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Zusammenfassung

Obwohl mikrobielle Naturstoffe (NS) sich seit Jahrzehnten als wichtige Quelle fiir pharmazeutisch
relevante Substanzen erweisen, gestaltet sich die Entdeckung neuer bioaktiver Verbindungen zunehmend
als aufwandig. Die vorliegende Arbeit beschreibt verschieden Strategien zur Identifikation neuer
Wirkstoffe sowie deren anschlieRende Charakterisierung. Die Kombination aus bisher
unterreprdsentierten bakteriellen Stammen und Genom- sowie Metabolom-Mining Techniken erwies sich
dabei als Erfolgsfaktor: Die Strukturfamilie der Thiamyxine wurde aus dem Myxococcaceae Stamm
MCy9487 isoliert. Sie umschlieRt vier thiazolin- und thiazolreiche Peptide von denen zwei offenkettige und
zwei zyklische Derivate sind. Beide zyklische Verbindungen erweisen sich durch potente Aktivitat gegen
RNA-Viren als vielversprechende Startpunkte fiir weitere Entwicklungen. Sesbanimid R ist der erste aus
magnetotaktischen Bakterien isolierte NS und weist gute Aktivitat gegen Karzinom Zelllinien auf. Diese
Substanz wurde einem Biosynthesegencluster des Stammes Magnetospirillum gryphiswaldense durch
gezielte Inaktivierung des Clusters und anschlieBendes statistisches Filtern des Metaboloms eindeutig
zugeordnet. Neben der Suche nach bisher unentdeckten Sekundarmetaboliten (SM) befasst sich die
vorliegende Arbeit mit einem Vergleich von Kultivierungs- und Analysetechniken. Es konnte gezeigt
werden, dass Variation von Kultivierung und auch instrumenteller Analytik das Potential neue SM zu

entdecken steigert.



Summary

Although microbial natural products (NPs) have proven to be an important source for pharmaceutically
relevant substances, the discovery of novel bioactive compounds has grown increasingly difficult. This
thesis describes different strategies for the identification of new active substances and their subsequent
characterization. The application of genome and metabolome mining techniques to underrepresented
bacterial strains was the key success factor therein: The compound family of the thiamyxins was isolated
from the Myxococcaceae strain MCy9487. It is composed of four thiazoline- and thiazole-rich peptides,
two of which are linear and two cyclized derivatives. Both cyclic derivatives were determined to be
promising candidates for further development due to their potent activity against RNA-viruses.
Sesbanimide R is a compound with good activity against human carcinoma cells and the first NP to be
isolated from magnetotactic bacteria. It was unambiguously assigned to a biosynthetic gene cluster of
Magnetospirillum gryphiswaldense by targeted inactivation of the cluster and subsequent statistical
filtering of the metabolome. Besides the search for hitherto undiscovered secondary metabolites, this
work also presents a comparative study of cultivation conditions and analytical setups. It was shown, that
variation of culture conditions and analytical setups can significantly increase the potential of discovering

new secondary metabolites.
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10 Section 1.1 Natural Products and their Pharmaceutical Applications

1 Introduction

1.1 Natural Products and their Pharmaceutical Applications

Natural Products (NPs) or secondary metabolites are defined as small molecules produced by biological
sources such as plants, animals, fungi and bacteria.l! Secondary metabolites in contrast to primary
metabolites are not strictly necessary for the survival of the host, but still provide an evolutionary
advantage.?’ NPs have been used throughout human history for the treatment of various illnesses. Herbal
remedies, for example, are a staple of traditional Chinese medicine, which dates back to about
1,100 B.C.>¥ The discoveries of penicillin in 1928 and streptomycin in 1945 ushered in the age of microbial
natural products and triggered immense efforts from pharmaceutical companies to isolate novel NPs from
various microbial sources. The great chemical diversity of natural products and the associated biological
activities led to them being an invaluable source for pharmaceuticals./?? Per the most recent report of
Newman and Cragg only about a third of newly approved small molecule drugs from 1981 to September
2019 are purely synthetic drugs. Two thirds of new drugs are either unaltered NPs, botanical drugs or they

are based on NP such as NP derivatives, NP mimics or synthetic drugs containing a NP pharmacophore.®
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Figure 1: This highlights the importance that natural products play to this day in various fields of medicine such as

treatment of infections or cancer.

Although NPs boast a large variety of therapeutical applications, antibiotics like the penicillins are likely
the most well-known pharmaceutical use of NP drugs.!? The first commercially available antibiotics were
the synthetic sulfonamides, which were discovered as an ingredient of cloth dye in the 1930s.1® The first
NP antibiotic was penicillin G, which was discovered in 1928, but was first applied as a drug to treat a
streptococcal meningitis infection in 1942.7) In the following 20 years many of the classes of antibiotics
that we know today were developed. These include the B-lactams (1941), the aminoglycosides (1944),
chloramphenicol (1949), the tetracyclines (1950), the lincosamides (1952), the macrolides (1952), the

streptogramins (1952) the glycopeptides (1956), the ansamycins (1957) and the quinolones (1962).1®
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Figure 1: Classification of newly approved drugs from 1981 to 2019 by source. Adapted from !

This period, extending until the 1960s, is consequently known as the ‘golden age’ of antibiotic discovery.
Although many second, third and fourth generation derivatives of already-known antibiotic compounds
were developed during the period between the 1960s and 2000s, the discovery rate of new antibiotic
classes dropped to almost zero.['” As the stream of new compounds started to ebb, the realization arose
that the classical methods of isolating compounds from microbial extracts by activity-guided approaches
had been exhausted. Additionally, the plethora of recently discovered treatment options led to the belief
that all future needs for antibiotic compounds were satisfied, which resulted in many pharmaceutical
companies shutting down their NP research facilities. This presumption soon proved to be false due to the
rising frequency of antimicrobial resistance (AMR) in human pathogens. Efforts to find antibiotic classes
with novel targets, that could circumvent AMR, were increased again at the end of the second millennium,
which led to the development of several novel antibiotic classes such as daptomycin and fidaxomicin. In
spite of this, nosocomial infections with multi resistant pathogens are increasing on a global scale and the
need for new lead structures is now more pressing than ever.***2 Prominent examples of NP antibiotics

are displayed in Figure 2.
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Figure 2: Prominent examples of natural product antibiotics.*31°]

As is the case for antibiotics, NPs also make up a significant part of antitumor drugs on the market today.
Most of these are of microbial origin such as mitomycin C from Streptomyces caespitosus, bleomycin from
Streptomyces verticillus, actinomycin D from Actinomyces antibioticus, daunorubicin from Streptomyces
peucetius and romidepsin from Chromobacterium violaceum.**-?%' Another major source of NP anticancer
drugs is represented by plants, yielding vincristine from Catharanthus roseus, taxol from Taxus brevifolia,
podophyllotoxin from Podophyllum peltatum and camptothecin from Camptotheca acuminata for
example.?*24 A representative overview of NP-derived antitumor drugs is depicted in Figure 3. One
problem in developing antitumor drugs from NPs is that they are often too cytotoxic to be usable without
further modifications. This is often accomplished my medicinal chemistry or creating antibody—drug-

conjugates (ADCs) for target specific application.!?"!
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Figure 3: Natural product derived anticancer agents bleomycin and taxol.

Finally, NP based drugs also cover many other fields of application such as the antimalarial drugs
artemisinin from Artemisia annua and quinine from Cinchona pubescens, analgesics like aspirin from the

bark of the willow tree and morphine form Papaver somniferum, and the immunosuppressant cyclosporin

from Tolypocladium inflatum as shown in Figure 4. 2631
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Figure 4: Well-known natural products displaying their structural diversity and wide-ranging applications: The
analgesics aspirin and morphine, the antimalarial drugs artemisinin and quinine and the immunosuppressant

cyclosporin A.
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1.2 Myxobacteria as Sources of Secondary Metabolites

During the golden age of NP discovery bacteria and fungi were the main sources for secondary
metabolites. Amongst bacteria, only three groups were considered “good” producers: The order
Actinomycetales, the genera of Bacillus and the Pseudomonads. After most so-called “low hanging fruit”
secondary metabolites from these groups had been discovered and rediscovery was becoming more
frequent, other sources for bioactive compounds were needed. The resulting search was at least partially
successful, revealing two novel fertile resources in cyanobacteria and the myxobacteria outlined here.’3?
Myxobacteria are Gram-negative &-proteobacteria. They occur ubiquitously in soil and have several
characteristics unique among bacterial organisms. They can glide across surfaces and use this to form
multicellular swarms. These swarms exhibit predatory behavior and use exoenzymes and secondary
metabolites to lyse biological macromolecules and even whole microorganisms. Under harsh conditions
they form so called fruiting bodies (Figure 5), that contain desiccation- and heat-resistant myxospores. The
genomes of myxobacteria are amongst the largest of the bacterial kingdom and contain many biosynthetic
gene clusters (BGCs).3! As myxobacteria are in constant competition for habitats and nutrients with other
microorganisms, they have evolved to be highly prolific in producing secondary metabolites with a variety
of anti-microbial activities. Of particular interest are molecules with activity against Gram-negative
bacteria, such as the Nonribosomal peptide — polyketide hybrid corramycin, isolated from Corallococcus
coralloides, and displaying activity against Escherichia coli and Salmonella typhimurium.B* Furthermore
myxobacteria have also been shown to produce molecules with anti-Gram-positive bioactivity, for
example the compound class of myxalamids. These NRPS-PKS hybrids were first isolated from Myxococcus
xanthus and their main component myxalamid B exhibits activity against Nocardia species,
Corynebacterium mediolanum, Arthrobacter rubellus, Bacillus species as well as activity against several
molds and yeasts.>*® Another myxobacterial compound with antifungal activity is myxothiazol. This
compound exhibits activity against Pythium debaryanum, Piricularia oryzae and Trichophyton
mentagrophytes, is biosynthezised by an NRPS-PKS hybrid assembly line and was first isolated from
Myxococcus fulvus.®7*8 Apart from compounds with antibacterial and antifungal activity, an important
section of natural products research is concerned with discovering molecules with cytotoxicity against
mammalian cells, which might be used in cancer therapy. Aurafuron A and B, polyketides isolated from
Stigmatella aurantiaca, exhibit cytotoxic activity against a mouse fibroblast cell line.!® Furthermore, the
cytotoxic macrolides epothilones, discovered in 1995 and isolated in 1996 from Sorangium cellulosum,
have been the starting point for several semisynthetic and synthetic anticancer agents.***? An analog of

epothilone B, ixabepilone, trade name ixempra®, is in use as a therapeutic against breast cancer and has
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been proven to prolong progression-free survival in combination with capecitabine in comparison to
capecitabine alone.*® As demonstrated on a global scale during the COVID-19 pandemic, compounds with
antiviral activity are also sorely needed and myxobacterial natural products are a promising source. The
cyclic depsipeptides chondramides, initially isolated from Chondromyces crocatus, have shown high
affinity to the SARS-CoV-2 spike protein receptor binding domain during in silico docking studies.[***! The
recent discovery of the RNA polymerase inhibitors the sandacrabins, have proven once more the
biosynthetic potential of myxobacteria. These antiviral terpenoid-alkaloids were isolated in 2022 from
Sandaracinus defensii and feature potent activity against human pathogenic coronavirus 229E.1647! |n
chapter 2 we present the discovery of a family myxobacterial depsipeptides, the thiamyxins, with potent

antiviral activity.
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Figure 5: Fruiting bodies of Myxococcus xanthus and myxobacterial natural products representing various

bioactivities: Corramycin with activity against Gram-negative bacteria; myxalamid B with anti-Gram-positive

activity; myxothiazol as a representative of antifungal activity; (8Z)-aurafurone B and epothilone B as compounds
37,39,41,44,46]

with cytotoxic activity and chondramide C and sandacrabin B as antiviral compounds.*3>
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1.3 Magnetotactic Bacteria

The umbrella term magnetotactic bacteria (MTB) describes a phylogenetically diverse group of
prokaryotes. They were first discovered in 1963 by Salvatore Bellini and most of them belong to the
Proteobacteria phylum, specifically to the classes of a-, - and y-proteobacteria.*®***’ MTB garnered the
interest of the scientific community as they are able to form highly unique organelles out of magnetite
(FesO4) and greigite (FesSs). These organelles are called magnetosomes and allow the direction of
movement of MTB to be influenced by the earth’s magnetic field. This unique ability is called magnetotaxis
and is thought to serve a similar function as chemotaxis by aiding MTB to maintain an optimal position in
chemical concentration gradients. As most MTB are microaerophilic, aquatic microorganisms, the ability
to passively align with and swim along magnetic field lines is thought to enable them to find a region of
optimal oxygen concentration more readily.>%%!

Similar to myxobacteria, MTB are a ubiquitous group of prokaryotes that have initially been explored due
to an unusual morphological ability, but may now come under focus as a potential source for novel natural
products. It was previously shown that phylogenetic distance correlates to the production of chemically
distinct secondary metabolites and it was proven that the genomes of MTB may contain biosynthetic gene
clusters.*®52 This highlights MTB as a novel and promising source for the discovery of novel chemical
scaffolds. In chapter 3 we present Sesbanimide R, the first bioactive secondary metabolite to be isolated

from MTB.

1.4 Natural Product Biosynthesis

Two major biosynthesis routes for bacterial secondary metabolites are non-ribosomal peptide synthetases
(NRPS) and polyketide synthases (PKS). Both are multimodular mega-enzymes that represent assembly
lines and connect small monomers to form the final molecules. NRPS systems assemble peptides from
single amino acids, including non-proteinogenic amino acids, and PKS assembly lines build polyketides
from acyl units, similar to fatty acid synthases. NRPS as well as PKS products are often modified by tailoring
enzymes, that can be part of the mega-enzyme complexes or independent proteins. Modifications include

but are not limited to hydroxylation, methylation and heterocyclisation.!**

1.4.1 Non-Ribosomal Peptide Synthetases

NRPS are organized in modules, with each module consisting of several domains with distinct functions.

Each module consists at least of an adenylation (A) -domain, a peptide carrier protein (PCP) -domain, and



Chapter 1 Introduction 19

a condensation (C) -domain. One modaule is typically responsible for the introduction of one amino acid,
with each step following the following general principle: A substrate is selected by the A-domain, activated
through adenosine triphosphate (ATP) -dependent adenylation and loaded onto the phosphopantetheine
(PPant) arm of the PCP-domain. The growing peptide chain connected to the upstream PCP-domain is then
connected to the newly loaded substrate on the downstream PCP-domain. This step is catalyzed by the C-
domain, which forms the peptide bond between the amino group of the nascent molecule and the
thioester-carbonyl group of the next amino acid to be added. (Figure 6C) This is repeated for each module
of the BGC until the last module releases the nascent molecule via a hydrolysis reaction. This step is usually
catalyzed by a thioesterase (TE) -domain.’* Examples of other, optional domains include
heterocyclization, oxidation and epimerization-domains, the latter of which are able to epimerize L-amino
acids into the respective D-amino acids. (Figure 6D)

Prominent examples of myxobacterial compounds containing heterocycles similar to the compound family
described in chapter 2 and featuring NRPS modules in their biosynthetic machinery include the
myxothiazols, isolated in 1981 from Myxococcus fulvus, and the melithiazols, isolated in 1999 from
Melittangium lichenicola, Archangium gephyra, and Myxococcus stipitatus. Both compound families are
electron transport inhibitors with antifungal activity.”>>% Another example are the cystothiazoles, which
were isolated in 1998 from Cystobacter fuscus and inhibit the growth of fungi as well as human tumor
cells.’*%0) The BGCs of these compounds also contain PKS modules, a common phenomenon, as the
underlying biochemical principles involved in NRPS and PKS biosynthesis are quite similar.®¥ In the

following section the biosynthetic logic of polyketide synthases will be explained in more detail.

1.4.2 Polyketide Synthases

Like the NRPS biosynthetic machinery type | PKS assembly lines follow a modular logic, where each module
is responsible for the incorporation of an individual building block in the nascent molecule. Malonyl-CoA,
which is the most common building block, or acetyl-CoA, which is the most common starter unit, is
transferred to the PPant arm of an acyl carrier protein (ACP) -domain by an acyltransferase (AT) -domain.
A nucleophilic attack of the ACP-bound malonyl C2 carbon to the nascent molecule leads to the formation
of a C-C bond via a decarboxylative Claisen condensation. This reaction is catalyzed by a ketosynthase (KS)
-domain and the growing chain is transferred to ACP-domain of the current module. The AT-domain of the
following module then selects the next extender unit and transfers it to the corresponding ACP-domain,
where the next Claisen condensation is then catalyzed by the KS domain of that module. (Figure 6A) The
resulting B-ketones of each elongation step can be further reduced by additional non-obligatory domains,

which affect the building block added in the previous module. The first reduction is catalyzed by a keto
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reductase (KR) -domain forming a -alcohol, the stereochemistry of which is determined by the type of
the KR domain. The resulting hydroxy group can then be further reduced by a dehydratase (DH) -domain

to form an a-B-enoyl group, which in a last step might be reduced to
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Figure 6: Schematic representations of different aspects of nonribosomal peptide and polyketide biosynthesis. A: The
core reaction of nonribosomal peptide biosynthesis. B: Examples of NRPS modules with optional modifying domains
that catalyze heterocycle formation and subsequent oxidation or incorporation of b-amino acids into the nascent
molecule. C: The core reaction of polyketide biosynthesis. D: Examples of the different redox states of the polyketide
extender unit depending on the optional redox domains present in the module.
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saturated CH;-CH; group by an enoyl reductase (ER) -domain. (Figure 6B) The variable inclusion of these
three domains along with other optional modifying domains such at methyl-transferase and B-branching
domains enable a high structural diversity for PKS products. Next to type | PKS, polyketides can also be
produced by type Il and type Il PKS systems. In contrast to type | PKS, type Il and Il PKS work iteratively,
where type Il PKS consist of separate monofunctional enzymes and type Il systems do not require an ACP-
bound substrate, but can use free acyl-CoA esters as building blocks. 6%

Type | PKS can be further separated into so-called cis-AT PKS and trans-AT PKS.[®! While both types have
the same non-iterative modular structure, they are thought to have evolved separately from each other.
The major difference between cis- and trans-AT PKS assembly lines is the location of AT functionality. In
trans-AT BGCs one to two AT domains are encoded on a separate open reading frame (orf) and are
recruited by so-called docking domains located in each module to catalyze the Claisen condensation
reaction. In the case of two AT domains encoded in the cluster, one has a proofreading functionality to
remove stalled intermediates from the assembly line. Other than the AT functionality, several other
peculiarities are common in trans-AT PKS biosynthetic pathways. Among these are non-elongating
modules, modules divided onto two proteins and B-branching modules. These unusual features have the
effect that the colinearity rule connecting module architecture and polyketide structure in cis-AT PKS
cannot be applied to trans-AT PKS. The structure of trans-AT PKS products can however be predicted with
a high degree of accuracy by clustering the KS domains of the BGC in a phylogenetic tree, as evolutionarily
related KS domains of trans-AT PKS assembly lines are known to accept similar intermediates.[/8]
Among the best-studied bacterial trans-AT PKS products is bacillaene, which was first isolated from Bacillus
subtilis.'®® The elucidation of the bacillaene biosynthesis has shed light on many principles fundamental to
trans-AT PKS logic.!®®”% Another prominent compound family of the trans-AT PKS class are the disorazols.
First isolated in 1994 from S. cellulosum, the biosynthetic machinery of these potent cytotoxic compounds
was the first myxobacterial trans-AT PKS to be expressed heterologously, thereby allowing for yield
optimization and having the potential for the generation of new derivatives.”>’? One of the most potent
myxobacterial antibiotics ever identified and another example of trans-AT PKS products are the
sorangicins. They were first isolated in 1987 from Sorangium cellulosum and exhibit activity against Gram-
positive as well as Gram-negative bacteria.[’>74

Apart from multimodular mega-enzymes, other prominent sources for secondary metabolites include

terpenoid- as well as ribosomally synthesized and post-translationally modified peptide biosynthetic
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pathways. As this work is focused on NRPS (thiamyxins - chapter 2) and trans-AT PKS (sesbanimide R -

chapter 3) compounds, these additional biosynthetic routes will not be elaborated further here.

