP1

concentrations in nM using an IP1 (unlabeled) standard curve.”2.

5.14.4. Calcium mobilization assay

“Calcium?* mobilization was measured using FLIPR Calcium 5 assay kit using the
Flex Station 3 MultiMode Benchtop reader (both Molecular Devices), as described
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elsewhere283 with slight modifications.”2 Briefly, 24 h after transfection HEK Ggq/11-KO cells
transferred to flat-bottom 96-well cell culture plates at a density of 60,000 cells per well.
“On the day of the assay, cells were incubated in Calcium 5 dye for 45 min at 37 °C before
1 to 3 dilutions with HBSS+HEPES. For preincubation with inhibitor, FR was added to the
dye in the appropriate concentrations. Kinetic fluorescence measurements (baseline read
and addition of agonist or buffer after 20 s) were performed to assess calcium?* release

from intracellular stores.”?.

5.14.5. Competition binding assay

»,Competition binding assays were conducted as previously described>°. In short,
competition binding assays of FR-6 versus the radiolabeled FR derivative [*H]PSB-15900
were performed at human platelet membrane preparations that natively express a high
quantity of Gq proteins. The experiments were conducted in 50 mM Tris-HCl buffer, pH
7.4, in a final assay volume of 200 pL. Each assay tube contained 25 pg of protein of a
human platelet membrane preparation, a final concentration of 5 nM [*H]PSB-15900, and
5 pL of competitor (FR-6 or FR) in 10 different concentrations (dissolved in dimethyl
sulfoxide (DMSO)). Non-specific binding was determined in the presence of 5 uM FR
(dissolved in DMSO), and total binding was determined in the presence of DMSO without
inhibitor. The incubation was started by the addition of the human platelet membrane
preparation and lasted for 90 min at 37 °C with gentle shaking of the samples in a water
bath. The incubation was terminated by rapid filtration through GF/C glass fiber filters
using a Brandel 48-sample harvester. Filters were dried, punched out, transferred to
scintillation vials, and incubated for at least 6 h in scintillation cocktail (2.5 ml ProSafe
FC+®, Meridian Biotechnologies Ltd, UK) prior to scintillation measurement in a liquid
scintillation counter at an efficiency of 53 %. Data were evaluated using GraphPad Prism
8 (GraphPad Inc., San Diego, CA, USA), and Ki values were determined by the “One site -
Fit log Ki”"-equation. Results were normalized to the controls, i.e., total binding (100 %)

and non-specific binding (0 %).“1.

5.14.6. Molecular Docking

“Molecular docking was performed based on the structure of the heterotrimeric G
protein (Gai/qfy) co-crystallized with the selective Gq inhibitor YM-254890 (3AH8.pdb,
resolution 2.9 A).198 The structure was downloaded from the Protein Data Bank and

prepared by the structure preparation tool implemented in Molecular Operating
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Environment (MOE 2019.01; Chemical Computing Group, Montreal, Quebec, Canada,
2019). Subsequently, hydrogen atoms were assigned by means of the Protonate-3D
module in MOE 2019.01. FR-6 and FR were docked into the inhibitor binding site of the
Gq protein using Autodock 4.2341, Atomic partial charges were added using
AutoDockTools,341342 and three-dimensional energy scoring grids of 60 x 60 x 60 points
with a spacing of 0.375 A were computed. The energy grids were centered based on the
co-crystallized ligand YM. During docking simulations, the ligands FR and FR-6 were fully
flexible while receptor residues were kept rigid. Fifty independent docking calculations
using the varCPSO-Is algorithm from PSO@Autodock implemented in AutoDock4.2 were
performed and terminated after 500,000 evaluation steps.343 Parameters of the varCPSO-
Is algorithm, the cognitive and social coefficients c1 and c2, were set at 6.05 with 60
individual particles as swarm size. All the other parameters of the algorithm were set at
their default values. A plausible binding mode of FR and FR-6 was selected based on the

lowest binding energy and based on visual inspection of the interactions.“l.

5.15.In vivo experiments with C. elegans

“C. elegans was cultivated at 20 °C using standard cultivation methods."2.

5.15.1.  Synchronization of C. elegans

“The investigated pathway directly impacts developmental timings of the worm. To
compare animals at the same age, we measured the developmental time from egg to
adulthood for all strains. We found 6 h delay for all mutants for adulthood. For the
locomotion experiments the animals were offset to allow delayed mutants to develop
until the correct age. As checks for egg-laying during the locomotion experiments revealed
the suppressor mutants, dgk-1(sy428) and eat-16(sa609), to be slower their delay was
lengthened to 10 h for the subsequent egg-laying experiments.”? Synchronization of C.
elegans (N2, egl-30(ad806), egl-30(ad805), egl-30(n686) dgk-1(sy428), and eat-
16(sa609)) was performed using bleaching solution, prepared as described in Table 12,
MO buffer and C. elegans grown for 3-4 days on a 10 cm NGM plate at 20 °C. “Nematodes
were washed off with M9 buffer. After centrifugation and removal of 900 puL, 1 mL of
bleaching solution was added to the pellet. The sample was mixed for 2 minutes and
centrifuged afterwards. This step was repeated a second time. Afterwards the pellet was

washed three times with M9. Finally, eggs were counted, and concentration was adjusted

115



Material and Methods

to a maximum of 5 eggs/uL, if necessary, and rotated overnight to synchronize to larval

stage 1 (L1)."2.

Table 12: Recipe of bleaching solution

Component Volume (mL)
5% sodium 2.0
hypochlorite

5 M KOH 1.5

dHz0 6.5

5.15.2.  Tracking experiments with C. elegans und FR

“Approximately 100 synchronized C. elegans N2, egl-30(ad805), egl-30(n686), egl-
30(ad806), dgk-1(sy428), eat-16(sa609) L1 were grown on NGM with a spot (40 pL) E. coli
[.] mixed with FR (2.5 mM) in 1 % DMSO or just 1 % DMSO as control. After approx. 55 h
(N2) plus above-mentioned offset for mutant worms were imaged. Imaging of worms was
performed using a commercial upright epifluorescence microscope (Axio Zoom V16;
Zeiss) equipped with a 1x objective (PlanNeoFluar Z 1.0x/N.A. 0.25). Brightfield image
was performed and imaged on camera (BASLER; acA3088-57um) using a camera adapter
with an additional 0.5x magnification (60N-C %3 0.5x; Zeiss) resulting into an effective
magnification on camera of 0.35x. Animals were imaged at 15 fps for 5 min unless

otherwise indicated.

Animals were tracked using the tracking package trackpy344 with a custom detection
script in Python based on the pharaglow package34>. The animal speed was calculated
from the resulting center-of-mass coordinates as follows: The trajectories (x, y, t) were

sub-sampled from 14 fps to 2.8 fps and the speed was calculated as v(t,) =

\/(xtz =x¢1)2+(YVe2—Yt1)?

) 1
with dt = —s.
dt 2.8

The animals’ spatial distribution was evaluated by counting nematodes inside the
lawn and outside the lawn, where outside the lawn meant that no part of the worm
touched the lawn. Border crossings were counted in a similar way as the recorded tracks
were evaluated and each crossing independent of the direction (leaving or entering) was

counted.”?.
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5.15.3.  Egg-laying assays with C. elegans and FR

5.15.3.1. Egg-laying rate assay

“Approx. 50 synchronized egl-30(ad806), egl-30(n686), dgk-1(sy428), eat-
16(sa609),and N2 L1 were grown on NGM plates completely covered with E. coli [.] mixed
with FR (2.5 mg/mL) in 1 % DMSO or 1 % DMSO as control for 72 h (N2), 78 h (egl-
30(ad806), egl-30(n686)), and 81 h (dgk-1(sy428), eat-16(sa609)). Afterwards 12 worms
per genotype were picked and put separately on plates completely covered with the
mixtures described before. After two hours the nematode was erased from the plate and

eggs were counted.“?

5.15.3.2. Retained eggs assay

“Approx. 100 synchronized dgk-1(sy428), eat-16(sa609), and N2 L1 were grown on
NGM plates completely covered as described for the egg-laying experiment. After 72 h
(N2) and 81 h (mutants) 20 worms were picked and put separately in 10 pL drops of 6 %

bleaching solution (5 % sodium hypochlorite solution solved in dH20) for 15 minutes.”?
5.16.Experiments with H. schachtii

5.16.1. General cultivation of H. schachtii

»H. schachtii was cocultivated with Sinapis alba to generate cysts and ]2 used for the

activity and cyst assay346.“2,

5.16.2.  Activity assay with ]2 H. schachtii and FR

“Approx. 100 J2 were added to 500 pL volume containing 1 % DMSO mixed with or
without 1 mM FR. Additionally one experiment was conducted by adding 50 pL
octopamine to control and FR. After 4 d the number of active |2 was determined by
microscopic observation of their shape (active: coiled or wavy-like, inactive: straight or
slightly curved line). For the concentration-dependency experiment different
concentration of FR (0.0624 mM, 0.125 mM, 0.25 mM, 0.5 mM) were added and counted

after 4 d347.“2,

5.16.3.  Hatching assay with cysts of H. schachtii and FR

»Approx. 20 cysts were added to 500 pL volume containing 1 % DMSO mixed with

or without 0.01 mg/mL FR. Each experiment was replicated 4 times and cultivated for 7
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d at room temperature. Afterwards the number of ]2 was counted per experiment and

divided by the number of cysts in the well.“2.

5.17.Statistical analyses

Statistical analyses were done as described by Hanke et al, 2023 and raw data can
be found in the publication and its supplement?: ,Data and statistical analyses were
performed using GraphPad Prism version 9.5.0 as described in detail below. To evaluate
the spatial distribution of C. elegans a modified two sample binomial test 2°> was performed
using Microsoft Excel. Raw data for all statistical tests performed is summarized in Online

Resource 2.

SESOM, SESOM with chitin, and the secretion experiment were tested for normality
using the Shapiro-Wilk test, which stated them to be normally distributed. Afterwards the
unpaired t-test for both SESOM experiments and the paired t-test for the secretion
experiment were utilized. Summarized data represent the data of three technical
replicates for SESOM, three or four replicated for SESOM with chitin, and six replicates for
the secretion experiment. For the FR calibration curve for SESOM the fours smallest
concentrations were picked and for the secretion experiment all eight concentrations

were chosen and used to calculate a simple linear regression using Prism 9.5.0.

C. elegans experiments concerning velocity, egg-laying rate, and retained eggs were
tested for normality or lognormality using D’Agostino & Pearson test. For velocity all three
egl-30 mutants, egl-30(ad805), egl-30(n686), and egl-30(ad806) were found to have a log-
normal distribution while N2, dgk-1(sy428), and eat-16(sa609) were not normally
distributed. Subsequently, the Mann-Whitney test was performed for N2, dgk-1(sy428),
and eat-16(sa609) and the unpaired t-test was performed for all three egl-30 mutants to
compare control against FR. For the egg-laying rate, all five genotypes (N2, egl-30(n686),
egl-30(ad806), dgk-1(sy428), and eat-16(sa609)) were found to be normally distributed.
Subsequently the unpaired t-test was chosen for the comparison of Control versus FR. For
the retained eggs assay, C. elegans N2 and eat-16(sa609) displayed normally distributed
data, while dgk-1(sy428) was not normally distributed. Accordingly, unpaired t-tests were
performed to compare Control vs. FR for C. elegans N2 and eat-16(sa609), while the Mann-
Whitney test was used for dgk-1(sy428).

Regarding H. schachtii, experiments evaluating the effect of FR and octopamine on
the activity of nematodes, One-Way-ANOVA with Tukey’s multiple comparisons test was
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performed as data passed the Shapiro-Wilk test for normality. To investigate the effect of
FR on hatching of ]2 H. schachtii, the unpaired t-test was performed as data passed the
Shapiro-Wilk test for normality. Summarized data represent the data of four technical

replicates.“2
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6. Appendix
6.1. Appendix for chapter 3.1

Table 13: GNPS library hits detected in extracts of C. vaccinii MWU205 and A. crenata leaves.

m/z Proposed compound m/z of proposed Cosine Cluster
value compound
1002.54 FR900359 1002.54 0.95 1
1002.53 FR900359 1002.54 0.94 1
1019.56 FR900359 (NH4* 1019.56 0.71 1
adduct)
988.52 FR-2 988.52 0.71 1
988.53 FR-2 988.52 0.75 1
988.52 FR-2 988.52 0.70 1
1032.55 FR-1 1032.55 0.81 1
1025.56 Peptide with possible 1025.57 0.91 26

PPQVV seq. Possibly
media derived

690.50 PE (16:0_16:1) 690.51 0.87 25
(2-aminoethoxy)[2-
[hexadec-9-enoyloxy]-
3-
(hexadecanoyloxy)pro
poxy]phosphinic acid

688.49 Spectral Match to 1,2- 688.48 0.88 25
Dipalmitoleoyl-sn-
glycero-3-
phosphoethanolamine
from NIST14

652.40 val-leu-pro-val-pro-gln  652.40 0.81 19

326.71 val-leu-pro-val-pro-gln  652.40 0.83 19

205.09 Spectral Match to 205.09 0.95 singleton
Prostaglandin A1 ethyl
ester from NIST14
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Table 14: Classification of compounds, displayed as m/z, found in extracts of Chromobacterium
vaccinii MWU205 cultivated in M9 and LB medium and one depsipeptide-containing fraction of A. crenata
according to their MS? data analyzed by MS2LDA185186 and DEREPLICATOR184187,

m/z RT (min) CF Dparent CF Dparent score
839.4 10.4 Cyclic depsipeptides 0.20
779.5 11.0 Cyclic depsipeptides 0.08