1.5 Approaches and Challenges of Natural Product Discovery

The different approaches to natural products discovery can broadly be categorized by three themes:
activity-guided, genome mining- and metabolome mining-based approaches. Activity-guided approaches
have historically employed the following general concept: Microbial or plant crude extracts were screened
against test organisms in order to identify interesting bioactivities. The extract was then fractioned by its
physiochemical properties through chromatography and the fractions were screened again to connect a
UV or MS signal to the activity. Thus, the compounds could be isolated and further studies such as structure
elucidation, mode of action determination and in some cases clinical development could be performed.
During the period between 1940 and 1970 actinobacteria were intensively subjected to this kind of
bioactivity screening. This led to the discovery of a vast number of NPs, including the antitumor agent
actinomycin and the antibiotics vancomycin, streptothricin and streptomycin, the last of which is most
famous for its use in tuberculosis treatment.!”>7

Although activity-based approaches delivered many of the first clinically used antibiotics during the golden
age of antibiotic discovery, this progress was slowed down, as rediscovery increasingly became an issue.
Therefore, scientists turned to emerging technologies in order to access novel secondary metabolite
scaffolds: The advancement of genome sequencing enabled the targeted search for biosynthetic gene
clusters and increasingly sensitive analytical methods coupled with big data processing capabilities paved
the way for statistical evaluation of whole microbial metabolomes. %8

In contrast to the random nature of activity-guided screenings, genome mining approaches rely on the
identification of biosynthetic gene clusters and targeted selection of the most interesting ones for further
studies in order to connect them to their respective secondary metabolite products. Out of the vast pool
of biosynthetic gene clusters with unknown functions, those that might be responsible for the production
of antimicrobial secondary metabolites are of particular interest. A successful strategy in selecting these
BGCs has been to identify self-resistance genes in the vicinity of the core cluster, as employed in the
discovery of the topoisomerase inhibiting pyxidicyclines.®? Once a BGC has been identified, in silico
analysis of the cluster can be employed to make detailed predictions about its biosynthetic logic, the
precursors involved in the biosynthesis and even on the final structure of the secondary metabolite. 8384
It has been shown that the genomes of many well-known producers of secondary metabolites contain

considerably more biosynthetic gene clusters than the number of compounds that have been isolated
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from them. The reason for this can be manifold, but most likely these genes are simply not expressed in
sufficient levels under standard laboratory cultivation conditions.®>! To increase transcription levels of
these “cryptic” cluster and thereby hopefully boost the production of the associated natural product,
heterologous promotors can be inserted into the genome of the host strain. This has recently led to the
identification of the sandarazols, plasmid-borne cytotoxins isolated from Sandaracinus defensii.
MSr10575.1¢ As an alternative to genetic manipulation of the natural host strain, cloning of the cluster
into a heterologous production host has also proven to be a viable strategy. This has the added advantage
that additional genetic manipulations to determine details of the biosynthesis, further improvement of
production titers and even formation of entirely novel congeners are possible.!®”]

Another way of dealing with strains while avoiding rediscovery issues, is to analyze their secondary
metabolome with various sophisticated instrumental analytics. The most common analytical setups today
include a combination of high-performance liquid chromatography (HPLC) and mass spectrometry (MS).
Liquid chromatography (LC) is a separation technique employing a stationary and a mobile phase with
different physicochemical properties. The components of a complex mixture, such as a culture broth
extract, interact differently with both phases based on their own chemistry and can therefore be
separated. Common LC setups, that allow for the separation of analytes based on their polarity, are normal
phase LC, employing a polar stationary phase and a non-polar liquid phase and reverse phase LC, with a
non-polar stationary phase and polar liquid phase. Other chromatography methods include size exclusion
chromatography, affinity chromatography and ion-exchange chromatography.®® As with the different LC
setups, there also exist a vast amount of different mass spectrometry analyzers: Quadrupole mass filters
measure the mass to charge (m/z) ratio of the ions by filtering them through oscillating electrical fields;
Time-of-flight (TOF) mass spectrometers use flight tubes and measure the time ions require to reach a
detector, which correlates to their m/z; and Fourier transform mass spectrometers measure the image
current of ions passing by a detector in a periodic function and use Fourier transformation to calculate
their mass. FT-MS is able to reach the highest resolution of these example followed by TOF-MS and then
Quadrupole-MS. To analyze molecules via mass spectrometry, they first need to be converted into ions. In
natural products research, a commonly employed ionization technique is electrospray ionization, as it can
seamlessly couple liquid chromatography separation to several mass analyzers with very little
fragmentation of the analyte.®™ The LC part of such a coupling has a meaningful influence on the
separation capability of the setup, which allows for a large degree of focus on a specific group of
compounds based on their chemical properties, but at same time also discriminates against others. The

same holds true for the compound detection via mass spectrometry. Different types of ionization as well
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as detection methods will allow the detection of incredibly low quantities of some metabolites while not
detecting others at all. During large-scale screening approaches, the analytical setup is therefore usually
highly standardized in order to generate robust datasets for statistical treatment.®!

The application and combination of genome mining and metabolome mining techniques has led to the
discovery of a number of novel secondary metabolites that would have remained elusive in standard
activity-based approaches: Myxoprincomide, an NRPS/PKS product isolated from Myxococcus xanthus
DK1622, was identified by targeted gene inactivation of a BGC and subsequent application of statistical
filters to the secondary metabolomes of the wild type and the mutant strains.®® Another example are the
fulvuthiacenes, a family of NRPS/PKS compounds isolated from Myxococcus fulvus, which were identified
by combining statistical filtering and spectral networking of high resolution LC-MS data.’¥ Finally
rowithocin, a polyketide isolated from Sorangium cellulosum MSr2476, was identified during a correlation

study between taxonomic distance and chemical diversity combined with target masses associated with

activity against staphylococcus/'*?

Genome
Mining

Metabolome Activity-
Mining Guided

Statistical Filtering Crude Extract
Screening

In silico Analysis

Heterologous
Expression

Spectral Networking
Fractionation

Approaches to Natural Product Discovery

Figure 7: Schematic representation of the three main approaches to natural products discovery and examples of their
implementation. Petri dish image obtained from[®2,
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1.6 Outline of this work

The primary aim of the work presented in this thesis was the discovery of novel natural products from
microbial sources. In order to achieve this rather broadly characterized goal, underinvestigated microbial
sources such as the Myxococcaceae strain MCy9487 and the even more elusive magnetotactic bacterium
Magnetospirillum gryphiswaldense were explored. To aid compound discovery and biosynthesis
elucidation efforts, metabolome and genome mining techniques such as in silico analysis of the
biosynthetic gene cluster and principal component analysis were employed. As a result of these efforts,
two bioactive secondary metabolites were isolated and characterized on a chemical and biochemical level.
Furthermore, a fundamental question in metabolome screening approaches was challenged by comparing
two different analytical setups — direct infusion Fourier transform ion cyclotron resonance mass
spectrometry and ultra-high-performance liquid chromatography coupled with time-of-flight mass
spectrometry - by the chemical space they cover.

The first part of this thesis is focused on the discovery and characterization of the thiamyxins. This family
of cyclic depsipeptides was isolated from the Myxococcaceae strain MCy9487 and two of the four
congeners exhibit potent activity against RNA viruses including the human pathogenic corona virus hCoV-
229E. The aim of this study was to elucidate the structure of these compounds, determine their
stereochemistry and generate a biosynthesis model based on in silico analysis of the cluster and
isotopically labeled precursor feeding.

The second part of this thesis describes the discovery of the first secondary metabolite to be isolated from
a magnetotactic bacterium. Sesbanimide R is a trans-AT PKS product isolated from Magnetospirillum
gryphiswaldense and exhibiting cytotoxic activity against several carcinoma cell lines. It was connected to
its biosynthetic machinery by targeted deletion, activation experiments and subsequent application of
statistical filters to extracts of the wildtype and mutant strains. In silico analysis, mass spectrometry,
nuclear magnetic resonance spectroscopy and Marfey’s derivatization were used to provide a concise
picture of its structure, stereochemistry, and biosynthesis.

The final part of this thesis is dedicated to a comparative study of different analytical setups and cultivation
conditions. The aim of which was to quantify the discriminatory impact the analytical system has on
metabolomics studies. Nine myxobacterial strains were cultivated in liquid and on solid medium and the
extracts of the cultures were analyzed with DI-FTICR an uHPLC-TOFMS. Comparative analysis of the
detected features revealed an expected but nevertheless striking gap in coverage of the respective

chemical spaces. Furthermore, MS? analysis and molecular networking were applied in order to determine
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the unique secondary metabolome of each strain, which can be used to prioritize features for further

analysis.

Thiamyxins: Structure and Biosynthesis ...
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Figure 8: Representation of the different approaches to natural products discovery presented in this thesis.
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2.1 Abstract

During our search for novel myxobacterial

natural products, we discovered the =
thiamyxins: thiazole- and thiazoline-rich non-

ribosomal peptide-polyketide hybrids with

potent antiviral activity. We isolated four /lll,,
congeners of this unprecedented natural ):N
product family with the non-cyclized
thiamyxin D fused to a glycerol unit at the
C-terminus.  Alongside their  structure
elucidation, we present a concise biosynthesis

model based on biosynthetic gene cluster

analysis and isotopically labelled precursor

feeding. We report incorporation of a 2-(hydroxymethyl)-4-methylpent-3-enoic acid moiety by a GCN5-
related N-acetyltransferase-like decarboxylase domain featuring polyketide synthase. The thiamyxins
show potent inhibition of RNA-viruses in cell culture models of corona, zika and dengue virus infection.
Their potency up to a half maximal inhibitory concentration of 560 nM combined with milder cytotoxic

effects on human cell lines indicate a potential for further development of the thiamyxins.

2.2 Introduction

The severe-acute-respiratory-syndrome-coronavirus-2 (SARS-CoV-2) that was first identified in December
2019 in Wuhan, China, is the cause for the ongoing COVID-19 pandemic that is challenging global health
administrations in an unprecedented way.™™ Due to the highly infectious nature of this pathogen, great
efforts are being undertaken in developing medications to reduce and stop the spread of SARS-CoV-2.5!
However, it is by far not the only human pathogenic RNA virus with high economic and social burden.™
Dengue fever, caused by infection with the dengue virus, on the one hand is a leading cause of severe
illness and death in some Asian and Latin American countries.?! Zika virus, on the other hand was found
to be linked to congenital malformations in newborns and miscarriages due to intrauterine infection of
the fetus with the virus.®! Considering the recent pandemic, the possibility of future global health crises

caused by viruses, but also ineffective treatment options against a variety of other viral diseases, it is of



Chapter 2 Thiamyxins 35

the utmost importance to keep identifying new compounds with antiviral activities as potential basis for
novel drug candidates.

Bacterial natural products (NPs) represent an ubiquitous source of novel chemistry, coming with a diverse
range of biological activities.””? They hereby form a great repository of finding promising lead structures in
the search for new therapeutics.® Myxobacteria are predatory Gram—negative bacteria that have been
intensely studied due to their biological uniqueness and extremely large genomes which are extraordinary
rich in biosynthetic gene clusters (BGC) encoding diverse NPs.! An important aspect of compound
discovery from myxobacteria is that the taxonomic distance correlates with distance in chemical diversity,
making taxonomically distant strains the most promising source for the discovery of yet undescribed NP
families.’® As a result of this finding, we constantly aim to explore novel myxobacterial strains, such as
Myxococcaceae strain MCy9487, towards their biosynthetic potential to produce biologically active NPs.
In this manuscript, we report the structure of a family of unprecedented cyclic depsipeptides produced by
this strain, which we called the thiamyxins, alongside the determination of their stereochemistry and

biosynthesis, as well as their intriguing activities against RNA viruses.

2.3 Results and Discussion

MCy9487 is a myxobacterial strain of the family Myxococcaceae isolated from soil of the Saarland
University campus. Phylogenetic analysis based on 16S RNA revealed the strain’s distinct position within
the Myxococcus-Pyxidicoccus- Corallococcus clade. Due to its yet unclassified genus and the interesting
inhibitory activity profile (Table S1) of the crude extract, it was prioritized for chemical in depth-analysis.
High performance liquid chromatography — high resolution mass spectrometry (HPLC-hrMS) analysis of
the MCy9487 crude extract and nuclear magnetic resonance spectroscopy (NMR) analysis of pre-
fractionated crude material, revealed a family of at least four putatively novel NPs. hrMS isotope pattern
and NMR signal shifts indicated peptide type structures with some striking characteristics including
thiazole and thiazoline substructures (Figure 1A). The thiazole scaffold is a key structure in drug discovery
and medicinal chemistry, as it has been correlated with a broad variety of biological activities such as
antiviral, anticancer and antibacterial activities.* This finding highly resembles observations from nature:
Thiazoline and thiazole containing NPs were found to exhibit promising anticancer and antimicrobial
properties as exemplified by the cyclic cyanobacterial NPs patellamide!??, largazole®®! and apratoxin(?® or
the myxobacterial NPs myxothiazol'?® and thiangazole>! (Figure 1B and C). These examples made the
thiamyxins promising targets for isolation.?>*?) An optimized production and purification process using

liquid/liquid partitioning and semi-preparative LC-MS led to the isolation of 1.5 — 2 mg each of four
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different congeners belonging to the thiamyxin family (thiamyxin A-D, Figure 2). Isolated yields were < 0.2
mg/L for thiamyxin A, 0.6 mg/L for thiamyxin B, 1.4 mg/L for thiamyxin C and 1.6 mg/L for thiamyxin D.
The structures of the isolated compounds were elucidated subsequently using a combination of NMR, high
resolution (hr) MS and detailed configurational analysis, prior to evaluation of their biological activities
against a broader panel of pathogens, including a panel of human pathogenic viruses.

Thiamyxin A and B were assigned a molecular formula of C43Hs9N9OsS4 based on hrMS data. Interpretation
of the 1D and 2D NMR spectra, alongside with their characteristic MS2 fragmentation pattern, revealed
all thiamyxins to consist of the following peptide sequence: 2-(hydroxymethyl)-4-methylpent-3-enoic
acid(HMMP)-(Ala)-(lle)-Methyl-thiazoline(Me-thiazolin)-Thiazole-Me-Thiazoline-Dehydro-alanine(Dh-
Ala)-O-Methylserine(O-Me-Ser)-N-Methylvaline(N-Me-Val)-Thiazole.

The occurrence of two thiazoline and two thiazole moieties was recognizable and eponymous for the

thiamyxins (see Figure 2). Their consistent peptide sequence and exact mass but different retention time
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Figure 1: A: Characteristic chemical shifts (top, H spectrum) and isotope pattern (bottom, mass spectrum) indicating
the presence of thiazole and thiazoline in the thiamyxins. Mass spectra (top to bottom): measured spectrum of
thiamyxin B (black), calculated spectrum for Ca3sHeoNsOsSa (yellow) and Ca2HasN13O14 (grey) as an example for a
possible sum formulae highlighting the intensity shift of the second isotope peak caused by 34S. B: Natural products
from cyanobacteria and C: myxobacteria comprising thiazoline (yellow) and thiazole (blue) units with their most
prominent biological activity./?
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on HPLC indicate thiamyxin A 1 and B 2 to be diastereomers. Specific fragment connectivity was obtained
for all derivatives by detailed analysis of homonuclear and heteronuclear 2D NMR data (see Sl). The
characteristic chemical shift of the HMMP methylene in 1 at 64 4.90/4.86 and 6¢ 67.0 ppm, alongside with
its HMBC correlation to the thiazole carboxy function (3¢ 160.5 ppm) implies cyclisation between the C-
terminal thiazole and the HMMP primary alcohol. The HMBC-correlation in 2 (64 4.81/4.92 and ¢ 65.9
ppm to 6¢c 160.4 ppm) is consistent with the finding for 1. In contrary, thiamyxin C 3 shows a shielded
chemical shift at this position of 6y 4.00 and &¢ 63.1 ppm. This signal, in contrast to the corresponding
signal in 1 and 2, does not show any scalar coupling, indicating free rotatability of the HMMP methylene
(Figure 1 SI). Together with the assigned molecular formula (Cs3Hs1N9OsS4), thiamyxin C 3 was determined
to be the ring open congener of 1 and 2. The molecular mass of thiamyxin D 4 is further increased by
C3He0, when compared to 3 and the chemical shift of the HMMP methylene only shows a deviation of 0.1

p pm for &c and an exactly matched 64 compared to 3, affirming that thiamyxin D also belongs to the
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Figure 2: Chemical structures of the four congeners of the thiamyxin family (A-D). N-Me-Val: N-Methyl-Valine, O-Me-
Ser: O-Methyl-Serine, Dh-Ala: Dehydroalanine, Me-Thiazoline: Methylthiazoline, Ala: Alanine, HMMP: 2-
(hydroxymethyl)-4-methylpent-3-enoic acid. *Proposed stereochemistry based on observed chemical shifts and
coupling constants, prevalence of L-lle and D-allo-lle, as well as the presence of an epimerization domain in module
4 and 5.