1018.5 12.9 Cyclic depsipeptides 0.20

1032.6 13.6 Cyclic depsipeptides 0.20
988.5 14.5 Cyclic depsipeptides 0.20

1022.5 11.0 Cyclic depsipeptides 0.50
821.5 11.3 Cyclic depsipeptides 0.08

1070.5 10.3 Cyclic depsipeptides 0.33
806.4 9.9 Cyclic depsipeptides 0.20

1036.5 11.0 Cyclic depsipeptides 0.20
803.4 10.4 Cyclic depsipeptides 0.20
887.5 12.4 Cyclic depsipeptides 0.20
761.5 11.5 Cyclic depsipeptides 0.08
795.5 10.6 Cyclic depsipeptides 0.33
765.5 10.4 Cyclic depsipeptides 0.08
974.5 11.2 Cyclic depsipeptides 0.20
801.4 13.0 Cyclic depsipeptides 0.20
805.5 10.9 Cyclic depsipeptides 0.08

1032.5 10.5 Cyclic depsipeptides 0.20
787.5 12.9 Cyclic depsipeptides 0.08
819.5 9.1 Cyclic depsipeptides 0.08

1036.5 10.9 Cyclic depsipeptides 0.20
817.4 10.4 Cyclic depsipeptides 0.20

1019.6 15.2 Cyclic depsipeptides 0.20
988.5 14.3 Cyclic depsipeptides 0.20

1024.5 15.2 Cyclic depsipeptides 0.20
857.4 9.4 Cyclic depsipeptides 0.20
805.5 12.3 Cyclic depsipeptides 0.08

1024.5 15.4 Cyclic depsipeptides 0.20
974.5 12.5 Cyclic depsipeptides 0.20
817.4 12.2 Cyclic depsipeptides 0.20
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821.5 11.6 Cyclic depsipeptides 0.33
996.5 12.6 Cyclic depsipeptides 0.20
567.3 8.3 Cyclic depsipeptides 0.08
793.5 8.2 Cyclic depsipeptides 0.08
1016.6 15.9 Cyclic depsipeptides 0.20
833.4 10.1 Cyclic depsipeptides 0.20
956.5 13.4 Cyclic depsipeptides 0.20
821.4 9.0 Cyclic depsipeptides 0.20
1010.5 10.8 Cyclic depsipeptides 0.20
899.4 9.9 Cyclic depsipeptides 0.33
833.4 11.3 Cyclic depsipeptides 0.20
751.5 8.5 Cyclic depsipeptides 0.08
831.4 12.7 Cyclic depsipeptides 0.20
803.4 10.3 Cyclic depsipeptides 0.20
803.4 12.0 Cyclic depsipeptides 0.20
793.5 8.8 Cyclic depsipeptides 0.08
1010.5 13.9 Cyclic depsipeptides 0.20
1008.5 11.6 Cyclic depsipeptides 0.20
1005.5 13.6 Cyclic depsipeptides 0.20
988.5 10.9 Cyclic depsipeptides 0.20
751.5 9.3 Cyclic depsipeptides 0.08
793.5 8.6 Cyclic depsipeptides 0.08
821.4 8.9 Cyclic depsipeptides 0.20
974.5 10.0 Cyclic depsipeptides 0.20
765.5 9.2 Cyclic depsipeptides 0.08
757.5 11.0 Cyclic depsipeptides 0.33
779.5 9.9 Cyclic depsipeptides 0.08
835.4 9.4 Cyclic depsipeptides 0.20
795.5 9.9 Cyclic depsipeptides 0.08
1002.5 15.3 Cyclic depsipeptides 0.20
833.4 10.4 Cyclic depsipeptides 0.20
890.5 11.7 Cyclic depsipeptides 0.20
1004.5 12.9 Cyclic depsipeptides 0.20
1024.5 11.5 Cyclic depsipeptides 0.20
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988.5 13.1 Cyclic depsipeptides 0.20
873.5 11.7 Cyclic depsipeptides 0.20
1018.5 12.7 Cyclic depsipeptides 0.20
733.5 11.4 Cyclic depsipeptides 0.08
1004.5 13.0 Cyclic depsipeptides 0.20
1010.5 13.2 Cyclic depsipeptides 0.20
839.4 12.1 Cyclic depsipeptides 0.20
849.5 9.6 Cyclic depsipeptides 0.20
787.5 15.7 Cyclic depsipeptides 0.08
791.5 11.7 Cyclic depsipeptides 0.08
1002.5 15.4 Cyclic depsipeptides 0.20
845.5 13.1 Cyclic depsipeptides 0.20
1002.5 11.4 Cyclic depsipeptides 0.20
1070.5 11.7 Cyclic depsipeptides 0.33
793.5 10.0 Cyclic depsipeptides 0.08
888.5 11.4 Cyclic depsipeptides 0.20
817.4 10.6 Cyclic depsipeptides 0.20
761.5 13.7 Cyclic depsipeptides 0.08
1004.5 11.7 Cyclic depsipeptides 0.20
1004.5 12.6 Cyclic depsipeptides 0.20
1052.5 10.4 Cyclic depsipeptides 0.50
758.6 14.5 Cyclic depsipeptides 0.08
807.4 8.2 Cyclic depsipeptides 0.20
789.4 9.9 Cyclic depsipeptides 0.20
1005.5 10.7 Cyclic depsipeptides 0.20
706.4 8.7 Cyclic depsipeptides 0.20
1019.6 11.5 Cyclic depsipeptides 0.20
853.4 8.8 Cyclic depsipeptides 0.20
801.4 11.6 Cyclic depsipeptides 0.20
988.5 11.7 Cyclic depsipeptides 0.20
793.5 9.4 Cyclic depsipeptides 0.08
1004.5 11.9 Cyclic depsipeptides 0.20
593.4 9.7 Cyclic depsipeptides 0.08
1005.5 12.5 Cyclic depsipeptides 0.20
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displayed as m/z, found in Chromobacterium vaccinii MWU205 and A. crenata extracts processed by
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617.3 5.4 Cyclic peptides 0.13
631.3 5.4 Cyclic peptides 0.13
530.3 6.0 Cyclic peptides 0.13
587.3 5.7 Cyclic peptides 0.13
491.3 4.7 Cyclic peptides 0.13
473.3 5.8 Cyclic peptides 0.13
505.3 5.3 Cyclic peptides 0.13
643.4 7.1 Cyclic peptides 0.13
813.5 10.6 Hybrid peptides 1.00