38 Section 2.3 Results and Discussion

open chain derivatives. Thorough analysis of the 1D and 2D NMR spectra (Table 4-7 Sl) finally revealed,
that this derivative features an additional glycerol unit attached to the C-terminal carboxyl function (Figure
2 Sl).

The stereochemical configuration of the individual aminoacids was elucidated using Marfey’s method.*3!
The Ala and O-Me-Ser stereocenters were assigned as R and S, respectively, by comparing the hydrolyzed
thiamyxins to commercially available references (Table 1 SI). The configuration of the Me-thiazoline
moieties were assigned by comparison to thiangazole, wherein all Me-thiazoline units previously were
described to be derived from R-configured 2-Me-Cysteine.!* Chiral HPLC retention time comparison of
the derivatized hydrolysis products of thiangazole and thiamyxin B showed the methyl-cysteine peaks with
resembling retention times (Figure 10 Sl), identifiying the Me-thiazoline stereocenters in the thiamyxins
as R-configured as well. We observed demethylation of N-Me-Val under acidic conditions, wherefore the
emerging Val was compared to a Val standard to assign the stereochemistry of this amino acid (see Figure
7 SlI). The stereocenter of N-Me-Val was hereby assigned as S-configured. Additional NMR signal sets were
detected for both cyclic derivatives 1 and 2, in particular located surrounding the N-Me-Val signal sets. The
ratio to the main signal set was constant (ca. 1:5) in both derivatives and in different isolated batches,
indicating two conformational isomers even though NMR experiments at different temperatures and
solvents did not yield a significant change of the conformer ratio (see Figure 5 and 6 Sl). The lle
stereocenter was found to racemize during hydrolysis, which could not be prevented by optimizing the
conditions. Similar effects were observed previously for stereocenters adjacent to thiazoline moieties in
the bottromycin biosynthesis and the synthesis of peptide thiazolines. We believe that racemization is
promoted by the neighboring Me-thiazoline in the thiamyxins.[** We therefore take into account in-silico
analysis of the biosynthetic domains for assignment of the lle stereocenter. The presence of an
epimerization domain in the lle-incorporating module M4 and the C-domain of the following module M5,
which is predicted to be a DLC domain, led to the conclusion that the lle stereocenter is R-configured (see
below). After careful analysis of the 2D NMR data, the corresponding signals revealed that thiamyxins 1
and 2 are diastereomers. Configurational assignment was achieved based on observed shift and coupling
constant differences of isoleucine vs. allo-isoleucin (Figure 3 SI) **!. Based on this analysis, thiamyxin A (1)
and thiamyxin B (2) are epimers in the 2-lle stereocenter. According to the high prevalence of L-lle in
natural products, we assume thiamyxin A (1) to incorporate L-isoleucine and thiamyxin B (2) p-allo-
isoleucine, respectively. The open chain derivative 3 turned out to be a mixture of both isomers (ca. S:R
1:2 according to NMR) with exactly matching retention time on HPLC. The same holds true for thiamyxin

D (4).
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AntiSMASH analysis of the MCy9487 genome enabled identification of a PKS-NRPS hybrid gene cluster
capable of thiamyxin biosynthesis (Figure 3). It consists of two PKS and nine NRPS modules, which are
encoded on nine genes (thiA-thiH), as well as a cytochrome P450 dependent enzyme and a thioesterase
domain encoded on thil and thil, respectively. During bioinformatic analysis of the cluster we also found a
fragmented but similar biosynthetic gene cluster in Corallococcus terminator, previously identified by
Livingstone et al.*® Modules 3 - 12 largely follow textbook NRPS biosynthesis logic.[*”! The initiation of the
biosynthesis, as proposed for modules 1 and 2 is unusual for PKS-NRPS systems but has been described in
similar fashion previously for loading of isovaleryl- and isobutyryl-CoA by the GCN5-related N-
acetyltransferase-like decarboxylase (GNAT) domain. A detailed description of the gene cluster
organization, including all genes of the BGC and their closest homologues, can be found in the SI. As all
attempts to genetically manipulate strain MCy9487 failed and we could not identify a genetically
manipulable alternative producer, we propose the following biosynthesis model based on in-silico analysis
of the BGC supported by feeding experiments with isotope labelled precursors:

The polyketide biosynthesis in thiamyxin is initiated by a GNAT domain. These domains have been shown
to initiate polyketide biosynthesis by starter unit selection and decarboxylation, for example in the
biosynthesis of the cytostatic polyketide gephyronic acid, as well as myxovirescin, rhizoxin, curacin and
pederin.!*® The formal starter unit of the thiamyxin biosynthesis is isobutyryl-CoA, which is also the starter
of the gephyronic acid biosynthesis. Isobutyryl-CoA can be derived either from valine or dimethylmalonyl-
CoA. In the case of gephyronic acid dimethylmalonyl-ACP is decarboxylated to generate the isobutyryl
starter unit.!*® Analysis of the conserved residues of the thiamyxin GNAT domain confirmed the presence
of arginine and threonine required for the decarboxylation. Analysis of the feeding experiment employing
L-Methionine-(methyl-13C) indicated up to seven methyl incorporations into thiamyxin C, whereas feeding
with L-Valine-ds resulted in only one incorporation which is explained by the N-Methyl-Valine incorporated
by module 11. Thus, no second valine seems to be incorporated as would be expected if isovaleryl-CoA
formed from valine was the starter moiety. When feeding Methionine-(methyl-*3C), five of the observed
incorporations can be accounted for by methyltransferases in modules 2, 6, 8, 10 and 11. To account for
the remaining two methyl incorporations, we propose, that malonyl-CoA is bis-methylated to form
dimethylmalonyl-CoA. A conserved domain search of the thiA gene, revealed a dimerization domain
directly upstream of the GNAT domain. This dimerization domain is commonly found in methyl
transferases.'® We propose that the dimerization domain in combination with one of the
methyltransferase domains present in the cluster is responsible for bis-methylating malonyl-CoA after it is

loaded to the ACP in module 1 and thus this is the mechanism that forms the isobutyryl starter moiety.
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Figure 3: Proposed biosynthetic pathway for the thiamyxins (Map not drawn to scale). Core PKS modules are marked
in red and core NRPS modules in blue, epimerization, methylation and oxidation domains are marked yellow and ACP
and PCP domains in green. The thioesterase is shown in orange and the GNAT domain in pink. Modules proposed to
be non-functional are marked in grey. The genes involved in the thiamyxin biosynthesis are marked in black and
named thiA-J. The remaining genes with unknown or unassigned function are shown blank and named ORF1-5. The
hydroxylation by Thil is shown in in the right box and the water elimination of Serine to form Dehydroalanine (module
10) in the left box. Gene cluster color code: NRPS genes (blue), PKS genes (red). SAM = S-adenosyl methionine; SAH
= S-adenosyl homocysteine.

Dimethylmalonyl-ACP is then decarboxylated by the GNAT and transferred to module 2. % Module 2
extends the starter unit by one malonyl unit which we propose is subsequently methylated at the a-carbon
by the cMT domain located in the same module, analogous to the gephyronic acid biosynthesis. '8! This
methyl group is then hydroxylated by the CyP450 encoded on thil. This hydroxylation is required to take
place on the assembly line as the resulting hydroxyl-group is necessary for final cyclisation by the type |
thioesterase located on thiJ. Modules 3 and 4 contain epimerization domains, which indicates that these
incorporate D-Ala and D-lle. Module 5 consists only of a C and a PCP domain and does not incorporate any

building block, although the C domain seems to be functional based on analysis of its active site residues
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(see Sl). The C domain is annotated as a DIC- domain, which are responsible for forming amide bonds with
D-aminoacids. As the previously incorporated aminoacid is D-lle, we propose that this C-domain has a
transfer function that assists in loading of the intermediate onto the PCP-domain of the next module 6. In
module 6 a heterocyclisation domain (HC) catalyzes the first cysteine incorporation followed by cyclisation
and methylation to form Me-thiazoline as previously described in the bacillamide E biosynthesis.?” The
methyl function is introduced by another cMT domain found in the same module. The following module
(7) introduces a thiazole and contains an oxidation domain that oxidizes the formed thiazoline introducing
the double bond between the four and five position. Module 8 incorporates another Me-thiazoline,
comparable to module 6. Modules 9 and 10 each introduce serine into the nascent molecule as confirmed
by feeding experiments (SI). The serine incorporated in module 9, is dehydrated to Dh-Ala in the final
product. A new clade of C domains, that are associated with dehydration reactions in NRPS assembly lines
have recently been reported.? The condensation domain of module 10 was identified as belonging to this
new clade of C domains by phylogenetic analysis. (See SI) We therefore propose that the C domain of
module 10 facilitates the dehydration of the serine incorporated by module 9 to form dehydroalanine and
also incorporates another serine. The second serine is subsequently O-methylated by an oMT domain.
Module 11 introduces a valine which is N-methylated by an nMT domain in the same module. Module 12
is split on two genes: thiG and thiH. This module introduces a thiazole, analogous to module 7. The TE
domain encoded on thil, finally releases the molecule from the assembly line by cyclic condensation with
the hydroxyl function installed by the CYP-450 in module 2. The derivative thiamyxin D likely is a shunt
product, created during the release process. We propose that the type | TE domain promiscuously accepts
glycerol as substrate next to the HMMP-hydroxyl function required for the intramolecular cyclisation
reaction. A similar glycerol-ester formation has been previously observed in tubulysin biosynthesis.!?3!
Thiamyxin C might also be created in a similar fashion by promiscuity for H,0 but could also be an artefact
from the purification process. Downstream of the TE Domain a KS and PCP di-domain are encoded on orf5.
Analysis of their active site residues revealed them to be non-functional, which is in line with our
biosynthesis hypothesis, as there are no non-assigned biosynthetic reactions remaining to form the
mature thiamyxins.

After determination of their chemical structure, the thiamyxins were evaluated against a broad panel of
bacterial, fungal and viral pathogens, alongside with their antiproliferative effects on human cell lines
(Table 1, Fig. 17-22 SI, Table 3 Sl). A detailed description of the underlying assays and test organisms against
which the thiamyxins were found inactive or only presented weak biological activities can be found in the
SI. Against the antimicrobial test panel, the thiamyxins only presented weak activity at a minimal inhibitory

concentration (MIC) of 32-64 ug/mL against two fungal test organisms (Candida albicans and Mucor
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hiemalis) and two Gram-positive pathogens (Bacillus subtilis and Micrococcus luteus) (SI-Table 3).

Thiamyxin D did not show effects in the tested concentrations.

Table 1: Antiviral and antiproliferative activities of the thiamyxins. Half maximal inhibitory concentrations against
three RNA viruses (IC50) values determined simultaneously to half maximal cytotoxic concentrations (CC50) in
infected cells. *positive control remdesivir IC50 = 5.6 nM 212! positive control ribavirin IC50 = 2.3 uM 3positive control
ribavirin IC50 = 2.5 uM nd = not determined

Test organism ICs0 and corresponding CCso [uM]
Thiamyxi  Thiamyxi  Thiamyxi  Thiamyxin
nA nB nC D

hCov-229E-luct ICso 2.47 2.39 >10 >10

Huh-7.5 Fluc infected CCso >10 >10 >10 >10

DENV-R2A2 ICso nd 0.56 14.56 nd

Huh-7 infected with DENV-R2A CCso nd 2.25 >50 nd

ZIKV-H/PF/20133 ICso nd 1.07 >15 nd

Huh-7 infected with ZIKV-H/PF/2013 CCso nd 2.25 >50 nd

Thiamyxin B and C which are produced in higher amounts (0.6 and 1.4 mg/L isolated yield) and represent
one cyclized and one open chain analogue were evaluated for activity in cell-based assays against the
human pathogenic corona virus hCoV-229E and two representatives of the flavivirus genus, Dengue virus
and Zika virus, for which we used the easy to measure reporter viruses hCoV-229E-luc, DENV-R2A and
ZIKV-H/PF/2019, respectively.? These assays allow simultaneous determination of antiviral activity and
cytotoxic effects on the chosen cell line (results see table 1). Due to their comparably low production rates
of <0.2 mg/L isolated vyield, thiamyxin A and D were only evaluated against a selected panel of test
organisms.

The cyclized congeners thiamyxin A and B were found to effectively inhibit hCoV-229E-luc with a half
maximal inhibitory concentration (ICso) in the low micromolar range. This activity was highly decreased for
the open chain analogues thiamyxin C and D, which showed ICso values above our tested concentrations
of around 20 pM.

This trend is also observed for DENV-R2A and ZIKV-H/PF/2019, where thiamyxin B was found to inhibit the
two viruses with an 1Csp of 560 nM and 1.07 uM, respectively. In constrast, thiamyxin C inhibited DENV-
R2A with an ICspof 14.56 uM and was completely inactive against ZIKV-H/PF/2019 (Table 1).

As depicted in Figure 4, we observed a potential application window for the two cyclized thiamyxins A and
B in the HCov-229E assay, where we can see a clear separation of antiviral and cytotoxic activity with a
more than 5-fold difference between ICspand CCso. This indicates a distinct mode of action for the antiviral
activity compared to the cytotoxic effects. Among the three viral pathogens, DENV-R2A shows best

inhibition with a 4-fold lower ICso -value compared to HCov-229E-luc for thiamyxin B. In this assay,
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however, the determined application window is smaller compared to HCoV-229E with only a 4-fold
difference between ICsoand CCso. The extend of cytotoxic effects of the thiamyxins therefore seem to be

cell line dependent.
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Figure 4: Antiviral activity of thiamyxin A-D against HCoV-229E-luc (red) when simultaneously determining their
effect on Huh-7.5 Fluc cells (black). Renilla luciferase serves as reporter for viral load, firefly luciferase for cell viability.
Measurements performed in technical duplicates of four independent biological experiments. Non-linear regression
curves (red) are given with 95% confidence interval (black dots). Increase in cell viability over 100% caused by
reduction in viral load.
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2.4 Conclusion

In this study, we present the thiamyxins, a family of cyclic thiazole- and thiazoline rich non-ribosomal
peptides, which we isolated from the myxobacterial strain MCy9487 discovered at the Saarland University
campus. A combination of NMR analyses and detailed stereochemical configurational studies supported
by bioinformatics analysis of the BGC responsible for their formation led to their complete stereochemical
assighment. We developed a concise biosynthesis model for the thiamyxins, including the formation of
their unusual isobutyryl starter unit, which presumably is formed in a similar fashion to gephyronic acid.
Based on the underlying biosynthetic logic, thiamyxin B seems to be the main product of the thiamyxin
BGC assembly line, which is also reflected in its higher production rate compared to thiamyxin A. The two
open chain analogues thiamyxin C and D likely are shunt products, generated due to promiscuity of the
release enzyme for gylcerol and water in competition with the preferred intramolecular HMMP-hydroxyl-
function. Thiamyxin B also shows the most potent biological activity among the four characterized
derivatives. It shows significant activity against RNA-viruses but also shows cytotoxic effects, which
however seem to be cell-line dependent and can well be separated from the observed antiviral activity.
Due to the comparably low production rates of the thiamyxins, biotechnological production optimization,
biosynthetic engineering approaches or development of a total synthesis route would be of great interest
allowing their in-depth evaluation against a broader panel of human pathogenic viruses and studying their
cytotoxicity-profile on non-infected human cells. Those approaches would furthermore allow access to
further derivatives, giving insights into the thiamyxins’ structure-activity-relationship and evaluate
pharmacokinetic properties of this interesting NP-class. In this study we could already observe significantly
lower antiviral activities for the open chain analogue thiamyxin C compared to the two cyclic thiamyins A
and B, but the data still suggest some residual antiviral activity at higher uM concentrations. This finding
is particularly interesting, as most cyclic NRPs almost completely lose affinity to their target because their
3D structure is altered by opening the macrocycle. The resembling biological activities of thiamyxin A and
B are unexpected, as their proposed incorporation of D- vs L-isoleucine results in a distinct conformation
of the two macrocycles (see Sl). Determining the thiamyxins’ antiviral target — besides developing a total
synthesis route for them — could provide deeper insights into the thiamyxins’ pharmacophore and help to
understand these observations.

In summary, the thiamyxins are a structurally unique class of NPs showing a potential application window
as broad spectrum antivirals targeting human pathogenic RNA viruses and their desription herein paves

the way for their further investigation.
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S 2.1 General Experimental Procedures and Materials

S 2.1.1 Isolation and cultivation of MICy9487

The myxobacterial strain MCy9487 was isolated at the hillside of Saarland University Campus,
Saarbriicken, Germany in January 2011 from a soil sample with leaf litters and other decaying plant
materials. The strain was recognized on a standard mineral salts agar isolation medium for transparent
swarming and whitish fruiting bodies appearing as mounds- and horn-like shapes. Phylogenetic analysis
based on 16S rRNA gene sequence revealed the strain’s distinct position within the Myxococcus-
Pyxidicoccus-Corallococcus clade which shows 98.62 — 98.68% similarity with Corallococcus coralloides
strain M2" (GenBank accession: NR_042329) and C. exiguus strain Cc el167" (GenBank accession:
NR_042330), respectively. The detailed and valid strain description will be published in a separate
taxonomic manuscript.

The fermentation was performed in 30 L VY/2S medium (g/L, w/v: 0.5% commercial fresh Baker’s
yeast, 0.01% CaCl,. 2H,0, 0.2% HEPES, 0.5% soluble starch (Roth), pH 7.2, adjusted with KOH before
autoclaving) supplemented with 2% (v/v) amberlite resin XAD-16 (Sigma). The cultivation was maintained
under rotary shaking condition (160 r.p.m., 30°C, 10d). At the end of cultivation, the cells and resins were

harvested together by centrifugation (8,000 r.p.m. 30mins, 4°C).

S 2.1.2 Isolation of the thiamyxins

The cell pellet and resin were extracted three times with methanol and dried using a rotary
evaporator. The extract was then resolved in Methanol : H,0 (60:40) and extracted with hexane. The
methanol was then removed by rotary evaporation and the remaining aqueous layer was extracted with
chloroform. All four compounds were found in the chloroform partition, which was then dried, resolved

in methanol and the compounds were purified using LC-MS system 2.

S 2.1.3 LC-M\S systems

All analytical LC-MS measurements were performed on a Dionex Ultimate 3000 RSLC system using a
BEH C18, 100 x 2.1 mm, 1.7 um dp column (Waters, Germany), coupled to a maXis 4G hr-ToF mass
spectrometer (Bruker Daltonics, Germany) using the Apollo ESI source. UV spectra were recorded by a DAD
in the range from 200 to 600 nm. The LC flow was split to 75 uL/min before entering the mass

spectrometer. The LC-MS data was analyzed using Bruker DataAnalysis version 4.2.



Chapter 2 Thiamyxins 51

LC-MS system 1a - standard analytical measurements

Separation of 1 pl sample was achieved by a linear gradient from (A) H,O + 0.1% FA to (B) ACN +
0.1% FA at a flow rate of 600 pL/min and 45 °C. The gradient was initiated by a 0.5 min isocratic step at
5% B, followed by an increase to 95%B in18min to end up with a 2min step at
95% B before reequilibration under the initial conditions. Mass spectra were acquired in centroid mode

ranging from 150 — 2500 m/z at a 2 Hz scan rate.

LC-MS system 1b — Marfey's Method

Separation of 1 pl sample was achieved by a gradient from (A) H,O + 0.1% FA to (B) ACN + 0.1% FA at
a flow rate of 600 pL/min and 45 °C. The gradient was as follows: Ramp in 1 min from 5% B to 10% B, in 14
min to 35% B, in 7 min to 55% B and in 3 min to 80% B. This is followed by a 1 min step at 80% B before
reequilibration with the initial conditions. Mass spectra were acquired in centroid mode ranging from 250

— 3000 m/z at a 2 Hz scan rate.

LC-MS systemn 1c — adapted Marfey's Method for improved separation of isoleucins

Separation of 1 pl sample was achieved by a gradient from (A) H,O + 0.1% FA to (B) ACN + 0.1% FA at
a flow rate of 600 puL/min and 45 °C. The gradient was as follows: Ramp in 1 min from 5% B to 27% B, in 37
min to 45% B and in 1 min to 80% B. This is followed by a 1 min step at 80% B before reequilibration with
the initial conditions. Mass spectra were acquired in centroid mode ranging from 250 — 3000 m/z at a 2 Hz

scan rate.

LC-MS system 2 — semi-preparative purification

The final purification was performed on a Dionex Ultimate 3000 SDLC low pressure gradient system
using a Luna, 5u, C18(2), 100A, 250 x 100 mm column (Phenomenex). Separation of 80 pl sample was
achieved by a gradient from (A) H,O + 0.1 % FA to (B) ACN + 0.1 % FA at a flow rate of 5 mL/min and 45 °C.
The gradient was as follows: A two min isocratic step at 40 %B, followed by a ramp to 80 %B in 15 min, a
two min plateau, return to initial conditions in 1 min and re-equilibration for two min. UV spectra were
recorded by a DAD in the range from 200 to 600 nm. The LC flow was split to 0.525 mL/min before entering
the Thermo Fisher Scientific ISQTM EM single quadrupole mass spectrometer. Mass spectra were acquired
by selected ion monitoring (SIM) at m/z 479.68 [M+2H]*, 488.68 [M+2H]?*, 525.70 [M+2H]?** and fraction

collection times were set accordingly.



52 Section S 2.1 General Experimental Procedures and Materials

S 2.1.4 NMR measurements

NMR spectra were recorded on a 500 MHz Avance Il (UltraShield) spectrometer or on a 700 MHz
Avance Il (Ascend) spectrometer by Bruker BioSpin MRl GmbH, each equipped with a Helium cooled
CryoProbe (TCl), at 298 K, if not stated differently. Chemical shift values of H- and *C-NMR spectra are
reported in ppm relative to the residual solvent signal (DMSO-ds, 611 2.50 ppm and 8¢ 39.5 ppm) given as
an internal standard. *C-signals were assigned via 2D-CH and CCH or CNH correlations (HSQC and HMBC),
using Bruker standard pulse programs. HSQC experiments were optimized for YJey = 145 Hz and HMBC
experiments were optimized for %*Jc.y= 6 Hz. Multiplicities are described using the following abbreviations:
s = singlet, d = doublet, t = triplet, g = quartet, m = multiplet, b = broad; coupling constants are reported

in Hz.

S 2.1.5 Feeding experiments

4 x 50 mL cultures of Mx152 in M8-CyH medium (1.5 g/L casein peptone, 1.5 g/L yeast extract, 1.0 g/L
glucose monohydrate, 1.0 g/L soy flour (degreased), 4.0 g/L starch, 1.0 g/L CaCl, dihydrate, 0.5 g/L MgSO4
heptahydrate, 0.004 g/L Na-Fe-EDTA, 11.8 g/L HEPES pH 7.2, adjusted with NaOH before autoclaving) were
inoculated with 5mL of preculture. Each culture was supplemented with 50 pL of a 0.1 M stock solution of
one of the labeled aminoacids (L-Valine-ds, L-Serine-2,3,3-ds and L-Methionine-(methyl-*3C)). One culture
was supplemented with sterile H,O as a control. After 24 h, 48 h and 72 h, an additional 50 pL of the stock
solution was added. After incubation for 8 days at 30 °C and 180 rpm the cultures were harvested by
centrifugation. The pellets were then extracted with 50 mL of methanol, dried using a rotary evaporator,

redissolved in 1 mL of methanol, and analyzed using LC-MS system 1a.
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S 2.1.6 Biological assays

Screening with hCoV-229E-luc reporter virus

Firefly luciferase-expressing Huh-7.5/Fluc cells were infected with a Renilla luciferase reporter virus
of the alphacoronavirus HCoV-229E-luc one day after seeding (2x10* cells/well in a 96 well plate) in the
presence of indicated thiamyxin concentrations or DMSO.!*! After 48h post inoculation and incubation of
the cells at 33 °C and 5% CO,, the virus inoculum was removed, cells were washed with PBS and lysed in
50 ul PBS/0,5% Triton X-100. Lysis of cells was further enhanced by freezing of the plates at -20 °C. To
determine the cell viability, firefly luciferase activity was measured in 20 pl of the lysate, whereas residual
virus replication/infection efficiency was measured in 20 pL of lysate via the Renilla luciferase activity
(Berthold Centro plate luminometer version 2.02). Mean values were normalised to DMSO treated
infected samples and standard deviations of technical duplicates of four independent biological
experiments are depicted. Non-linear regression curve and confidence interval (confidence level 95%)
were both calculated with GraphPad Prism 9 and half-maximal inhibitory (ICsp) and cytotoxic (CCso)
concentrations were interpolated from the curves. As previously described, remdesivir served as positive

control for the assay giving an ICs value of 5.6 nM.?

Screening with dengue and Zika virus

Huh-7 cells were seeded at 1.5 x 10* cells per well in 96 well plates. On the next day, cells were treated
with 10 different concentrations of 3 fold serial diluted compounds ranging from 2.54 nM to 50 uM. Cells
were inoculated with DENV2-R2A or ZIKV-R2A reporter virus using a multiplicity of infection (MOI) of 0.1.
At 48 h post infection, cells were lysed and Renilla luciferase activity contained in cell lysates was
guantified. To determine cytotoxicity of the compounds, cell viability was measured in parallel to antiviral
activity test using the CellTiter Glo® Luminescent Cell Viability Assay (Promega) according to
manufacturer’s instruction. Values were normalized using non-treated solvent control (0.5% DMSO) and
ICso and CCso values were calculated using non-linear regression dose response analysis of the Prism 7
software package (GraphPad Software). Ribavirin was used as positive control giving an 1Cs value of 2.3
UM for DNV2-R2A and 2.5 uM for ZIKV-R2A, without showing effects on Huh-7 cells (>90% cell viability) up

to 100 uM concentration.
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S 2.2 Supporting Data

S 2.2.1 Bioactivity data of MICy9487 crude extract

Table 2: Activity of strain MCy9487 extracted after 10-d cultivation in CYH medium. Activity determined by serial
dilution as previously described®®!. 0- No activity, A- 20 ul extract (lowest tested dilution) causing activity, H- 0.16 ul
extract (highest tested dilution) causing activity.

Test organism Activity score

Escherichia coli TolC B
Escherichia coli DSM 1116

Pseudomonas aeruginosa PA14
Micrococcus luteus DSM 1790
Mycobacterium smegmatis mc2-155
Chromobacterium violaceum DSM 30191
Staphylococcus aureus Newman

Bacillus subtilis DSM 10

Mucor hiemalis DSM 2656

Candida albicans DSM 1665

I o O O O o » m O

Wickerhamomyces anomalus DSM 6766

S 2.2.2 N\MR-based structure elucidation

Thiamyxin B is assigned a molecular formula of Ca3HssNsOsSs on the basis of HR-ESI-MS data
(IM+H]" meas = 958.3449, [M+H]*caic = 958.3442, A = 0.7 ppm). Interpretation of the 1D and 2D NMR spectra
(Table 5-8, Figure 26-43) —which is described in detail in the following—,alongside with their characteristic
MS? fragmentation pattern, reveals thiamyxin B to consist of the following peptide sequence:
2-(hydroxymethyl)-4-methylpent-3-enoic acid(HMMP)—alanine(Ala)—isoleucine(lle)—Methyl-
thiazoline(Me-thiazoline)—Thiazole—Me-Thiazoline—Dehydro-alanine(Dh-Ala)—Methylserine(Me-
Ser)—N-Methylvaline(N-Me-Val)—Thiazole. In the *H and HSQC spectra of thiamyxin B we detect four a-
protons with characteristic chemical shifts of 64 4.61 (Ala), 4.78 (lle), 4.89 (Me-Ser) and 5.31 ppm (N-Me-
Val). We find two signals corresponding to the terminal protons of an exo double bond at 64 = 6.37 and
5.81 ppm (Dh-Ala), as well as three methine groups at 64 8.30, 8.57 and 5.83 ppm, whereof the deshielded
shift of the two protons at 64 8.30 and 8.57 indicate their incorporation in the thiazole units and the more
shielded shift of the methine group at 614 5.83 ppm indicates it as the HMMP aliphatic double bond proton.
There are three additional shielded methine groups detectable at 64 1.91 (lle), 2.83 (HMMP) and 2.36 ppm
(N-Me-Val), which are—based on their characteristic chemical shifts—branching positions in the aliphatic

sidechains of the respective amino acids. Furthermore, we find five methylene groups at 64 1.36/1.21 (lle),
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3.74 and 3.38/3.81 (Me-Thiazoline), 3.59 (Me-Ser) and 4.89 ppm (HMMP). The shielded shifts of the carbon
atoms corresponding to the two proton signals at 64 3.59 (Me-Ser) and 4.89 ppm (HMMP) in the HSQC
spectra at 6¢ 71.0 and 67.0 ppm indicate their allocation next to an oxygen atom, whereas the deshielded
shift of the methylene at 64 1.36/1.21 ppm, besides its characteristic splitting pattern allows its assignment
as part of the aliphatic chain in Ile next to a stereo center. We detect eleven methyl groups at 6y 0.96
(HMMP), 0.96 (HMMP), 1.36 (Ala), 0.93 (lle), 0.87 (lle), 1.59 (Me-Thiazoline), 3.19 (Me-Ser), 0.38 (N-Me-
Val), 0.71 (N-Me-Val), 2.90 (N-Me-Val) and 1.65 (Me-Thiazoline), whereof the shielded shift of the carbon
at 6¢ 58.4 ppm corresponding to &x 3.19 ppm (Me-Ser) points towards its allocation next to an oxygen
atom and the slightly shielded shift of the carbon at 6c 30.2 ppm corresponding to 64 2.90 (N-Me-Val)
towards its allocation next to an nitrogen atom. Lastly, we find four broad signals in the proton spectrum
at 7.51, 8.30, 9.36 and 8.97 ppm without corresponding signals in the HSQC, which we assign as peptide
bond forming amino groups belonging to Ala, lle, Dh-Ala and Me-Ser, respectively. Ala was identified as
follows: The a-proton at 64 4.61 ppm shows COSY correlations to the methyl group at 64 4.61 ppm, as well
as to the NH proton at 64 7.51 ppm. Both the a-proton and the methyl group reveal HMBC correlations to
a quaternary carbon at &c 171.6 ppm, which was assigned as the amide function connecting Ala and lle
based on its HMBC correlations to the lle a-proton. The Ala a-proton furthermore shows HMBC
correlations to a quaternary carbon at &c 165.8 ppm assigned to HMMP, indicating their peptide bond
connection between the respective functions. lle was identified as follows: The lle a-proton at 6, 4.78 ppm
shows COSY correlations to the methine group at 6x 1.91 ppm, as well as to the NH proton at &4 8.30 ppm.
The methine group in turn reveals COSY correlations to the methyl group at 64 0.93 and the methylene
1.36/1.21 ppm. The methylene group reveals COSY correlations to another methyl group at &4 0.87 ppm.
Both the a-proton and the methine group reveal HMBC correlations to a quaternary carbon at &¢ 173.1
ppm, which was assigned as the thioamid function connecting lle and Me-Thiazoline based on its HMBC
correlations with the Me-Thiazoline methylene group. The first Me-Thiazoline was identified as follows:
The Me-Thiazoline methylene group at 64 3.74 ppm reveals HMBC correlations to the methyl group at 6y
1.65 ppm, as well as two quaternary carbons at &c 176.5 and 83.3 ppm. Based on the characteristic
chemical shift of the quaternary carbon at 6¢c 83.3 ppm and its correlations to both the methyl and
methylene group, it was assigned as Me-Thiazoline a-carbon. The quaternary carbon at 6¢ 176.5 ppm
shows additional correlations with the Thiazole methine group at 8.30 ppm, indicating it as thiamid
function connecting the first Me-Thiazoline with Thiazole. The first Thiazole was identified as follows: The
first Thiazole methine group at 64 8.30 ppm shows HMBC correlations to two quaternary carbons at 6c
147.5 and 163.8 ppm. Based on its shielded chemical shift and correlations with the second Me-Thiazoline

methylene function at &4 3.38/3.81 ppm, the quaternary carbon at 6¢ 163.8 ppm forms the thiamid bond
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between Thiazole and the second Me-Thiazoline. The second Me-Thiazoline was identified as follows: The
second Me-Thiazoline methylene group at 64 3.38/3.81 ppm shows HMBC correlations to the methyl group
at &4 1.59 ppm, as well as two quaternary carbons at 6¢ 172.9 and 84.9 ppm. Based on the characteristic
chemical shift of the quaternary carbon at 6c 84.9 ppm and its correlations to both the methyl and
methylene group, it was assigned as Me-Thiazoline a-carbon. The quaternary carbon at 6¢ 172.9 ppm
shows additional correlations with the Dh-Ala NH proton at 64 9.36 ppm, indicating peptide bond
formation here. Dh-Ala was identified as follows: The exo-double bond protons at 6, 6.37 and 5.81 ppm
show HMBC correlations to two quaternary carbons at 6c 132.7 and 163.1 ppm. The characteristic chemical
shift of the quaternary carbon at &¢ 132.7 identifies it as participating in the double bond, whereas the
quaternary carbon at 8¢ 163.1 ppm was identified as amid function connecting Dh-Ala with Me-Ser based
on its characteristic chemical shift, as well as correlations to the Me-Ser a-proton. Me-Ser was identified
as follows: The Me-Ser a-proton at &y 4.89 ppm shows COSY correlations to the methylene group at &u
3.59 ppm, as well as to the NH proton at 64 8.97 ppm. The methylene group reveals HMBC correlations to
a methyl group at 64 3.19 ppm, which was assigned as methoxy function based on its characteristic
chemical shifts and splitting pattern as a singlet. Both the a-proton and the methylene group reveal HMBC
correlations to a quaternary carbon at 6¢ 170.6 ppm, which was assigned as the amide function connecting
Me-Ser and N-Me-Val based on its HMBC correlations to the N-Me-Val a-proton. N-Me-Val was identified
as follows: The a-proton at 64 5.31 ppm shows COSY correlations to the methine group at 64 2.36 ppm.
The methine group in turn reveals COSY correlations to two methyl groups at &4 0.38 and 0.71 ppm. For
both the a-proton and the methine group the HMBC correlations to the quaternary carbon at &c 168.3
ppm do not exceed the limit of detection, but its characteristic chemical shift and correlations with the
second Thiazole methine at 8.57 ppm allow its assignment as the amide function connecting N-Me-Val and
the second Thiazole. Further proof for this assignment was given by the NMR spectra acquired for
thiamyxin A (Table 6, Figure 31-34) where the respective correlations are detectable. The NMe group at
6n 2.90 ppm, which was assigned based on its characteristic chemical shift, is located at the Val amino
function based on its HMBC correlations to both the N-Me-Val a-proton and the Me-Ser amide function.
The second Thiazole was identified as follows: The second Thiazole methine group at 64 8.57 ppm reveals
HMBC correlations to two quaternary carbons at ¢ 145.2 and 160.5 ppm. Based on its shielded chemical
shift and correlations with the HMMP methylene function at &4 4.89 ppm, the quaternary carbon at &¢
160.5 ppm forms the ester bond between Thiazole and HMMP. HMMP was identified as follows: The
HMMP methylene function participating in the ester bond at 61 4.89 ppm shows HMBC correlations to a
methine group a &x 5.83 ppm, as well as two quaternary carbons at 8¢ 129.2 and 165.8 ppm. Based on

their characteristic chemical shifts, the quaternary carbon at ¢ 129.2 ppm and the methine group at 64
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5.83 ppm participate in a double bond. The methine group reveals COSY correlations to another more
deshielded methine group at 64 2.83 ppm, which in turn shows correlations with two methyl groups at 6u
0.96 ppm.