MZmine2188189,

m/z RT  cluster NPCPathway NPC Superclass

225.1 59 18 Alkaloids 0.22 Small peptides 0.53

225.1 6.2 18 Fatty acids 0.97 Fatty acyl glycosides 0.36

245.1 6.1 32 Alkaloids 0.53 Small peptides 0.11

261.1 3.7 32 Alkaloids 0.92 Pseudoalkaloids 0.59

274.2 17.0 39 Alkaloids 0.95 Pseudoalkaloids 0.32

274.2 175 39 Terpenoids 0.40 Phloroglucinols 0.54

282.2 194 8 Fatty acids 0.97 Fatty acyls 0.96

315.1 1.8 21 Amino acids and 0.56 Aminosugars and 0.16
Peptides aminoglycosides

315.1 1.1 21 Shikimates and 0.83 Phenolic acids (C6-C1) 0.54
Phenylpropanoids

328.1 111 28 Alkaloids 1.00 Tryptophan alkaloids 0.99

3441 9.6 28 Alkaloids 1.00 Tryptophan alkaloids 0.99

345.2 59 5 Alkaloids 0.84 Small peptides 0.61

378.2 19.7 9 Alkaloids 0.94 Anthranilic acid alkaloids 0.41

378.2 193 9 Alkaloids 0.98 Anthranilic acid alkaloids 0.42

378.2 189 9 Alkaloids 0.83 Tryptophan alkaloids 0.21

390.3 9.9 13 Amino acids and 0.11 Ornithine alkaloids 0.29
Peptides

3943 236 8 Fatty acids 0.77 Fatty Acids and Conjugates 0.45

403.3 123 13 Amino acids and 0.77 Small peptides 0.89
Peptides

4033 109 13 Fatty acids 0.20 Sphingolipids 0.10
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409.2 11.0 14 Carbohydrates 0.72 Aminosugars and 0.83
aminoglycosides

421.2 116 14 Alkaloids 0.89 Flavonoids 0.23

425.3 44 3 Amino acids and 0.95 Small peptides 0.75
Peptides

427.3 57 29 Terpenoids 0.95 Steroids 0.47

443.3 50 34 Amino acids and 0.98 Small peptides 1.00
Peptides

4504 255 8 Fatty acids 0.94 Glycerophospholipids 0.15

453.2 109 14 Amino acids and 0.56 Small peptides 0.55
Peptides

453.2 10.1 14 Polyketides 0.32 Tryptophan alkaloids 0.28

454.3 53 34 Alkaloids 0.04 Fatty amides 0.42

459.3 49 29 Amino acids and 0.90 Small peptides 0.99
Peptides

473.3 58 4 Amino acids and 1.00 Small peptides 1.00
Peptides

475.3 3.7 3 Amino acids and 1.00 Small peptides 0.99
Peptides

4823 209 9 Alkaloids 0.99 Nicotinic acid alkaloids 0.39

489.3 45 3 Amino acids and 1.00 Small peptides 1.00
Peptides

491.2 55 3 Amino acids and 1.00 Small peptides 0.97
Peptides

501.3 6.1 27 Alkaloids 0.48 Ornithine alkaloids 0.17

505.3 53 4 Amino acids and 1.00 Small peptides 0.96
Peptides

513.3 6.3 33 Amino acids and 0.97 Small peptides 0.98
Peptides

5173 208 7 Carbohydrates 1.00 Polyols 0.68

5173 263 7 Carbohydrates 1.00 Polyols 0.70

5173 274 7 Fatty acids 0.88 Ornithine alkaloids 0.56

519.3 208 10 Terpenoids 0.99 Steroids 0.61

523.3 55 3 Amino acids and 1.00 Small peptides 1.00
Peptides

530.3 6.0 4 Amino acids and 1.00 Small peptides 0.92
Peptides

546.3 41 3 Amino acids and 0.62 Oligopeptides 0.50
Peptides

552.4 6.6 5 Amino acids and 0.98 Oligopeptides 0.74

Peptides
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553.3 3.6 19 Amino acids and 0.99 Oligopeptides 0.77
Peptides

553.3 51 20 Amino acids and 0.99 Oligopeptides 0.76
Peptides

553.3 45 5 Amino acids and 1.00 Oligopeptides 0.94
Peptides

5574 155 15 Fatty acids 0.99 Glycerolipids 0.91

567.4 83 2 Carbohydrates 0.61 Small peptides 0.16

576.4 44 5 Amino acids and 0.80 Oligopeptides 0.48
Peptides

587.3 4.5 30 Carbohydrates 0.31 Saccharides 0.51

587.3 49 30 Fatty acids 0.29 Fatty acyl glycosides 0.32

587.3 57 4 Amino acids and 0.89 Oligopeptides 0.59
Peptides

5934 9.7 2 Terpenoids 0.79 Triterpenoids 0.28

597.0 09 6 Carbohydrates 0.68 Nucleosides 0.26

604.3 3.8 40 Amino acids and 1.00 Small peptides 0.95
Peptides

607.3 6.8 27 Terpenoids 0.99 Carotenoids (C40) 0.98

607.4 8.5 20 Amino acids and 0.71 Small peptides 0.46
Peptides

617.3 54 4 Amino acids and 1.00 Small peptides 0.78
Peptides

631.3 54 4 Amino acids and 0.97 Oligopeptides 0.63
Peptides

636.3 59 3 Amino acids and 0.94 Oligopeptides 0.73
Peptides

643.4 71 4 Amino acids and 0.89 Oligopeptides 0.67
Peptides

645.5 28.0 11 Fatty acids 1.00 Glycerolipids 0.99

645.5 144 11 Fatty acids 1.00 Sphingolipids 1.00

652.4 43 19 Amino acids and 0.99 Oligopeptides 0.80
Peptides

657.4 6.1 37 Amino acids and 0.99 Oligopeptides 0.89
Peptides

679.0 09 6 Carbohydrates 0.74 Nucleosides 0.90

688.5 184 25 Fatty acids 1.00 Glycerophospholipids 1.00

689.4 58 5 Amino acids and 0.96 Oligopeptides 0.70
Peptides

690.5 28.0 25 Fatty acids 1.00 Glycerophospholipids 1.00
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706.4 87 1 Amino acids and 0.98 Oligopeptides 0.73
Peptides