Their consistent peptide sequence and exact mass but different retention time on HPLC-MS indicate
thiamyxin A ([M+H]*meas = 958.3448, [M+H]*caic = 958.3442, A = 0.6 ppm) and B to be diastereomers. This
finding is in-line with the identical correlations observed in the NMR data acquired for thiamyxin A and B,
as well as their very similar chemical shifts, except in the Ala and lle region (see Table 5 and 6). The detailed
analysis of this effect is described in the main manuscript and depicted in Figure 4 in this supporting
information. The characteristic chemical shift of the HMMP methylene at 6y = 4.89 and &¢ = 67.0 ppm,
alongside with its HMBC correlation to the thiazole carboxy function implies cyclisation between the C-
terminal thiazole and HMMP primary alcohol for both thiamyxin A and B. In contrary, thiamyxin C (Table
7, Figure 35-39) shows a shielded chemical shift at this position of &4 = 4.00 and &¢ = 63.1 ppm with no
signal split, which—in accordance with its sum formula of C43HsiN9OgS4([M+H]*meas = 976.3556, [M+H]calc
=976.3548, A = 0.8 ppm)—reveals it to be the hydrolyzed non-cyclized congener (Figure 1). The molecular
mass of thiamyxin D is further increased by C3HgO; ([M+H]*meas = 1050.3928, [M+H]*caic = 1050.3916, A =
1.1 ppm) when compared to thiamyxin C. Chemical shifts of the HMMP methylene in thiamyxin D only
shows a deviation of 0.1 ppm for 6c and 0.0 ppm for 6y when compared to the C derivative, affirming that
thiamyxin D also belongs to the open chain derivatives. In comparison to thiamyxin A-C, HSQC spectra of
thiamyxin D (Table 8, Figure 40-43) show two additional methylene groups at 64 4.16/4.28 and 3.41 ppm,
as well as one additional methine group at 61 3.76 ppm. Their characteristic chemical shifts reveal them all
as hydroxylated and COSY correlations the methylene at 4.16/4.28 with the methine function, as well as
COSY correlations of the methine group with the second methylene group at 3.41 disseminates the
additional part of the molecule to be glycerol. The methylene group at 4.16/4.28 ppm furthermore shows
correlations to the N-Me-Val C-terminus, revealing the N-Me-Val quaternary carbon at 172.2 ppm to

participate in the ester bond with the respective glycerol methylene.
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Figure 2: HSQC NMR signal of HMMP-CH2 group of cyclized thiamyxin A (A) compared to open chain thiamyxin C (B)
derivative.

= HMBC correlation

e
O:Q—J

0 ~~ = COSY correlation
o

Q)

OH

Figure 3: Glycerol attachment to thiazole unit in thiamyxin D derivative.
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Figure 4: Analysis of observed shift and coupling constant differences of isoleucine vs. allo-isoleucin in thiamyxin A
(A) and B (B). Larger values in red, smaller values in green are exactly matching the pattern shown by Anderson et

al., in 2017.14
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Figure 5: HSQC NMR section of thiamyxin A (A, blue/green signal set) and thiamyxin B (B, blue/green signal set), each
overlapped with open chain derivative thiamyxin C (red/pink signal set). The highlighted signal sets were assigned to
alpha-CH of the Alanin residue (Ala). Detailed analysis revealed both diastereomers (lle and allo-lle carrying
derivative) in the open chain derivatives (see also Figure 3). The second signal set in thiamyxin A and B was assigned
a second conformer (C1 and C2), as only occurring in the cyclized derivatives. In addition, the same ratio of signal
sets in different isolated batches strongly indicates a stable equilibrium of two conformers.
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Figure 6: 'H NMR section of thiamyxin B. Increasing measurement temperature does not cause a change in ration of
different conformers.
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Figure 7: 'H NMR section of thiamyxin B. Comparison of different solvents used for NMR measurements. No
significant change in the ration of conformers was observed.
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S 2.2.3 Stereochemistry assignment

The stereochemistry was assigned based using the Marfey's method.”! Thiamyxin D was used for the
stereochemistry assignment of Alanine, 4-methyl-thiazoline, O-methyl-serine and N-Methyl-valine. To
attempt assignment of the isoleucine stereochemistry, thiamyxin A and B were hydrolyzed in addition to
thiamyxin D and derivatized separately. The samples were analyzed using a longer gradient with improved
separation for isoleucine and alloisoleucine. The retention times of references and thiamyxin hydrolysate

and stereochemical assignment are summarized in table 1.

Table 3: Retention times and stereochemical assignment of the thiamyxin amino acids.

Reference L-FDLA D-FDLA

Amino Acid Standard TMD TMA TMB Standard TM D TMA TMB configuration
L-alanine 14.1 16.6 n/a n/a 16.6 14.1 n/a n/a D/R
L-isoleucine 135 135 13.5 13.5 26.75 26.75 26.75 26.75 D/R-L/S
D-isoleucine 26.75 26.75 26.75 26.75 133 13.3 13.3 13.3 D/R-L/S
2-Me-Cysteine 10.4 10.4 n/a n/a 9.6 9.6 n/a n/a L/R

1&2

O-Me-L-Serine 13.7 13.7 n/a n/a 16.6 16.6 n/a n/a L/S

L-Valine 16.1 16.1 n/a n/a 19.6 19.6 n/a n/a L/S

N-methyl-valine assienment

We were not able to detect N-methyl-valine after hydrolysis of the intact compounds, but instead
observed a peak for L-valine. When subjecting the N-methyl-valine reference to the same conditions we
were also able to detect Valine although in lower amounts (Figure 7). We assume that under acidic
conditions the N-Methyl-Valine is demethylated and assigned the stereocenter as S-configured, in

accordance with the detected L-Valine.
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Figure 8: Extracted ion chromatograms for 412.183 m/z for derivatized L-Valine, thiamyxin b and N-methyl-L-valine.

Isoleucine assignment

To assign the stereochemistry of the isoleucine moiety, D- and L- isoleucine () as well as D- and L-
alloisoleucine (Al) references were derivatized with D- and L- 1-flouro-2,4-dinitrophenyl-5-leucine-amide
(FDLA). D-AI-D-FDLA, D-I-D-FDLA, L-Al-L-FDLA and L-I-L-FDLA have identical retention times,, as do D-Al-L-
FDLA, D-I-L-FDLA, L-Al-D-FDLA and L-I-D-FDLA. When derivatized with D-FDLA, the thiamyxin A and B
samples show peaks for D-AI-D-FDLA / D-I-D-FDLA and L-Al-D-FDLA / L-I-D-FDLA, however the peaks
corresponding to D-Al-D-FDLA / D-I-D-FDLA are slightly larger. When derivatized with L-FDLA the thiamyxin
A and B samples show peaks for L-I-L-FDLA / L-Al-L-FDLA and D-AI-L-FDLA / D-I-L-FDLA and again the peaks
corresponding to D-AI-L-FDLA / D-I-L-FDLA are slightly larger. (Figure 8) We observe the corresponding
peaks for D- and L- isoleucine for thiamyxin A as well as B due to a racemization reaction commonly
occurring during acid hydrolysis for stereocenters adjacent to thiazoline moieties.! Even when extensively
optimizing the reaction conditions, we were unable to fully retain lle in its original configuration. As the
differences in peak heights are not significant, we therefore were unable to assign D- or L-configuration of
the thiamyxins based on this Marfeys analysis. Our NMR results however, clearly indicate thiamyxin B to
incorporate lle in allo-configuration (see Figure 3). We find an epimerization domain located in the
isoleucine incorporating module so we assume the main product of the assembly line and all deriving shunt
or degradation products (thiamyxin B, C and D) to incorporate D-allo-isoleucine. The high prevalence of L-

lle in natural products points towards its incorporation in thiamyxin A, but we cannot exclude a rather rare
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incorporation of D-lle here. The resembling biological activities of thiamyxin A and B would reason them
both to be D-configured, as this would result in a more similar conformation of the macrocycle. As the
target of the thiamyxins has not been identified yet, correlating their three dimensional structure with
activity is highly speculative and only developing a total synthesis route for the thiamyxins will finally

confirm the configuration of the lle stereocenters.
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Figure 9: Extracted ion chromatograms for 426.198 m/z for derivatized D-allo-isoleucine, D-Isoleucine, L-alloisoleucine, L-isoleucine and thiamyxins A and B
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Figure 10: Lowest energy conformation of thiamyxin A (left) and thiamyxin B (right) as simulated using Chem3D
(20.1.1).

Thiazoline assienment

To assign the stereochemistry of the 4-methyl-thiazoline stereocenters, we decided to use hydrolyzed
thiangazole A as a reference due to inaccessibility issues of 2-methyl-cysteine. The peaks for 430.139 m/z
of the hydrolyzed and derivatized samples of thiangazole A and thiamyxin D show identical retention
times. As the stereocenters of the 4-methyl-thiazoline moieties in thiangazole A are all derived from R-
configured 2-methylcysteine and there are no additional peaks with the relevant m/z in either sample we
assign both 4-methyl-thiazoline stereocenters in the thiamyxins to be R-configured as well.
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Figure 11: Extracted ion chromatograms for 430.139 m/z for derivatized thiangazole A and thiamyxin D.
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Stability of thiamyxin A

To investigate if thiamyxin A can be converted to thiamyxin B, we treated thiamyxin A with pyridine,
but could not detect any conversion. This finding supports our hypothesis that thiamyxin A indeed seems

to be a side product of the assembly line rather than an artefact from the purification process.
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Thiamyxin A t,

Thiamyxin A t;,
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Figure 12: BPC of thiamyxin A (blue) in acqueous solution before base treatment (to) and after 14 h incubation at rt
upon treatment with 5% pyridine. Thiamyxin B shown in red as a reference.

S 2.2.4 Gene cluster organization and proposed biosynthesis

Sequencing of the MCy9487 genome was performed as previously described for other
myxobacteria.”) The thiamyxin biosynthetic gene cluster was identified by submitting the MCy9487
genome to antiSMASH!), analyzing the biosynthetic logic of the clusters and matching them to the
elucidated structure. The pinpointed genes and closest orthologues can be found in Table 4. The
orthologues were identified by BLAST!® search based on the amino acid sequence of the query and the
results table sorted by E-value. The top hit was chosen as representative orthologue. Most domains
required for the biosynthesis hypothesis were identified by antiSMASH, however the oxidation domains in
modules M7 and M12 as well as the O-methyltransferase domain in module M10 and the dimerization
domain in module M1 were identified by submitting the corresponding sequences to CDD/SPARCLE™. The
biosynthetic gene cluster with the corresponding annotations can be found under GenBank tag

Thiamyxin_BGC_MCy9487 under GenBank accession number OP494098.
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Table 4: Open reading frames in the thiamyxin biosynthetic gene cluster with proposed function and closest

homologue.
Name Size Proposed function / organism Accession number of Sequence
[AA] homologue closest protein Identity [%]
homologue
orfl 117 calmodulin Myxococcus fulvus  WP_074958239.1 89.66
orf2 104 hypothetical protein Corallococcus WP_147449015.1 62.14
terminator
ThiA 3022  polyketide synthase Corallococcus WP_120539938.1 82.22
dehydratase domain- terminator
containing protein
ThiB 3114 amino acid adenylation Corallococcus WP_120539939.1 84.04
domain-containing protein terminator
ThiC 2025  AMP-binding protein Corallococcus WP_147448653.1 84.85
terminator
ThiD 1393 amino acid adenylation Hapalosiphon sp. WP_053457693.1 51.31
domain-containing protein MRB220
orf3 107 hypothetical protein Corallococcus WP_120544219.1 61.95
terminator
orf4 396 TRC40/GET3/ArsA family  Corallococcus WP_120544218.1 96.97
transport-energizing ATPase terminator
Thil 413 cytochrome P450 Corallococcus RKG77511.1 87.89
terminator
ThiJ 319 alpha/beta fold hydrolase Corallococcus WP_158625188.1 84.64
terminator
ThiE 1555 amino acid adenylation Corallococcus WP_120544215.1 88.24
domain-containing protein terminator
ThiF 2499 amino acid adenylation Archangium WP_204490555.1 49.15
domain-containing protein primigenium
ThiG 2055 amino acid adenylation Corallococcus WP_120544021.1 85.29
domain-containing protein terminator
ThiH 742 amino acid adenylation Corallococcus WP_120544021.1 83.11
domain-containing protein terminator
orf5 940 type | polyketide synthase Corallococcus WP_120544022.1 81.06

terminator
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orf6 336 patatin-like  phospholipase Corallococcus WP_120544023.1 87.99
family protein terminator
orf7 333 radical SAM protein Corallococcus WP_120543822.1 94.89
terminator
orf8 182 NUDIX  domain-containing Corallococcus sp. WP_193348944.1 87.43
protein ZKHCc1 1396
orf9 296 hypothetical protein Corallococcus WP_120543827.1 87.50
terminator

Active site residues of module 5 (thiC)

Module 5 consists of a condensation and peptidyl carrier protein (PCP) domain. As there is no

biosynthetic step assigned to this module, yet it the C domain contains an intact active site, we propose

that its function is assisting the loading the nascent molecule onto the PCP-domain of the next module.
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Figure 13: Alignment of the C domain of module 5 (thiC) amino acid sequence (query) with reference sequences from
CDD/SPARCLE database. The active site histidines and aspartic acid of the characteristic HHxxxD motif are highlighted

in yellow.
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Active site residues of orf 5

Orf 5 is located downstream of thiH of the thiamyxin gene cluster. It contains a ketosynthase (KS) and
PCP domain. The KS domain is missing the first active site histidine (Figure 13). We were not able to assign

a biosynthetic function to these domains and therefore presume them to be inactive.

Feature 1 #

query 158 GPSLGVQTACSTSLVAVHLACQSLLSG. [2] .DMALAGAVSM. [5] .RGYLHEEGSSLS. [4] . CRAFDARANGTPFGSG 233
ARC38075 174 GPAMTVTTACSSSLVAMHLACRALQAG. [2] .DMALAGGVNL. [5] .LTIYMSQIRATIS. [4] .CRVFDARADGIVRGEG 249
ARB0OS104 177 GPSVLVDTACSGGLTALHLACQSLLVG. [2] .RQALAAGSSL. [5] .MMVTMSMMKFLS. [4] . CYAFDERANGYARGEG 252
ARB53258 174 GPSYTVDSACSSSLYALEHAFRAIRDG. [2] .DARIVGGSNL. [5] .VSLOQFSRLGVLS. [4] .CKSFDNSANGYARSEA 249
CAB00094 175 GPSIAVQTACSSSLVAVHLACLSLLSG. [2] .DMALAGGSSL. [5] .VGYFTSPGSMVS. [4] . CRPFDVRADGTVEFGSG 250
AAPA2872 206 GPTATLDTACSGSLVALHLACQSLRGG. [2].SMALAGGVTV. [5] .TFIGTGRGIGLPE. [4] .CRSFADGAEGIAFAEG 281
CAD1908¢6 194 GPSIVVDTACSSSLVAVHLACQSLRSK. [2] .DLATAGGANL. [5] .WSVAISKLQALA. [4] .CKTFDARADGFVEAEG 269
CAE14178 201 GPSLQIDTACSSGLTALTQAVNSLRSG. [2] .QQAIVGSVNL. [5] .NMAAYYRAGMLS. [4] .CRVFDADANGFVRGEG 276
ARFQ0958 197 GPCLSIDTACASSLVAVHQGIRSLENR. [2] .ELALVGGVNL. [5] .ITISLSQSGMMS. [4] . CKTFDASANGYVEGEG 272
BAB12210 2281 GPSMTIDTACSSSLVAIHLAYNALLNG. [2].DLALAGGVNI.[5].ISLIESRAHMLA. [4].CKTFDESANGMVRGEG 2356
Feature 1 #

query 234 LGVVILERLSEA. [6].IHAIIKGSALNNDGALKEVGY. [4] .GDSQARVIREALA. [7].SISYVEANGTGTPLGDTIEL 315
ARC38075 250 CGVTVLEKRLADA. [6].IQAVIRGSAINQDGASAGQT. [3].ANAQAAVISOALK. [7].DIDYVEAHGTGTPLGDPIEL 330
ARB0OS104 253 VAVLLLERLEDA. [6] .IRAVIRGTGCNQDGKTPGIT. [3] .SVSQEALIRSVYK. [7] .DTTYVECHGTGTQAGDTTEA 333
ARB53258 250 IVVCFLQKREDS. [2] .VYAQLLHAKTNCDGYKEQGI. [4] .GHIQKLLLREEFYE. [7] .ELEFVEAHGTGTRVGDPEEL 327
CAB00094 251 VGLVVLEPLARA. [6].IHAVIRGSAINNDGSAKMGY. [4] .PAAQADVIAEAHA. [7].TVSYVECHGTGTPLGDPIEI 332
ARPA2872 282 AGVVLLERLSTA. [6].VLAVVRGSAIGQEGTNNGVS. [3].GPAQQRLIRQALA, [7].EIDAVEGQGTGELLSDAVER 362
CAD1908¢6 270 CGTIVLERLSDA. [6].IRALIRGSATNQDGHSQGLT. [3] .GLTQQALLRQALQ. [7].QVSYIETHGTGTILGDPIEV 350
CAE14178 277 AICLFLKTQEQA. [6].IYGYVRASAVNHGGRANSLT. [3].PEQQIALVKDCLL. [7].QISYLEAHGTGTSLGDRPIEF 357
ARFO0958 273 CGVLILKTLSEA. [6] . ILALLEGSAVNHNGAAAGLT . [3] .GPAQQELLEQATA. [7] .DVSYIEAHGTGTSLGDPIEL 353
BAB12210 2357 CGIVVLERLSQA. [6].ILAKIYGTAVNEDGPSSGLT. [3].GOAQEKLLHQALK. [7].QIDYIEAHGTGTALGDPIEL 2437
Feature 1 #

query 316 SALNRAF. [10].ALGSVKTNVGHLSVASGMAGLIKTVLALE. [1].QQLPASLNF. [17].TGLKGWP. [5] .RRAGVS 406
ARC38075 331 SSLDSAF.[ 7].WVGSVEKANMGHLDABRAGMASVIKTMMVLEK. [1].AEVPAQLHL.[17].TAIESLE. [3].RLAGIS 416
ARB0B104 334 SALSKVFE.[ 8].LIGSVKTNIGHLEGASGLAGVVKSILMLE. [1].GVILPNENF.[16].PTTLECW. [5].RRVSIN 421
ARB53258 328 LAIDETIF.[ 8].LLGSIKSNLGHSEPASGLCSIAKMCIAYT.[1].GYIPPNLNY.[14] .MNVITDK. [5].GMSGIN 413
CAB06094 333 QGLRAAF.[11].VLGSVKSNIGHLEVAAGIAGLIKTILCLK. [1].KALPATLHY.[17].SKYGEWE. [4].RRAGVS 423
ARP42872 363 QALASVY. [10].LLGAVESNLGHTQGASGVAGVIKTVOAMR. [1].GVLPRTLHT. [17].TAATPWE. [5] .LRSGVS 453
CAD19086 351 SALSEVY.[10].ILGSVKTNVGHLEAAAGIAGLLKVVLALE. [1].GAVPKQLHF.[17].TEMSPWE. [5].RMGAVS 441
CAE14178 358 NALNEVF.[12].YIGSVKANTGHLEGRAGLAGTVKVLIMLQ. [1].KSIVESARF. [17].TEENSWR. [6] .RFAGLS 451
BAFQ0958 354 NAIASVY.[ 7].YVASVETNIGHLEARAGMAGITIKTILILQ.[l].GEIPPHLHF.[17].TQNIPWE.[5].PIAGVS 441
BAB12210 2438 ESMSAVF.[ 9].ITGSVKTNLGHLEGAAGIAGLTKTVIALQ.[1].HKIPPHLHF. [17].VQGKPWD. [5].RTIAGVS 2527

Figure 14: Alignment of the orf 5 KS Domain amino acid sequence (query) with reference sequences from
CDD/SPARCLE database. The active site cysteine and histidines are highlighted in yellow.
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Dimerization domain in thiA

A dimerization domain (red) commonly found within methyltransferase domains was identified

upstream of the GNAT domain in module M1 of the thiamyxin gene cluster by submitting the aminoacid

sequence of thiA to CD-search (Figure 14).

thi
M1 M2
GuAT | (ACP Ks AT | DH cMT KR (ACP
' 2% so0 % e 1250 s500 750 2080 2250 2500 2750 3022
uery osq, M R - " “‘! ‘ Jl P P M PR P P - P
Specific hits w PksD
pe-bi| cond_enzymes superfamily -bi |

Superl‘anilies@ WAT_SF [
Figure 15: Output of the CDD/SPARCLE conserved domain search of thiA. The dimerization domain is marked in red,

other domains in grey.
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Alienment of GNAT Domains

520 530 540 850 570
EAMNENF ¥ GIEEAIS E E EMRREIX E QY PQEQ LMENE LEAG - - - - - XHEVE-A

510

EE K X MREEEH AR L S BEEP AIN X AN

QR

S

Y

E

Consensus
Identity

-
e [ [ad
CLL

ULLC>C>—>CL
C<CEEEuEEEE
w=3>4>>0>—>
EERE-EEEERE
SEXMIEXOXWOT
LI A - I B O I |
PL o Z
LI T O o < N A B B |
LI T T T o T A I I
LI B O V.0 I A O B B |
VOOV Vwwovny
zEEEE-ERSEE
B>oraT 0w 4=
L L b > - —
SeEgEREscas
B o o s Pt << Bt B
T I T S
COoOUZ0O00O0=Z0
EEEEEEEEEEE
Co0rowwo <o
<Fpoopooowvon
Dl = e e 2
CwxkOZoxoax
—XuFwZounuvww
P 1 o g N B ot ) ey
CLELLLELLE
WO <<
r>dx—<wowx
RESEEEEEERE
CUWWoZUO>—w>
WOWLOWONI
wwZgaongew—o
nuounukFnoowno
>L>LLLF>CC
“AIREI IR“RR
ExRRREEACTi
UxZovwlalZw
COWLCW —w— 0w <L
<<voonwooaon
559 §euiis
[AC w8 [CC
O oW i< xw
Walkdwy <wx >n
oo eofuofeofoof ol
BERREERNRNE
>wuCCooncxror
Sx=U=>0dd>w
EEEEEEEEEEE
LrOLLL>>CCI
caorooodxooo

= ||
oloololololojolololo)

VoWwurwnwxOwnd
W= > 1S =1
ESMEXEEN- -
Coo gL LLLLL
>ETITIITICa>I=
EEEEEEEEE

BESEEESSEaE
- ZEFEOxrExe
SmS-SSSSSSS
<O><d<oQOowawn

oo pdecl ool

ELZ XXX X

uvmﬂmmmﬂmﬂm

Bat1 240-441
BonA 33-234
CurA 224-425
GphF 495-696
MCY9487 - Model2 ext...
NspA 237-442
OnnB 85-286
Ped| 33-234
RhiA 460-661
10. SxtA 506-707
11.Tal511-712

1
2
3
4
5
6.
7
8.
9

640

600 610 620
VAN ATNYEE L GEE VISl X X GLICICHNNEEINC ¥YC AL L XIEME SMAAGCIEIREGNED NP

590

580

XDXDXIMQGXTAAXMD XINATP QEEP

Consensus

| cEESSESESEE

DUVZ0DWRoRZ<

BEEEE<EEEE

B U e g e Bt < o g o B
| Bgassszases
N ZENCIRFnn
Do www O Q<
vﬂVlvmv vmm

(0200l (Ofal
FovnownwoITwZIZ
AU ra—Saddxun
T OoddC> 4>
nLLr-nLL--<
Uuucuuunuuy
> T >
oC>0<000—-0>0

EEEEEEEREEE
B < e B B B B
L | Ll it fuo oo fon fue gon foa fii )
L) (VE) (¥F) (NN ¥ |WE) ¥W TN ! V5
- ]| 1| | 'l |
—J LLLLLLL“L
@ v [vdl 1 (@ @] (@] (@] @] L [ad

.DnDSDﬂDDD o

<UEEEYEELTT

W = >0
CwloxxorZ2Uln
CO0Tue>wnrEwn
QUZZEwownd I
EESEEEEEEEE
CUISE>>UTug
OQWwwCWww>Lwn

el llololololol

N QLW Jn

—>H>E-H-H-->
P > e e et 2122
L“VLLV >

LUCIULICLNLY

o —| ] —f—| =g
=== === =]==]—=]—
.H...m oo

B < B O o g B B

\mVA\ —|—]—

aa>CWNo o
I CEETETE <TEE
Crunnldooowok-
cowaaOZg<a0
Sqalla b V1. o
B e e - [ e
B=BiiB=igis
N T e
U R falay-Wa
<. EEEEEESEE
FxowweZoko+
WwhunnzZzagggw
L>UTITCLCEw >
FakFrekFZnZx-
Chxgdd<—x>>>0n
[alia-4UL 4 HUICIL-4U]
oxoqdwo>Cuewd
B E<EEEEEEEEE
oL axE>>0LC>
CcooLnorxxOowd
<doagdLF—FO
ITnZUownooxwno
wLoOLdrwLwk-Fo

%
L1
o
]
e
o M~
_—gWP =0y —Sn
4%2@MM846?1
Gy SN D
gudeRmuteas
AT ENROD NG
2 LR S
£ ocferocsIes
€ mo5a¥dwEacihr
] BBCGMNOPR&L
T Mt SN e - —

680 690 700 710
DENR X I A NN

HC AR POl VEREGY R IO NAI N CICEY G VL VY

670

660

650
REIHIR X X PP X X [DNEEH LIREN'E X

VoaooTToa>0 &8

-

-

A
3y

LENF HE

P

LG I R

Consensus
Identity

2COCAEX>0OIC>

EEE<EEEER-B

ZxITUCIOWVOZ
LTS 4.0 e of R s
E-=EE==-EEE

Doo<wonnOzo

 EEEESRSSEER

Twun—CrununIwy

EREEREEEERE
| —fad || —| =
>R
GGGGEGGGGGG

ZLULLCTLU>ZET

| EE-EEEEEEEE

ZOoO0OOO0oOoOwanaT

clolelololalolelola)

CO¥Ww a0 wy

VVVUOoZOoUBZY

coono¥oSTIL>

»uwWxDOUOUx Jw
xoewI>w=>wold

)

FerxyxrunwZoZoeww

[<c|<cfc] <] <c|cfc] ] <]
ofwjololofulolololo
] i )

rwVn—LOwaagaawn—

XZEUEETEXIX
== =====]=]—
“MLV_\\\V\V
(oo o Falo oo oo o
lolclolololalelalalcle
—>rwu—<<aa>
STdoardddddn
WL 1O Z>—O
CEEEEEE=E«E
NI
US>wryru>wowww
Z2FZU0n0Z-FZ202Z20
EIxT¥roex T o
SO>S AT uLna>
ODUI>TaITIITx<
=== —1—1]-

WL
[afallTallTEgalallTleg
LCCOrwowazw
EEEEE-EEEER
coovowvolaawn
—wWE Yy JuES——3=1
U< I OUIOCTL
WEWnrECwxeZrwng
ITL<>0OTTOCI>T
¥XOEnwEXYOxZx

=
L)
o
)
°
w Sy I
ceflasge_-of
IRTLUIRIETR
ShIASRBYSE -
~ 0 m > —
FTMNTENoNDR S
~ Logm™Y
< <@ _ L
CCcETEZacETIRS
moSadaCcacAs
BBCGMNOPRQ‘
O
et uie N = —

Gephyronic acid (GphF), Curacin A (CurA), Batumin (Bat1), Bongkrekic acid

(BonA), Nosperin (NspA), Onnamide (OnnB), Pederin (Pedl), Rhizoxin (RhiA), Saxitoxin (SxtA) and Myxovirescin A (Tal) gene cluster, as performed by Skiba et

al.% The conserved histidine, arginine and threonine required for decarboxylation are marked in red.
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Phylogenetic analysis of C domains

LCL

Starter

03

Dual E/C

SV tira

" Dual Deh/C

Epimerization

Heterocyclation

Figure 17: Phylogenetic tree of different C domain subtypes as previously described by Pogorevc et al.l**! Phylogenetic
tree of all known C domain subtypes (LCL, DCL, Starter, Dual E/C, Epimerization and Heterocyclization domains), with
the new Dual Deh/C subtype highlighted in red. The phylogeny was reconstructed using phyml, employing the JTT
model of amino acid substitution and a gamma-distributed rate variation with four categories. The support values
are based on 100-fold bootstrapping. The C domain list includes 525 domains from phylogenetic study by Rausch et.
al.,'*?, 10 C domains from the thiamyxin biosynthesis, as well as selected C domain examples from o,B-dehydro amino
acid forming pathways: bleomycin (blmVI; Q9FB23), burriogladin (BgdA; MH170348), haerogladin (HgdA,
MH170356), nocardicin (NocB; Q5J1Q6 ), hassallidin (HasO; K7VZQ9), syringomycin (SyrE; 085168), stenothricin
(StenS; EFE73312.1). The C domain of module 10 of the thiamyxin biosynthesis encoded on thiF, belongs to the clade

of dehydrating C domains.
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S 2.2.5 Feeding Experiments

The isotopic patterns of the thiamyxins for the serine-ds; supplemented cultures show intensified
peaks at +2 Da, +3 Da, +4 Da and +5 Da compared to the monoisotopic peak, indicating 2 deuterium-
labelled serine incorporations, one of which is reduced to dehydroalanine. The isotopic pattern of the
thiamyxins for the Valine-ds supplemented culture show intensified peaks at +7 Da, +8 Da and +9 Da
compared to the monoisotopic peak, indicating a deuterium-labelled valine incorporation. The alpha
deuterium is acidic and exchanges with hydrogen in aqueous conditions which causes the +7 Da signal.
The isotopic patterns for the methionine-(methyl-*3C) supplemented cultures show intensified peaks at +1

- 49 Da, indicating up to 7 methylations (see Figure 17).
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Figure 18: Zoomed in mass spectra for thiamyxin C (top), thiamyxin A/B (middle) and thiamyxin D (bottom) with L-
serine-2,3,3-d3, L-valine-ds, and L-methionine-(methyl-3C) feeding and control.
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S 2.2.6 Antimicrobial activities

All thiamyxins except congener A, which was only produced in low amounts, were tested against two
Gram-positive and two fungal pathogens. They were only found to have weak effects on our test panel

with MIC values higher than 32 ug/mL (see Table 4).

Table 5: Antimicrobial activities of the thiamyxins.

Test organism MIC [pug/mL]

thiamyxin A thiamyxin B thiamyxin C  thiamyxin D
Bacillus subtilis DSM-10 nd > 64 64 > 64
Mucor hiemalis DSM-2656 nd > 64 64 > 64
Candida. albicans DSM-1665 nd 64 > 64 > 64
Micrococcus luteus DSM-1790 nd > 64 32 > 64

S 2.2.7 Antiviral activities

Half maximal inhibitory concentrations (ICso) values presented in the main text were calculated based
on the following curves determined for the inhibition of the respective virus (Figure 18-25). Half maximal
cytotoxic concentration (CCso) values presented here were determined simultaneously in the infected cell
lines to see if the observed antiviral effects are overlapping with effects on the cell lines. ICso values shown
in the manuscript were determined in an independent experiment to circumvent effects of the viral

infections on the cell lines.

120+ - 120

90+ - 90
[
©
9 604 - 60
=
£
X 30+ - 30

% -0
L | L | L | |
-3 -2 -1 0 1 2

concentration [Log;o] M

Figure 19: Inhibition of DENV-R2A (red, ICso= 0.56 uM) and effects on cell viability (black, CCso=2.25 uM) of
thiamyxin B.
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Figure 20: Inhibition of ZIKV-R2A (red, ICso = 1.07 uM) and effects on cell viability (black, CCso = 2.25 uM) of
thiamyxin B.
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Figure 21: Inhibition of DENV-R2A (red, ICso= 14.56 uM) and effects on cell viability (black, CCso = >50 uM) of
thiamyxin C.
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Figure 22: Inhibition of ZIKV-R2A (red, ICso >15 uM) and effects on cell viability (black, CCso >50 uM) of thiamyxin C.
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Figure 23: Inhibition of hCoV-229E-luc (red, ICso= 2.47 uM) and effects on cell viability (black, CCso>10 uM) of
thiamyxin A.
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Figure 24: Inhibition of hCoV-229E-luc (red, ICso= 2.39 uM) and effects on cell viability (black, CCso>10 uM) of
thiamyxin B.
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Figure 25: Inhibition of hCoV-229E-luc (red, ICso™~ 20.52 uM) and effects on cell viability (black, CCs0>10 uM) of
thiamyxin C.
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Figure 26: Inhibition of hCoV-229E-luc (red, ICso ~ 23.06 uM) and effects on cell viability (black, CCso >10 pM) of
thiamyxin D.
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S 2.2.8 NMR data

Thiamyxin B

Me-Ser Dh-Ala Me-Thiazoline

MeO

NMeW;J ﬁ/\Ner

HN
Thlazole

HMMP

Table 6: NMR spectroscopic data of thiamyxin B in DMSO-ds at 700/175 MHz.

\[%(/)}/\ Thiazole

Thiazoline

NMR data in DMSO-ds

position Oc On (Jin Hz) COSY correlations HMBC correlations
HMMP
1 165.8 - - -
2 129.2 - - -
2 67.0 4.90, 4.86,d (12.1) 3 1, 2, 3, Thiazole-1
3 146.6 5.83,s 2,4 1,2,2°,4,4,5
4 27.8 2.83,dq (16.4, 6.7) 3,4,5 2,3,4,5
4 22.2 0.96, d (6.6) 4,5 3,4,5
5 22.2 0.96, d (6.6) 4,4 3,4, 4
Ala
1 171.6 - - -
2 47.6 4.61, quin (7.0) 3, NH 1,3, HMMP -1
3 19.4 1.36, m* 2 1,2
NH - 7.51, bd (7.7) 2 -
Ile

1 173.1 - -
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2 53.6 4.78,dd (9.4, 4.7) 3, NH 1,3,3,4, Ala-1
3 375 191, m 2,3,4 1,2,3,4,5
3 14.2 0.93, dd (10.5, 6.8) 3 2,3,4,5
4 25.9 1.36,1.21, m* 3,5 33,5
5 11.4 0.87,t(7.4) 4 3,4
NH - 8.30, m* 2 2, Ala-1
Me-thiazoline
1 176.5 - - -
2 83.3 - - -
3 43.3 3.74,dd (11.8, 39.7) - 1, 2, Me, lle-1
Me 28.3 1.65, s - 1,2,3
Thiazole
1 163.8 - - -
2 147.5 - - -
3 122.5 8.30, s* - 1, 2, Me-thiazoline-1
Me-thiazoline
1 172.9 - - -
2 84.9 - - -
3 40.7 3.38,3.81,d(11.7) - 1, 2, Me, Thiazole-1
Me 255 1.59, s - 1,23
Dh-Ala
1 163.1 - - -
2 132.7 - - -
3 102.6 6.375,5.815s NH 1,2
NH - 9.36, s 3 1, 3, Me-Thiazoline-1
Me-Ser
1 170.6 - - -
2 49.5 4.89, m* 3, NH 1, 3, Dh-Ala-1
3 71.0 3.59, m 2 1, 3, OMe
OMe 58.4 3.19,s - 3
NH - 8.97 2 2,3, Dh-Ala-1
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N-Me-Val
1 168.3 - - -
2 59.7 5.31, bd (8.6) 3 nd
3 27.8 2.36, m 2,34 4,nd
3 18.3 0.38,d (6.4) 4 2,3,4
4 20.1 0.71,d (6.4) 3 2,33

NMe 30.2 2.90, s - 2, Me-Ser-1
Thiazole

1 160.5 - - -
2 145.2 - - -
3 130.6 8.57,s - 1, 2, N-Me-Val-1

* Overlapping signals circumvent exact assignment; nd = not detectable
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Figure 27: *H spectrum of thiamyxin B in DMSO-ds at 700 MHz.
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Figure 28: 13C spectrum of thiamyxin B in DMSO-ds at 175 MHz.
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Figure 29: COSY spectrum of thiamyxin B in DMSO-ds at 700 MHz.
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Figure 30: HSQC spectrum of thiamyxin B in DMSO-des at 700/175 MHz.
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Figure 31: HMBC spectrum of thiamyxin B in DMSO-des at 700/175 MHz.



88

Section S 2.2 Supporting Data

Thiamyxin A

0
N-Me-Vau \\IAM

Me-Ser

,IN\
SN

S

7

Dh-Ala

Me-Thiazoline

O N\S

- N

0] H S
J\”/N N/)w;\ Thiazole

Thiazoline

_ S AT
WO I

Thiazole 0

o .

(0]
Ala lle

HMMP

Table 7: NMR spectroscopic data of thiamyxin A in DMSO-ds at 500/125 MHz.