707.5 15.0 15 Fatty acids 1.00 Glycerolipids 0.87

719.5 143 15 Fatty acids 0.96 Glycerolipids 0.73

719.5 149 15 Fatty acids 0.53 Oligopeptides 0.38

733.5 115 2 Amino acids and 1.00 Small peptides 0.96
Peptides

747.4 80 3 Amino acids and 1.00 Small peptides 0.99
Peptides

751.4 5.7 40 Amino acids and 1.00 Small peptides 0.96
Peptides

751.5 85 2 Amino acids and 0.98 Oligopeptides 0.86
Peptides

751.5 93 2 Amino acids and 0.95 Oligopeptides 0.86
Peptides

757.5 11.0 16 Amino acids and 1.00 Small peptides 0.77
Peptides

758.6 145 2 Fatty acids 1.00 Glycerophospholipids 1.00

761.0 09 6 Shikimates and 1.00 Flavonoids 0.99
Phenylpropanoids

761.5 13.7 2 Amino acids and 0.98 Oligopeptides 0.89
Peptides

765.5 92 2 Amino acids and 0.97 Oligopeptides 0.55
Peptides

765.5 104 2 Amino acids and 0.96 Oligopeptides 0.89
Peptides

779.5 99 2 Amino acids and 1.00 Oligopeptides 0.93
Peptides

779.5 110 2 Amino acids and 0.90 Oligopeptides 0.78
Peptides

787.5 129 2 Amino acids and 0.99 Oligopeptides 0.62
Peptides

787.5 157 2 Amino acids and 1.00 Oligopeptides 0.94
Peptides

789.4 99 1 Amino acids and 1.00 Oligopeptides 0.73
Peptides

7915 11.7 2 Terpenoids 0.68 Macrolides 0.56

793.5 88 2 Amino acids and 0.99 Oligopeptides 0.91
Peptides

793.5 86 2 Amino acids and 0.82 Oligopeptides 0.22
Peptides
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793.5 82 2 Amino acids and 0.84 Oligopeptides 0.22
Peptides

793.5 94 2 Amino acids and 0.97 Oligopeptides 0.98
Peptides

795.5 10.6 16 Amino acids and 1.00 Oligopeptides 0.62
Peptides

8014 13.0 1 Amino acids and 0.95 Oligopeptides 0.30
Peptides

8014 116 1 Amino acids and 1.00 Oligopeptides 0.60
Peptides

8034 120 1 Amino acids and 1.00 Small peptides 0.81
Peptides

805.5 109 2 Amino acids and 0.93 Oligopeptides 0.90
Peptides

8055 123 2 Amino acids and 0.97 Oligopeptides 0.85
Peptides

806.4 99 1 Amino acids and 0.99 Oligopeptides 0.63
Peptides

807.4 82 1 Amino acids and 0.99 Oligopeptides 0.69
Peptides

8174 122 1 Amino acids and 0.99 Small peptides 0.60
Peptides

8174 104 1 Amino acids and 0.97 Oligopeptides 0.71
Peptides

8174 106 1 Amino acids and 0.89 Oligopeptides 0.63
Peptides

819.5 91 2 Polyketides 0.70 Macrolides 0.13

821.4 9.0 1 Amino acids and 0.96 Oligopeptides 0.60
Peptides

821.4 89 1 Amino acids and 0.84 Oligopeptides 0.17
Peptides

8215 113 2 Amino acids and 0.96 Oligopeptides 0.76
Peptides

8315 127 1 Amino acids and 0.96 Oligopeptides 0.83
Peptides

8334 101 1 Amino acids and 0.97 Oligopeptides 0.58
Peptides

8334 104 1 Amino acids and 0.87 Small peptides 0.46
Peptides

8334 114 1 Amino acids and 0.84 Oligopeptides 0.69
Peptides

835.4 94 1 Amino acids and 1.00 Oligopeptides 0.68

Peptides
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837.0 9.4 22 Carbohydrates 0.99 Nucleosides 0.99
838.4 54 17 Amino acids and 1.00 Small peptides 0.79
Peptides
8394 104 1 Alkaloids 0.76 Pseudoalkaloids 0.32
8394 121 1 Polyketides 0.92 Macrolides 0.70
843.0 09 6 Fatty acids 0.98 Fatty esters 1.00
8455 131 1 Alkaloids 0.99 Tryptophan alkaloids 0.54
8475 114 38 Amino acids and 0.95 Oligopeptides 0.96
Peptides
849.5 97 1 Amino acids and 0.99 Oligopeptides 0.64
Peptides
849.5 11.2 38 Amino acids and 0.93 Small peptides 0.33
Peptides
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Figure 44: Fragmentation spectra of purified FR900359 (FR) as standard compared to the
compound with m/z 1002.5293 found in extracts of Chromobacterium vaccinii MWUZ205. Building blocks
were named following the nomenclature system by Ngokal?? based on Biemanns modifications!®3 of
Roepstorffs nomenclature in one-letter amino acid code!%4. b° = b-ion with loss of water. L’ = N-Ac--HyLeu,

A=Ala, A’

129

N-Me-Ala, T’ = N,0-Me2-Thr, L’ = N-Prop-3-HyLeu, L” = -HyLeu, F’ = Pla, A” = N-Me-Dha.
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Figure 45: Fragmentation spectra of purified FR-2 as standard compared to the compound with m/z
988.5142 found in extracts of Chromobacterium vaccinii MWU205. Building blocks were named following
the nomenclature system by Ngokal?? based on Biemanns modifications?3 of Roepstorffs nomenclature in
one-letter amino acid code!%4. b° = b-ion with loss of water. L’ = N-Ac-B-HyLeu, A = Ala, A’ = N-Me-Ala, T’ =
N,0-Mez-Thr, L” = 3-HyLeu, F’ = Pla, A” = N-Me-Dha.
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Figure 46: Fragmentation spectra of purified FR-Core as standard compared to the compound with
m/z 817.4304 found in extracts of Chromobacterium vaccinii MWU205. Building blocks were named
following the nomenclature system by Ngokal92 based on Biemanns modifications!?3 of Roepstorffs
nomenclature in one-letter amino acid code!%4. b°® = b-ion with loss of water. L’ = N-Ac-$-HyLeu, A = Ala, A’
= N-Me-Ala, T’ = N,0-Me2-Thr, L” = 3-HyLeu, F’ = Pla, A” = N-Me-Dha.
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Figure 47: Fragmentation pattern of the FR-Core isomer (A) (m/z 817.4303) and the m/z value
835.4389 (B) following the nomenclature system by Ngokal?2 based on Biemanns modifications!?3 of
Roepstorffs nomenclature in one-letter amino acid code!%4. L’ = N-Ac-3-HyLeu, L” = -HyLeu, L”’ = N-Prop-
B-HyLeu, A = Ala, A’ = N-Me-Ala, T’ = N,0-Me2-Thr, F’ = Pla, A” = N-Me-Dha.
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Figure 48: 'H-Nuclear magnetic resonance spectrum (600 MHz, CDCI3) of FR-6.
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Figure 49: 13C-Nuclear magnetic resonance spectrum (150 MHz, CDCl3) of FR-6.
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Figure 50:1H-1H- Correlated Spectroscopy (COSY) nuclear magnetic resonance spectrum (600 MHz,

CDCls) of FR-6.
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Figure 51:1H-13C Heteronuclear single quantum coherence (HSQC)nuclear magnetic resonance

spectrum (600 MHz, CDCI3) of FR-6.
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Figure 52: 1H-13C Heteronuclear multiple bond correlation (HMBC) nuclear magnetic resonance
spectrum (600 MHz, CDCI3) of FR-6.
133



Appendix

f1 (ppm)

7 R sie 3 rs
. Pes: & > i

N

_— ,-: <

T T - - - - T T T - T - - T - - - - - : ; :
10.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5 00 -0.5
f2 (ppm)

Figure 53: 1H-1H Rotating frame overhauser enhancement spectroscopy (ROESY) nuclear magnetic

resonance spectrum (600 MHz, CDCl3) of FR-6.
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Figure 54: Clustered regularly interspaced short palindromic repeats/Caspase 9 edited HEK Ggq/11-
KO cells respond to carbachol (Cch) only after re-expression of Gagq. Dynamic mass redistribution (DMR)
analysis of whole cell responses evoked by epidermal growth factor (as the cell viability control) and Cch,
which activates Gag-sensitive endogenous muscarinic acetylcholine receptor type 3 receptors, at the
indicated concentrations in HEK293 cells genome-edited by CRISPR-Cas9 to lack all functional alleles for
Gog and Gou1. HEK-AGoag/11 cells respond to epidermal growth factor with robust alteration of DMR profiles
but require the presence of Goq to respond to Cch. Shown are real-time measurements (mean + Standard
error of the mean, technical triplicates) representative of three such experiments.
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Figure 55: Comparison of the fragmentation pattern of valhidepsin B (m/z: 805.519) found in n-
butanol extracts of Chromobacterium vaccinii MWU205 grown in M9 medium and LB medium. Fragments
were labeled following the nomenclature system by Ngokal®2? based on Biemanns modifications!?3 of
Roepstorffs nomenclature in one-letter amino acid code.1?* b°® = b-ion with loss of water. S’ = acylated serine.
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Figure 56: Comparison of the fragmentation pattern of valhidepsin A (m/z: 787.508) found in n-
butanol extracts of Chromobacterium vaccinii MWU205 grown in M9 medium and LB medium. Fragments
were labeled following the nomenclature system by Ngokal®? based on Biemanns modifications!?3 of
Roepstorffs nomenclature in one-letter amino acid code.1?* b°® = b-ion with loss of water. S’ = acylated serine.
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Figure 57: Comparison of the fragmentation pattern of valhidepsin D (m/z: 779.503) found in n-
butanol extracts of Chromobacterium vaccinii MWU205 grown in M9 medium and LB medium. Fragments
were labeled following the nomenclature system by Ngokal®? based on Biemanns modifications!?3 of
Roepstorffs nomenclature in one-letter amino acid code.1?* b°® = b-ion with loss of water. S’ = acylated serine.
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Figure 58: Comparison of the fragmentation pattern of valhidepsin C (m/z: 761.493) found in n-
butanol extracts of Chromobacterium vaccinii MWU205 grown in M9 medium and LB medium. Fragments
were labeled following the nomenclature system by Ngokal®2? based on Biemanns modifications!?3 of
Roepstorffs nomenclature in one-letter amino acid code.1?* b°® = b-ion with loss of water. S’ = acylated serine.
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Figure 59: Fragmentation pattern

of valhidepsin E (m/z: 593.3636) and Valhidepsin F (m/z:

567.3474) found in n-butanol extracts of Chromobacterium vaccinii MWU205 grown in M9 medium.
Fragments were labeled following the nomenclature system by Ngokal?? based on Biemanns

modifications?3 of Roepstorffs nomenclature in one-letter amino acid code.1?4 b°

S’ = acylated serine.

b-ion with loss of water.
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Figure 60: Comparison of the fragmentation pattern of the unknown valhidepsin with an m/z of
751.468 found in n-butanol extracts of Chromobacterium vaccinii MWU205grown in M9 medium and LB
medium. Fragments were labeled following the nomenclature system by Ngokal92 based on Biemanns

modifications?3 of Roepstorffs nomenclature in one-letter amino acid code.1?4 b°

S’ = acylated serine.
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Figure 61: Fragmentation pattern of valhidepsin C (m/z 761.487) and valhidepsin D (m/z 779.500).
Fragment ions were named following the nomenclature system by Ngokal2 based on Biemanns
modifications?3 of Roepstorffs nomenclature in one-letter amino acid code.1?* b°® = b-ion with loss of water.
S’ = acylated serine.
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Figure 62: Feature-based molecular network (FBMN) (workflow version: release_28.2) of the

metabolomes of n-butanolic extracts from Chromobacterium vaccinii MWU205 cultivated in LB or M9
medium and the depsipeptide-containing fraction of Ardisia crenata leaves. (A) shows the complete FBMN,
displaying the origin (C. vaccinii MWU205 LB medium: red, C. vaccinii MWU205 M9 medium: white, A.
crenata: green) of each node as pie chart. All clusters containing at least two nodes are numbered. (B) shows
only the clusters, which were labeled with their predicted compound classes by Global natural product
social molecular networking tools (DEREPLICATOR184187, MS2LDA185186) and colored according to the
predicted compound classes by the CANOPUS tool8818%, No compound class = white, amino acids and
peptides = light green, fatty acids = yellow, shikimates/phenylpropanoids = purple, carbohydrates = light
blue, alkaloids = dark green, polyketides = red, terpenoids = dark red.
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Table 16: Stachelhaus Code for the adenylation domains from the frs biosynthesis gene clusters from

Appendix

both FR900359 producers. The table was taken from the PhD thesis of Cornelia Hermes?226,

Candidatus Burkholderia

Chromobacterium vaccinii

crenatal?? MwWU205

FrsA DAMLVGAVCK DAMLVGAACK
FrsD DAMLVGAVCK DAMLVGAACK
FrsE GAFVMAGVCK GAFVMAGVCK
FrsE DVWHLSLVDK DVWHLSLVDK
FrsF DVFSVAIVYK DVFSVAIVYK
FrsF DVFSVAIVYK DVFSVAIVYK
FrsG DAMLVGAVCK DAMLVGAACK
FrsG DFWNIGMVHK DFWNVGMVHK

6.2. Appendix for chapter 3.2
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Figure 63: 1H-Nuclear magnetic resonance spectrum (300 MHz CDCls) of completely 13C/1>N-labeled
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Table 17: Area under the curve (AUC) for m/z 1002.54 to determine the production of FR in n-
butanol extracts of Chromobacterium vaccinii MWU205 grown in LB and M9 medium for 7.5 days with
samples taken every 12 h and two measurements rows per medium.