NMR data in DMSO-ds

position 8¢ Su (J in Hz) COSY correlations HMBC correlations
HMMP

1 165.6 - - -
2 129.8 - - -

2’ 65.9 4.81,4.92,d (12.8) 3 1, 2, 3, Thiazole-1
3 142.6 5.76, d (10.0) 2,4 1,2,2°4,4,5
4 27.6 2.70, m 3,45 2,3,4,5

4 22.4 0.92, m* 4,5 3,4,5

5 22.4 0.92, m* 4,4 3,4, 4

Ala

1 171.6 - - -

2 48.4 4.42, quin (6.8) 3, NH 1,3, HMMP -1
3 19.0 1.20, bd (7.0) 2 1,2

NH - 7.83,d (8.0) 2 -

lle

1 174.6 - - -

2 55.8 4.64, dd (8.8, 8.8) 3, NH 1,3,3, 4, Ala-1
3 37.0 1.82, m 2,3, 4 1,2,3,4,5

3 15.1 0.91, dd (10.5, 6.8) 3 2,3,4,5

4 24.3 1.49, 1.19, m* 3,5 33,5
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5 10.4 0.85,t(7.4) 4 3,4
NH - 8.26, d (8.8) 2 2, Ala-1
Me-thiazoline
1 176.1 - - -
2 82.8 - - -
3 43.4 3.63, 3.50, m* - 1,2, Me, lle-1
Me 27.2 1.67,s - 1,2,3
Thiazole
1 163.7 - - -
2 147.9 - - -
3 121.9 8.26, s* - 1, 2, Me-thiazoline-1
Me-thiazoline
1 172.8 - - -
2 84.8 - - -
3 40.6 3.37,3.78,d (11.6) - 1, 2, Me, Thiazole-1
Me 25.2 1.56, s - 1,2,3
Dh-Ala
1 162.9 - - -
2 132.9 - - -
3 102.5 6.38,5.79, s NH 1,2
NH - 9.28,s 3 1, 3, Me-Thiazoline-1
Me-Ser
1 170.6 - - -
2 49.4 4.88, m* 3, NH 1, 3, Dh-Ala-1
3 70.8 3.58, m 2 1, 3, OMe
OMe 58.3 3.20,s - 3
NH - 8.93 2 2, 3, Dh-Ala-1
N-Me-Val
1 168.1 - - -
2 61.7 5.05, bd (10.6) 3 1,3,3.4
3 27.8 231, m 2,34 1,34
3¢ 18.3 0.54, d (6.6) 4 2,3,4
4 19.7 0.74,d (6.4) 3¢ 2,3,3¢
NMe 30.0 2.82,s - 2, Me-Ser-1
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Thiazole
1 160.4 - - -
2 144.9 - - -
3 130.3 8.54,s - 1, 2, N-Me-Val-1

* overlapping signals circumvent exact assignment; nd = not detectable
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Figure 32: 'H spectrum of thiamyxin A in DMSO-ds at 500 MHz.
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Figure 33: HSQC spectrum of thiamyxin A in DMSO-ds at 500/125 MHz.



Chapter 2 93
. PPmM
- *
. - v - 1
A » t
- # ' :
1'/ - 2
> ]
)
L] ..','" [ ]
u. 3
. 7
- - -lx‘
4
v " q‘ !
L3 -
. : .- ™ 5
r' )
- - , - -
. 6
.-" *
. 7
f.- ..‘
. . 8
'- - 9
N I I I I N I A N B
9 8 7 6 5 4 3 2 1 ppm

Figure 34: COSY spectrum of thiamyxin A in DMSO-ds at 500 MHz.
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Thiamyxin C
Me-Ser Dh-Ala Me-Thiazoline
MeO

- wa RS-

H Me-
\/k”/ HN/\H/ Thiazoline
Thiazole
Ala lle
HMMP
Table 8: NMR spectroscopic data of thiamyxin C in DMSO-des at 700/175 MHz.
NMR data in DMSO-dg*
position 8c Sn (J in Hz) COSY correlations HMBC correlations
HMMP
1 167.6 - - -
2 134.6 - - -
2’ 63.1 4.00, m 3 1,2,3
3 139.8 5.43, bd (9.8) 2’,4 1,2,224,4,5
4 27.3 281, m 3,4°,5 2,3,4,5
4 22.7 0.90, m* 4,5 3,4,5
5 22.7 0.90, m* 4, 4 3,4, 4
Ala
1 172.8 - - -
2 47.9 4.52, quin (7.3) 3, NH 1,3, HMMP -1
3 18.4 1.30,q (7.4) 2 1,2
NH - 7.98, bs 2 -
lle
1 175.5 - - -
2 54.2 4.77,dd (8.9, 4.9) 3, NH 1,3,3,4, Ala-1
3 37.7 2.01, m 2,3,4 2,3,4,5
3 14.4 0.92, m* 3 2,3,4,5
33,5

4 25.7 1.38, 1.20, m* 3,5
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5 11.4 0.85, t (7.8) 4 3,4

NH - 8.27, bd (8.8) 2 Ala-1
Me-thiazoline

1 176.7 - - -

2 83.7 - - -

3 43.1 3.62,3.51, m* - 1, 2, Me, lle-1
Me 27.4 1.64,s - 1,2,3

Thiazole

1 163.1 - - -

2 147.7 - - -

3 122.2 8.21, s* - 2, Me-thiazoline-1

Me-thiazoline

1 172.8 - - -

2 85.0 - - -

3 40.4 3.39, 3.76, m* - 1, 2, Me, Thiazole-1
Me 25.9 1.54,s - 1,2,3

Dh-Ala

1 163.1 - - -

2 133.2 - - -

3 103.0 6.37,5.79, s NH 1,2

NH - 9.30,s 3 1, 3, Me-Thiazoline-1

Me-Ser

1 170.0 - - -

2 50.0 4.89, m* 3, NH 1, 3, Dh-Ala-1

3 70.8 3.56, m 2 1, 3, OMe
OMe 58.3 3.19,s - 3

NH - 8.85, t (7.8) 2 3, Dh-Ala-1

N-Me-Val

1 172.2 - - -

2 59.8 5.36, bd (10.6) 3 n.d.

3 27.9 2.46, m 2,34 n.d.

3¢ 18.9 0.72,t(7.8) 4 2,3,4

4 20.0 0.82, m* 3¢ 2,3,3¢
NMe 29.8 2.92,s - 2, Me-Ser-1
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Thiazole
1 176.4 - - -
2 147.7 - - -
3 122.3 8.19, s - 1,2

* main diastereoisomer (D-allo-1le carrying derivative) was analyzed; * overlapping signals circumvent

exact assignment; n.d. = not detectable
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Figure 36: H spectrum of thiamyxin C in DMSO-ds at 700 MHz.



Chapter 2

99

el Ji” J et ol Lo

A T T Lol e e v i r Lain TRy

f;

170 160 150 140 130 120 110 100 90

Figure 37: 13C spectrum of thiamyxin C in DMSO-ds at 175 MHz.

80

70

60

20

40

30

20 ppm



100

Section S 2.2 Supporting Data

PPmM

—100
—120

—140

T T
95 9.0 8

Figure 38: HSQC spectrum of thiamyxin C in DMSO-des at 700/175 MHz.

T

5 8.

T | T I
0 75 7.0 65 6.0 5

T

5 50 45 40 35 3.0 25 20 15 1.0 0

T

|
5

ppm



Chapter 2 101

Ppm
eF o e 1
" . R ;
.‘ ., ‘-1 ‘ 2
L * ] -
® . l, [
. 3
- .
o oA
. o 4
.' , ™ '
« * 'p . . . 5
- .. L]
' . - -
L [ ] - 6
.. ’
. T
.‘. - 3
[ a®
. .
. . 9
| | | | | | | T T |
9 8 7 6 5 4 3 2 1 ppm

Figure 39: COSY spectrum of thiamyxin C in DMSO-de at 700 MHz.
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Figure 40: HMBC spectrum of thiamyxin C in DMSO-de at 700/175 MHz.
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Thiamyxin D

Me-Ser Dh-Ala Me-Thiazoline

MeO_
ox oy o AL
V7 .
— Thiazole
N-Me-Val Vﬁj\”/ N)ﬁ/\s az
/,/J:N\ O N~

Thiazoe N8 OH : H Ve
O:Q—J HN/\H/ Thiazoline
0 Vi X (0] w
Glycerol OH Ala lle
HMMP
OH
Table 9: NMR spectroscopic data of thiamyxin D in DMSO-ds at 700/175 MHz.
NMR data in DMSO-de
position 8¢ Sn (J in Hz) COSY correlations HMBC correlations
HMMP
1 167.2 - - -
2 134.2 - - -
2’ 63.0 4.00, s 3 1,2,3
3 139.5 5.45, bd (9.7) 2,4 1,2,2°4,4,5
4 27.0 2.83, m 3,4°,5 2,3,4,5
4 22.4 0.91, m* 4,5 3,4,5
5 22.4 0.91, m* 4, 4 3,4, 4
Ala
1 172.6 - - -
2 47.6 4.51, quin (7.3) 3, NH 1,3, HMMP-1
3 18.0 1.29, m* 2 1,2
NH - 7.85, bd (7.4) 2 -
lle
1 175.0 - - -
2 53.8 4.76, m* 3, NH 1,3,3,4,Ala-1
3 374 2.00,m 2,3,4 2,3,4,5

3 16.4 0.90, m* 3 2,3,4,5
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4 25.4 1.37,1.21, m* 3,5 33,5
5 11.0 0.89, m* 4 3,4
NH - 8.21, m* 2 Ala-1
Me-thiazoline
1 176.6 - - -
2 89.8 - - -
3 42.8 3.62, 3.51, m* - 1,2, Mg, lle-1
Me 22.1 1.14,s - 1,2,3
Thiazole
1 163.1 - - -
2 147.3 - - -
3 121.9 8.19, s* - 2, Me-thiazoline-1
Me-thiazoline
1 172.6 - - -
2 84.8 - - -
3 40.4 3.40, 3.75, m* - 1, 2, Me, Thiazole-1
Me 24.7 1.07,s - 1,2,3
Dh-Ala
1 162.7 - - -
2 132.9 - - -
3 102.8 6.38,5.78, s NH 1,2
NH - 9.30,s 3 1, 3, Me-Thiazoline-1
Me-Ser
1 169.8 - - -
2 49.7 4.88, m* 3, NH 1, 3, Dh-Ala-1
3 70.7 3.49, 3.65, m 2 1,3, OMe
OMe 58.0 3.19,s - 3
NH - 8.84, 1t (7.8) 2 3, Dh-Ala-1
N-Me-Val
1 168.0 - - -
2 59.5 5.41, bd (10.8) 3 1, 3, 3, 4, NMe, Me-Ser-1
3 27.7 2.47, m* 2,34 1,2,34
3¢ 18.7 0.76, s 4 2,3,4
4 19.8 0.86, m* 3¢ 2,3,3¢
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NMe 29.8 294, s - 1, 2, Me-Ser-1

Thiazole

1 160.4 - - -

2 145.1 - - -

3 129.8 8.52, s - 1, 2, N-Me-Val-1
Glycerol

1 66.1 4.16, 4.28 2 2, 3, Thiazole-1

2 69.2 3.76 1,3 1,3

3 62.3 3.41 2 1,2

* overlapping signals circumvent exact assignment; n.d. = not detectable
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Figure 41: H spectrum of thiamyxin D in DMSO-dg at 700 MHz.
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Figure 42: HSQC spectrum of thiamyxin D n DMSO-ds at 700/175 MHz.

ppm



108 Section S 2.2 Supporting Data

Figure 43: COSY spectrum of thiamyxin D in DMSO-ds at 700 MHz.
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Figure 44: HMBC spectrum of thiamyxin D in DMSO-de at 700/175 MHz.
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3.1 Abstract

Genomic information from various magnetotactic bacteria suggested that besides their common ability to
form magnetosomes, they potentially also represent a source of bioactive natural products. By using
targeted deletion and transcriptional activation, we connected a large biosynthetic gene cluster (BGC) of
the trans-acyltransferase polyketide synthase (trans-AT PKS) type to the biosynthesis of a novel polyketide
in the alphaproteobacterium Magnetospirillum gryphiswaldense. Structure elucidation by mass
spectrometry and nuclear magnetic resonance spectroscopy (NMR) revealed that this secondary
metabolite resembles sesbanimides, which were very recently reported from other taxa. However,
sesbanimide R exhibits an additional arginine moiety the presence of which reconciles inconsistencies in
the previously proposed sesbanimide biosynthesis pathway observed when comparing the chemical
structure and the potential biochemistry encoded in the BGC. In contrast to the case with sesbanimides D,
E, and F, we were able to assign the stereocenter of the arginine moiety experimentally and two of the
remaining three stereocenters by predictive biosynthetic tools. Sesbanimide R displayed strong cytotoxic
activity against several carcinoma cell lines.

Importance

The findings of this study contribute a new secondary metabolite member to the glutarimide-containing
polyketides. The determined structure of sesbanimide R correlates with its cytotoxic bioactivity,
characteristic for members of this family. Sesbanimide R represents the first natural product isolated from
magnetotactic bacteria and identifies this highly diverse group as a so-far-untapped source for the future
discovery of novel secondary metabolites.

Keywords

glutarimide-containing polyketides, cytotoxic activity, trans-AT polyketide synthase, magnetotactic

bacteria
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3.2 Introduction

Magnetotactic bacteria (MTB) share the ability to biomineralize membrane enclosed organelles consisting
of either magnetite (Fes04) or greigite (FesSa) crystals, called magnetosomes, which enable the cells to
navigate within Earth’s magnetic field ™. Studies on MTB so far have focused mainly on understanding
magnetosome structure, biosynthesis, and biological function as well as exploring the potential utility of
magnetosomes as magnetic nanoparticles for various applications, such as magnetic imaging or magnetic
hyperthermia, magnetosome-based immunoassays, and as nano carriers in magnetic drug targeting and
multifunctional nanomaterials with versatile functional moieties 27,

Apart from their common ability to form magnetosomes, MTB represent a highly heterogeneous group of
prokaryotes. They are abundant and widespread in the sediments of many diverse aquatic ecosystems,
ranging from freshwater to hypersaline habitats ® %, and besides a multitude of free-living, single-celled
MTB, multicellular and even ectosymbiotic members of this group have been discovered %2, MTB are
known to have diverse and versatile lifestyles, and members of this group are found in many different
classes of eubacteria [***%1, Within the last years, a wealth of genomic information has been obtained by
conventional genomics, metagenomics, and single-cell genomics 42%, We have recently shown that
chances for the discovery of novel secondary metabolites clearly correlate with the increasing
phylogenetic distance of the microorganisms under study 2!, Because of their huge ecological, metabolic,
phylogenetic, and genomic diversity, producers of such interesting natural products might also be
expected among MTB. Indeed, Araujo et al. ?? first noted the presence of typical secondary metabolite
biosynthetic gene clusters (BGCs), such as putative polyketide synthases (PKSs) and nonribosomal peptide
synthetases (NRPSs), in the genomes of several MTB. However, this so far has remained an untapped
source for discoveries, largely owing to the fact that most of these bacteria are not tractable; many cannot
be cultured in the laboratory.

One of the few MTB that can be cultivated reasonably well and is genetically tractable is the
alphaproteobacterium Magnetospirillum gryphiswaldense ?3-2%1, which previously served as a model in
many studies on magnetotaxis, organelle biosynthesis, and magnetite biomineralization > 27, Interestingly,
several putative BGCs for secondary metabolites were tentatively predicted in its genome 2% 261, This
prompted us to investigate in more detail the strains’ biosynthetic capability using a combination of
molecular and analytical methods.

In this study, we focused on the role of a trans-acyltransferase PKS (trans-AT PKS) BGC in
M. gryphiswaldense, which we identified as a homologue of the sesbanimide gene cluster described by

Kacar et al. in parallel to our studies [2® %% We set out to unambiguously assign the corresponding
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secondary metabolite from M. gryphiswaldense by markerless deletion of the gene cluster, to isolate the
polyketide product and to elucidate its structure. Furthermore, we devised a model for sesbanimide
biosynthesis that complements the one suggested by Kacar et al. ?® ¢ and revealed the new sesbanimide
R as a missing link between the sesbanimide biosynthesis pathways when compared across several taxa

(291 |n addition, we demonstrate cytotoxic activity of the novel sesbanimide congener.

3.3 Results and Discussion

Identification, deletion, and transcriptional activation of a trans-AT PKS gene cluster.

Using the antiSMASH tool®®, we identified several secondary metabolite gene clusters in the
M. gryphiswaldense genome. Three gene clusters were predicted to encode the biosynthesis of a putative
lasso peptide, an aryl polyene, and a homoserine lactone (see Table S1 in the supplemental material). In
addition, a large (69,942 bp) gene cluster was predicted to encode a putative trans-AT PKS. It has a
conspicuously high G+C content (66.7% versus 63.2% of the entire genome) and comprises 30 open
reading frames (ORFs), which were tentatively assigned to various constituents of a trans-AT PKS.