Cultivation time (days) AUC (m/z1002.54) LB AUC (m/z 1002.54) M9

0 0 0 241,371 227,513

0.5 7,519,130 10,616,213 2,720,170 3,404,664
1 35,743,832 32,055,368 18,991,986 23,501,066
1.5 56,019,635 51,508,369 45,556,060 35,717,250
2 49,075,656 48,677,517 42,229,239 49,249,340
2.5 46,682,611 49,178,507 29,224,041 39,618,579
3 39,058,414 42,847,565 42,946,363 34,287,397
35 23,759,953 38,419,891 39,563,206 30,331,536
4 31,474,599 38,479,764 38,791,987 35,586,138
4.5 29,621,228 36,910,804 7,797,342 34,687,692
5 20,884,773 23,131,656 45,505,750 32,580,980
5.5 21,314,881 11,456,827 39,412,278 31,353,241
6 14,077,116 11,968,603 37,239,799 41,442,114
6.5 11,617,081 13,511,536 34,821,581 36,316,559
7 9,560,195 13,021,883 36,907,170 31,021,623
7.5 8,297,424 10,958,613 35934914 31,038,120

Table 18: Area under the curve (AUC) for m/z 988.52 to determine the production of FR-2 in n-
butanol extracts of Chromobacterium vaccinii MWU205 grown in LB and M9 medium for 7.5 days with
samples taken every 12 h and two measurements rows per medium.

AUC (m/z 988.52) LB

Cultivation time (days) AUC (m/z 988.52) M9

0 410,582 338,180 523,589 148,889

0.5 5803,813 9,058,580 13,612,779 16,114,464
1 51,935,790 49,592,605 87,732,855 127,815,599
1.5 42,845,652 36,474,107 120,109,411 115,448,325
2 31,306,245 29,864,806 117,480,743 142,120,500
2.5 28,053,256 28,799,485 83,414,596 107,318,487
3 23,793,054 22,927,409 95,750,694 98,224,921
3.5 14,266,675 18,878,568 109,944,655 109,027,602
4 15,776,963 19,383,737 104,058,994 97,294,316
4.5 13,972,982 18,009,468 32,144,261 97,420,973
5 11,947,273 10,989,577 106,689,027 95,241,582
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5.5 12,116,158 9,453,762 107,208,458 99,020,699
6 7,744,026 9235571 104,269,348 131,447,043
6.5 6,283,590 6,154,142 100,214,372 121,440,998
7 5,484,727 8,546,726 94,012,690 89,512,115
7.5 4,509,234 7,557,471 107,045954 92,517,525

Table 19: Raw data of Figure 26 showing the modified area under the curve (AUC) of m/z 1002.5
and m/z 988.5 in n-butanol extracts of Chromobacterium vaccinii MWU205 cultures grown in M9 Medium
with [+PA] and without 5 mM propionic acid (PA) [Control].

Sample AUC (m/z1002.5) AUC (m/z 988.5)

Control repeat 1 712,181,106 2,201,575,293

Control repeat 2 701,829,824 2,263,831,105

Control repeat 3 812,685,684 2,493,656,318
+PA repeat 1 3,149,348,881 571,559,310
+PA repeat 2 2,826,151,378 539,985,728
+PA repeat 3 2,776,633,968 540,788,459

Table 20: Raw data of Figure 27 showing the modified area under the curve (AUC) of m/z 1016.56
in n-butanol extracts of Chromobacterium vaccinii MWU205 cultures grown in LB Medium with [+iBA] and
without isobutyric acid (iBA) [Control].

Sample AUC (m/z 1016.56)

Control 4,176,166
+iBA repeat 1 27,498,848
+iBA repeat 2 25,004,632
+iBA repeat 3 25,563,982

Table 21: Raw data of Figure 27 showing the modified area under the curve (AUC) of m/z 1030.57
in n-butanol extracts of Chromobacterium vaccinii cultures grown in LB Medium with valeric acid [+VA],
with isovaleric acid [+iVa] and without feeding [Control].

Sample AUC (m/z 1030.57)

Control 4,920,980
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+VArepeat 1 17,228,390

+VA repeat 2 16,076,034

+VArepeat 3 17,076,754

+iVArepeat 1 15,245,129

+iVA repeat 2 12,831,949

+iVA repeat 3 12,070,318
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Figure 64: Extracted ion chromatograms of m/z 1020.5 of n-butanol extracts from Chromobacterium

vaccinii MWU205 cultures cultivated in M9 medium with and without feeding of meta-F-Phe after 20 h.

143



Appendix

1 2 3 4
300 ; R S S : 1.00
R B | a8
238 ! G Y - 0.80
= T e s I 1
z 176 | : ‘ 060 5
£ , <
@ 114 ; 040 3
w :
52 : A : | 020
\ \——k_/\“\ P — _ ol _\"'E*‘T'"J
-10 e 5 s 0.00
Tra
0 13 26 39 52 65 78 91 104 117
Time (min)

Fraction 1 Fraction 2 Fraction 3 Fraction 4
m/z 1002.5 (FR) 1.3*107 1.0*10° S8 1.9*107
m/z 1020.5 4.0*10° 4.9*108 4.1*108 1.3*107

Figure 65: Flash chromatography of the n-butanol extract of 4.5 L Chromobacterium vaccinii
MWU205 AvioA cultivated in LB medium fed with meta-F-Phe. Collected fractions are numbered and their
area under the curve for m/z 1002.5 (FR900359) and m/z 1020.5 was calculated.

Table 22: Area under the curve (AUC) of m/z 1020.5 in n-butanol extracts of Chromobacterium
vaccinii MWUZ205 AvioA without feeding [Control (A)] and with feeding of meta-F-phenylalanine (m-F-Phe)
displayed in Figure 29 (A). AUC of m/z 1020.5 in n-butanol extracts of C. vaccinii MWU205 without feeding
[Control (B)] and with feeding of ortho-F-Phe or para-F-Phe displayed in Figure 29 (B).

Sample AUC (m/z 1020.5)

Control (A) 4,920,980

+m-F-Phe repeat 1 1078089248

+m-F-Phe repeat 2 998944543

+m-F-Phe repeat 3 1089278350

Control (B) 43928679
+0-F-Phe repeat 1 1029597994
+0-F-Phe repeat 2 1464634768
+0-F-Phe repeat 3 1348126437
+p-F-Phe repeat 1 80749641
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+p-F-Phe repeat 2

63699040

+p-F-Phe repeat 3

69945061

6.3. Appendix for chapter 3.3

Table 23: Area under the curve (AUC) of m/z 1002.5 in n-butanol extracts of Chromobacterium
vaccinii MWU205 cultures grown in soil extracts for 5 d and blanks without inoculation. NSE = New soil
extract?38, WE = water extract?3?, NE = NaOH extracts240, and SESOM = soil-extracted solubilized organic

matter?41,

Sample

AUC (m/z 1002.5)

NSE blank

233,660

NSE repeat 1

37,040

NSE repeat 2

114,986

NSE repeat 3

199,460

WE blank

169,942

WE repeat 1

297181

WE repeat 2

126,899

WE repeat 3

167,055

NE blank

0

NE repeat 1

NE repeat 2

NE repeat 3

0
0
0

SESOM blank

125,571

SESOM repeat 1

149,484

SESOM repeat 2

107,492

SESOM repeat 3

1,437,699

Table 24: Crude extract weight in mg and area under the curve (AUC) of m/z 1002.5 of all six n-
butanol extracts of Chromobacterium vaccinii MWU205 cultivated in SESOM for 0 or 5 days.

Sample Crude extract (mg) AUC (m/z 1002.5)
0 days, repeat 1 2.8 117,598
0 days, repeat 2 2.6 84,445
0 days, repeat 3 3.1 81,145
5 days, repeat 1 3.9 492,642
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5 days, repeat 2 2.8 640,038
5 days, repeat 3 3.2 610,946

Table 25: Crude extract weight in mg and area under the curve (AUC) of m/z 1002.5 of all seven n-
butanol extracts of Chromobacterium vaccinii MWUZ205 cultivated in SESOM for 0 or 5 days.

Sample Crude extract (mg) AUC (m/z 1002.5)
0 days, repeat 1 3.1 466,318
0 days, repeat 2 2.3 349,851
0 days, repeat 3 2.7 578,250
5 days, repeat 1 4.7 717,770
5 days, repeat 2 3.5 860,838
5 days, repeat 3 3.8 731,828
5 days, repeat 4 4.7 676,437
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6.4. Appendix for chapter 3.4

Control
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Figure 66: Tracking patterns of Caenorhabditis elegans N2 with and without FR900359 (FR). Adult
nematodes synchronized using bleach were recorded for five minutes on nematode growth medium with a
control (1 % dimethyl sulfoxide (DMSO) mixed with Escherichia coli OP50) or FR (2.5 mM FR/1 % DMSO
mixed with E. coli OP50) spot. All experiments were done in three repeats (A)-(C). Figure adapted from
Hanke et al, 20232,
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Figure 67: Tracking patterns of Caenorhabditis elegans egl-30(ad805) with and without FR900359
(FR). Adult nematodes synchronized using bleach were recorded for five minutes on nematode growth
medium with a control (1 % dimethyl sulfoxide (DMSO) mixed with Escherichia coli OP50) or FR (2.5 mM
FR/1 % DMSO mixed with E. coli OP50) spot. All experiments were done in three repeats (A)-(C). Figure
adapted from Hanke et al, 20232

148



Appendix

1000 2500 3000 o 2500 32000

Figure 68: Tracking patterns of Caenorhabditis elegans egl-30(n686) with and without FR900359
(FR). Adult nematodes synchronized using bleach were recorded for five minutes on nematode growth
medium with a control (1 % dimethyl sulfoxide (DMSO) mixed with Escherichia coli OP50) or FR (2.5 mM
FR/1 % DMSO mixed with E. coli OP50) spot. All experiments were done in three repeats (A)-(C). Figure
adapted from Hanke et al, 20232
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Figure 69: Tracking patterns of Caenorhabditis elegans egl-30(ad806) with and without FR900359
(FR). Adult nematodes synchronized using bleach were recorded for five minutes on nematode growth
medium with a control (1 % dimethyl sulfoxide (DMSO) mixed with Escherichia coli OP50) or FR (2.5 mM
FR/1 % DMSO mixed with E. coli OP50) spot. All experiments were done in three repeats (A)-(C). Figure
adapted from Hanke et al, 20232
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Figure 70: Tracking patterns of Caenorhabditis elegans dgk-1(sy428) with and without FR900359
(FR). Adult nematodes synchronized using bleach were recorded for five minutes on nematode growth
medium with a control (1 % dimethyl sulfoxide (DMSO) mixed with Escherichia coli OP50) or FR (2.5 mM
FR/1 % DMSO mixed with E. coli OP50) spot. All experiments were done in three repeats (A)-(C). Figure
adapted from Hanke et al, 20232.
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Figure 71: Tracking patterns of Caenorhabditis elegans eat-16(sa609) with and without FR900359
(FR). Adult nematodes synchronized using bleach were recorded for five minutes on nematode growth
medium with a control (1 % dimethyl sulfoxide (DMSO) mixed with Escherichia coli OP50) or FR (2.5 mM
FR/1 % DMSO mixed with E. coli OP50) spot. All experiments were done in three repeats (A)-(C). Figure
adapted from Hanke et al, 20232

Table 26: Effect of FR-Core on the spatial distribution of Caenorhabditis elegans N2. Adult nematodes
synchronized using bleach were recorded for five minutes on nematode growth medium with a control (1 %
DMSO mixed with Escherichia coli OP50) or FR-Core (2.5 mM FR-Core/1 % DMSO mixed with E. coli OP50)
spot. All experiments were done in three repeats. The spatial distribution was compared at the start and
end (5 min) of the video using the modified two sample binomial test 295. P>0.05=ns, P<0.05=*, P<0.01=**,
P<0.001=** P<0.0001=**** Adapted from Hanke et al, 20232.

Nematodes in lawn (%)

Control FR-Core Modified two sample binomial test

Total  92.2 (+4.6) 94.1(%4.1) ns (p=0.3576)
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Control

Figure 72: Egg-laying adults of Caenorhabditis elegans egl-30(ad805) after 79 hours on plate. Control
(A) with 1 % dimethyl sulfoxide mixed with Escherichia coli OP50. FR (B) with 2.5 mM FR900359(FR)/1 %
DMSO mixed with E. coli OP50. Images taken in dark field. Figure adapted from Hanke et al, 20232
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Figure 73: 1H NMR spectrum of FR900359 in CDCl3 (600 MHz).

Table 27: Retained eggs in the uterus of Caenorhabditis elegans N2 adults grown for three hours on
a plate covered with Escherichia coli OP50 or one of the four Chromobacterium vaccinii MWU205 strains.
Twenty worms were evaluated per bacterial strain and the worm with the highest number of retained eggs
was excluded from calculations (*).

E. coli C.vaccinii C. vaccinii AfrsC C. vaccinii AvioA C. vaccinii AfrsGvioA
7 9 14 5 9
18 12 14 10 11
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16 12 8 6 8
10 8 20* 11 16
14 7 10 7 10
9 5 6 7 10
12 9 15 12 9
9 9 8 9
11 10 9 6 14
11 10 11 5 7
15 8 17 5 12
11 27* 6 7 4
15 4 11 4 12
15 17 8 12 14
11 7 14 19 9
12 13 17 9 24*
9 8 7 22% 10
21* 6 12 6 7
12 7 12 8 7
14 2 15 9 11
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