To study the function of the cluster, we deleted the three putative core-biosynthetic genes (MSR-1_15630
to MSR-1_15650) encoding two large PKSs and a monooxygenase and a gene (MSR-1_15620) encoding an
acyltransferase. The deletion comprised 41,295 bp and yielded a Atrans-at-pks strain (Fig. S1). Growth of
the Atrans-at-pks strain was essentially wild type-like, with slightly increased doubling times during growth
under aerobic conditions (Fig. 1A). Mutant cells were indistinguishable from the wild type with respect to
length and shape (Fig. 1B to E). Cultures of the Atrans-at-pks strain exhibited a lower magnetic response
(Cmag = 1.17; wild type, Cmag = 1.3; Cmag is a light-scattering parameter for the semiquantitative estimation
of average magnetic alignment of cells®®¥)). Transmission electron microscopy (TEM) of wild-type (Fig. 1D)
and Atrans-at-pks (Fig. 1E) cells showed that the strains formed magnetosomes in about same numbers
and with similar average sizes (Fig. 1F and G); however, both smaller. (<25 nm) and larger (>60 nm)
particles were more frequent in the Atrans-at-pks strain than in the wild type (Fig. 1F), which might explain
the slightly lower magnetic response. To identify the biosynthetic product(s) of the trans-AT PKS cluster,
the wild-type and Atrans-at-pks strains were cultivated under aerobic, microaerobic, and anaerobic
conditions in flask standard medium (FSM), and extracts of these strains were compared using principal-
component analysis (Fig. S2) as previously described 2. Under microoxic and anoxic conditions, which are
known to favor magnetosome biosynthesis 33 34, there were no significant differences detectable
between the mutant and the wild type. However, in the extract of the wild-type strain grown under aerobic

conditions that are known to inhibit magnetosome formation 533, we identified a compound with a mass
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of 691.38 Da which was absent from the Atrans-at-pks mutant strain. Yields of the target compound
obtained from wild-type cultures proved insufficient for the isolation and subsequent elucidation of its
structure by nuclear magnetic resonance spectroscopy (NMR). Since we hypothesized that the low
production might be due to poor expression of biosynthetic genes, we attempted to enhance their
expression by transcriptional activation. To this end, a DNA fragment of 145 bp harboring a putative native

promoter in front of MSR-1_15600 (ORF7) was replaced with a 64-bp
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Figure 1: (A) Growth of the wild type and Atrans-at-pks strains under aerobic conditions where the target compound
was produced. Each growth curve represents the average of two individual growth curves. The doubling time (T4)
(meanzSD) for each strain is given in the graph for the first and second part of the diauxic growth curve. (B) Cell
length of wild type (mean=4.77+1.37 um, n=312) and Atrans-at-pks (mean=4.64+1.46 um, n=504) grown under
aerobic conditions. (C) Cell length of wild type (mean=4.73+1.37 um, n=347) and Atrans-at-pks (mean=4.72+1.6 um,
n=354) grown under microaerobic conditions. TEM images of wild type (D) and Atrans-at-pks (E). Analysis of

magnetosomes size distribution in wild type (mean=44.45+15.59 nm, n=1026) and Atrans-at-pks (mean=45.18
+18.29 nm, n=1039) (F, G).

fragment containing the stronger constitutive promoter Pmamocas °! and the optimized ribosomal binding

site (oRBS), yielding the Pmampcas-trans-at-pks strain (Fig. S3). Pmambcas is an optimized version of the native
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promoter Pmampc, Which drives transcription of the mamGFDC operon involved in magnetosome
biosynthesis of M. gryphiswaldense ¥, and was shown to enhance the expression of a foreign gene 8-fold
compared to that obtained with Pmamoc °. Indeed, mass spectra obtained by liquid chromatography-mass
spectrometry (LC-MS) from extracts of the Pmampcas-trans-at-pks strain showed a 7-fold-increased intensity
of the target mass, suggesting a successful transcriptional activation of the gene cluster (Fig. 2A). As the
yield of the compound obtained from shake flasks cultures of the Pmampcas-trans-at-pks strain was still too
low for the isolation of the corresponding natural product, we scaled its production up to a 10-liter
fermentor, which provided enhanced aeration and growth of the culture. This approach enabled the
isolation of 2 mg of the compound by semipreparative high-performance liquid chromatography (HPLC)

and the elucidation of its structure using MS and NMR spectrometry.
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Figure 2: (A) Extracted ion chromatograms for m/z 692.38 [M+H]" showing the difference in compound production.
In the strain Atrans-at-pks (red), the production of the compound was abolished. In the promoter-activated strain
Pmambcas-trans-at-pks (blue) the production was increased ca. 7-fold (AUC: 6513288) in comparison to the wild type
(black) (AUC: 880064). (B) NMR elucidated structure of sesbanimide R with the most relevant COSY and HMBC
correlations.

De novo structure elucidation.
High-resolution electrospray ionization mass spectrometry (HRESI-MS) analysis of the compound (Fig. 2B)
shows an [M+H]* signal at m/z 692.3869 (calc. 692.3865 A = 20.6 ppm) consistent with the neutral sum
formula of C34Hs3NsO10 and containing 11 double bond equivalents (DBEs). The 'H NMR and heteronuclear
single quantum coherence (HSQC) spectra of the compound (Table 1) revealed a signal characteristic for
an aliphatic exo double bond at §(*H) of 5.18 and 4.96 ppm (H-13), which shows heteronuclear multiple
bond correlation (HMBC) correlations to a methylene group at §(*H) of 4.66 displayed as a singlet (H-10),
as well as a methine group at 6(*H) of 3.71 ppm (H-8). The quartet of the methine group shows correlation
spectroscopy (COSY) correlations to one methyl group at &(*H) of 1.19 ppm (H-12). This methyl group
exhibits HMBC correlations to the quaternary carbon participating in the exo double bond at §(*3C) of

144.5 ppm (C-9) besides a ketone at 213.2 ppm (C-7), indicating location of the methyl group and the



118 Section 3.3 Results and Discussion

methine group between the ketone (C-7) and the exo double bond (C-9 and C-13). On the other side of
the ketone, another methine group with a chemical shift of §(*H) of 3.66 ppm (H-6) is found, which is
indicated by the HMBC correlations of those two groups. The moderately deshielded shift of this methine
group in line with HMBC correlations to a methyl group with a moderately deshielded shift of §(*H) of 3.40
ppm (H-11) reveals this part as a methoxy function. The methine group at &(*H) of 3.66 ppm (H-6)
furthermore shows COSY correlations to a second methine group at §(*H) of 3.98 ppm (H-5). Its deshielded
chemical shift suggests hydroxylation of this methine. It shows COSY correlations to a diastereotopic
methylene group at 6(*H) of 1.49 and 1.73 ppm (H-4), which is located next to a methine group at 2.34
ppm (H-3) based on their COSY correlations. This methine group exhibits further COSY correlations to two
diastereotopic methylene groups at d ( 1H) of 2.36 and 2.68 (H-2a) and of 2.33 and 2.70 ppm (H-2b) with
almost identical chemical shifts, wherefore they have to be located in almost identical chemical
surroundings. They do not reveal any further COSY correlations but do reveal HMBC correlations to two
quaternary carbons and atd (13 C) of 174.6 ppm (C-1a/b), which also show correlations to the methine
group. Based on the sum formula of the molecule and the two-dimensional (2D) NMR data, the methine,
the two methylenes, and the two quaternary carbons therefore likely are arranged as glutarimide, with
substitution in position 4. There are no further correlations of any glutarimide participating functional
groups; as a result, this part depicts one end of the molecule.

Besides correlations of the H-10 methylene to the partial structure described above, it shows HMBC
correlations to a quaternary carbon at 6(*3C) of 174.6 ppm (C-14). The deshielded chemical shift of this
guaternary carbon suggests an ester bond in this position, which was confirmed by a saponification
reaction (Fig. 3). The following seven methylene groups are arranged in a straight aliphatic chain, based
on their chemical shifts and COSY as well as HMBC correlations. The deshielded chemical shift of the last
of these seven methylene groups at §(*H) of 2.18 ppm (H-21) and its signals displayed as quartet suggest
that it is followed by the first of four dienone double bond protons at 6(*H) of 6.10, 6.22, 7.12, and 6.02
ppm (H-22-25). The two double bonds are conjugated based on COSY correlations of the four dienone
double bond protons and their deshielded carbon chemical shifts at §(*C) of 144.1,129.7, 142.3,and 122.9
ppm (C-22-25). The last two double bond protons at §(*H) of 7.12 and 6.02 ppm (H-24 and H-25)

show HMBC correlations to a quaternary carbon at 6(*C) of 168.3 ppm (H-26). Its characteristic chemical
shift and additional correlations of an alpha proton (H-28) to this quaternary carbon (C-26) reveal it as acid
function of an amide bond. The alpha proton at &(*H) of 4.40 ppm (H-28) belongs to arginine, which was
confirmed by Marfey’s analysis (59) in addition to the following NMR correlations. It shows HMBC

correlations to a free carboxylic acid function at §(13C) of 177.6 ppm (C-27) and two methylene groups
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and at §(*H) of 1.92 and 1.63 ppm (H-29 and H-30), which themselves show HMBC correlations to a third
more moderately deshielded chemically shifted methylene group at &(*H) of 3.22 ppm (H-31). Its
characteristic chemical shift and correlations to a quaternary carbon at §(*3C) of 158.4 ppm (C-32) reveal
the coupling to the guanidine moiety of the molecule here, which marks the other end of compound. In
addition to the NMR data, we observed a fragment of m/z 397.245 [M+H]* with LC-MS after saponification
of the ester (Fig. 3). The size and sum formula of this fragment correspond to the arginine plus aliphatic

chain containing part of the molecule and confirms the elucidated structure. This structure is highly similar

Table 1: NMR spectroscopic data for Sesbanimide R in methanol-ds at 500/125 MHz

#  ABC[PPM] A'H[PPM], MULT (J[HZ]) COSY HMBC

1A | 174.6 - - -

1B | 174.6 - - -

2A | 39.1 2.36,2.68, m 2b, 3 1a, 3, 4

2B | 37.7 2.33,2.70,m 2a,3 1b, 3, 4

3 284 2.34,m 2a,2b,4  1a,1b,2a,2b,4,5
4 389 1.49,1.73, m 3,5 2a,2b,3,5,6
5 | 717 3.98, dt (10.4, 3.1) 4,6 3,4,6,7

6 |90.6 3.66,d (3.1) 5 4,5,7,11

7 | 2132 - - -

8 |46.9 3.71,q (7.0) 12 7,9,10,12, 13
9 | 1445 - - -

10 | 66.8 4.66, s 13 8,9,13, 14
11 | 60.6 3.40, s - 6

12 | 16.6 1.19, d (7.0) 8 7,8,9,13

13 | 1139 4.96,5.18, s 10 8,9,10

14 | 174.6 - - -

15 | 348 2.38,t(7.5) 16 14, 16, 17

16 | 26.0 1.63, m 15, 17 14, 15, 17, 18
17 | 304 1.34, m 16, 18 15, 16, 18, 19
18 | 30.1 1.34, m 17, 19 16, 17, 19, 20
19 | 306 1.30, m 18, 20 17, 18, 20, 21
20 | 29.7 1.45, m 19, 21 18, 19, 21, 22
21 | 33.8 2.18,q (7.1) 20, 22 19, 20, 22, 23
22 | 144.1 6.10, dt (7.2, 15.1) 21,23 20, 21, 23, 24, 25
23 | 129.7 6.22, dd (10.8, 15.1) 22,24 21,22, 24, 25
24 | 1423 7.12, dd (10.7, 15.1) 23,25 22,23, 25,26
25 | 122.9 6.02,d (15.1) 24 22, 23,24, 26
26 | 168.3 - - -

27 | 177.6 - - -

28 | 54.9 4.40, dd (5.3, 7.7) nd 26, 27, 29, 30
29 | 30.9 1.74,1.92, m 30 27, 28, 30, 31
30 | 26.0 1.63, m 29,31 28,29, 31

31 | 419 3.22,m 30 29, 30, 32

32 | 1584 - - -
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to the structure of sesbanimide F, which became available at a late stage of our work in a study by Kacar

et al. (28, 60). However, our compound contains an additional terminal arginine (R) moiety. Hence, we

used the name sesbanimide R.
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Figure 3: Saponification of sesbanimide R to confirm the NMR elucidated structure. Base peak chromatogram of a
sesbanimide R sample before (top) and after (bottom) treatment with NaOH. A fragment with an m/z of 397.2445
[M+H]* was observed, which corresponds to the arginine containing part of the molecule after ester hydrolysis.
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Determination of the sesbanimide R stereochemistry.
The vicinal coupling constant of 15.1 Hz for both aliphatic double bonds suggests an E-configuration of
both double bonds. Marfey’s analysis and comparison to commercially available L- and D-arginine
standards revealed the arginine from sesbanimide R to be S configured, as the hydrolysis product of
sesbanimide R has the same retention times as L-arginine when derivatized with fluorodinitro-phenyl-5-L-
leucine amide (L-FDLA) and D-FDLA, respectively (Table 2). Due to instabilities of the molecule under acidic
and basic conditions and selectivity issues between the free hydroxyl groups and the glutarimide, Mosher
esterification experiments, which were carried out to elucidate the configuration of the remaining
stereocenters, were not successful. When adding 10 or fewer equivalents of pyridine to the reaction
mixture in chloroform, we observed complete degradation of the molecule. When performing the

experiment with pure pyridine, the hydroxyl group underwent fast elimination after formation of the

Table 2: Retention times for L- and D-arginine standards as well as sesbanimide R after derivatization with L- and D-
FDLA to determine the stereochemistry of the arginine moiety of sesbanimide R.

Retention Time

Sample D-FDLA [min] L-FDLA [min] assignment
D-arginine 10.85 10.35
L-arginine 10.35 10.85
Hydrolysis of sesbanimide R 10.88 10.36 S-configured

respective Mosher ester. We were therefore not able to determine the absolute stereochemical
configuration of the molecule experimentally and speculate on the stereochemistry based on in silico
analysis of the BGC. The transATor tool predicts the structure of trans-AT polyketides according to the
substrate specificities of the involved keto-synthase (KS) domains 7. The top five hits of the tool predict
the KS domain of module 4 to accept b-OH, while the sequence-based stereochemistry prediction for the
ketoreductase (KR) domain of module 3 was inconclusive. We therefore predict the stereocenter at C-5 to
be S configured. Xie et al. (38) recently suggested that all C-methyltransferases in trans-AT PKS assembly
lines generate (2R)-2-methyl-3-ketoacyl-acyl carrier protein (3-ketoacyl-ACP) intermediates and that (25)-
2-methyl-3-hydroxyacyl-ACP intermediates are produced by epimerizing A2-type KR domains %, As there
is no KR domain present in module 4, we propose that the stereocenter at C-8 is R configured. The
stereocenter at C-6 is likely generated by a cytochrome P450 (cyP450) enzyme (SbnE), but we were not
able to make a prediction for its stereochemistry. These predictions are speculative, and further

experiments are required to fully elucidate the stereochemistry of sesbanimide R.



122 Section 3.3 Results and Discussion

In silico analysis of the gene cluster and biosynthesis hypothesis.
A detailed annotation of the BGC was carried out (Table S2). Besides using antiSMASH 3% for cluster and
domain identification, additional information was gained by submitting the translated protein sequences
to the transATor tool B7! (Table S3). Finally, the conserved domain search tool CDD 8 was used to identify
domains that were not identified by antiSMASH. The core biosynthetic gene cluster (BGC) spans over 39
kbp and consists of the two large PKS genes, sbnO (MSR-1_15630) and sbnQ (MSR-1_15650), as well as
one monooxygenase-encoding gene, sbnP (MSR-1_15640). The core cluster is flanked by two
acyltransferase (AT) domains encoded by sbnA and sbnN. SbnN was identified as an in-trans
acyltransferase and SbnA as an in-trans acylhydrolase. Several additional biosynthetic genes are encoded
up- and downstream of the core BGC: an asparagine synthase accompanied by an ACP domain (sbnJ and
sbnk), a beta-branching cassette 3% (sbnF-I), a cytochrome P450 enzyme (sbnE), a methyltransferase
(sbnD), and a stand-alone acyl-coenzyme A (acyl-CoA) dehydrogenase (sbnX). ORFs 6, 8,9, 11, 14, and 15
encode transport-associated proteins putatively responsible for exporting sesbanimide R out of the cell.
ORFs 2, 3, 5, and 7 encode regulatory proteins putatively responsible for controlling BGC expression and
thereby sesbanimide production. ORFs 4, 10, 12, and 13 were annotated as encoding hypothetical proteins

with unknown function.
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Figure 4: Proposed biosynthetic pathway for sesbanimide R. Core PKS modules are marked in red, core NRPS modules
in blue and the thioesterase in orange. DH and KR modules of the core assembly line are marked in green. The
amidotransferase, beta-branching cassette and Bayer-Villiger Monooxygenase are marked in yellow and the tailoring
methyltransferase and Cyp450 enzyme in pink. The genes involved in the sesbanimide R biosynthesis are marked in
black and named sbnA-X. The remaining genes with unknown or unassigned functioned are marked in grey and
named ORF1-16.

All KS domains of SbnO and SbnQ possess the active-site cysteine and histidine, except for the
nonelongating KS5 of SbnQ, which is missing the first histidine [“°!. All ACP domains of SbnO and SbnQ
possess the canonical active-site serine. The catalytic triad of serine, tyrosine, and asparagine is present in
all KR domains of SbnO and SbnQ. The dehydratase (DH1) of SbnO and DH1 and DH2 of SbnQ contain the
conserved HXXXGXXXXP motive, which is missing in DH2 of SbnO and DH3 of SbnQ (Fig. S4A to D). We
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therefore propose the following biosynthesis scheme, based on in silico analysis of the BGC and
considering the elucidated chemical structure of sesbanimide R (Fig. 4).

Initially, an amino group is transferred to ACP bound malonate by SbnJ Y. The starter moiety is then
transferred to the first module of SbnO. Modules one and two of the assembly line then form the
glutarimide moiety as previously described for the biosynthesis of gladiofungin “?!. Modules three to five
elongate the nascent molecule according to the substrate specificity prediction for their KS domains.
Exomethylene moiety incorporation by module five has previously been described for several trans-AT PKS
biosyntheses 43| The domains required for exomethylene formation (ECH domain, tandem ACP domains,
and a beta-branching cassette [sbnF-I]) are all present in the cluster. Module six is found split onto the
genes sbnO and sbnQ, which are separated by sbnP, encoding a flavin-binding monooxygenase. Such a
split module, containing a monooxygenase and a DH domain missing the conserved HXXXGXXXXP motif,
has been shown to incorporate oxygen into polyketide backbones. The monooxygenase accepts thioesters
bearing B-keto groups and acts as a Baeyer-Villiger mono-oxygenase (BVMOQO) to generate malonyl esters
291 The module is thus likely responsible for the ester formation in sesbanimide R. The second part of the
molecule is synthesized by the PKS megasynthase SbnQ. Judging by the structure formula of sesbanimide
R, we propose that module seven or eight performs one iterative PKS elongation step and thus
incorporates a second malonyl-CoA building block into the final molecule. The DH and KR domains are
proposed to act in trans, to biosynthesize the saturated part and double bonds present in sesbanimide R.
An enoylreductase (ER) domain would also be needed to fully reduce the incorporated C-2 unit, but this
domain is not encoded on sbnQ. We therefore propose that this function is carried out by SbnX, which was
identified as an acyl-CoA dehydrogenase. The terminal NRPS module on sbnQ was predicted to incorporate
L-arginine by NRPS predictor 2, which fits well with the elucidated structure “4. We propose that the
methoxy group at Cé is incorporated by a cytochrome P450 enzyme and an Fkbm family methyltransferase,
encoded by sbnE and sbnD, respectively.

Taken together, our devised biosynthesis scheme for sesbanimide R is very similar to the pathway
suggested in parallel by Kacar et al. for the biosynthesis of sesbanimide F from Stappia indica PHM037 [28,
60]. The main differences between the two BGC lie in the distribution of DH and KR domains in SbnQ, the
presence of three additional transport-associated genes in the M. gryphiswaldense cluster, and a
phosphopantetheinyl transferase in the Stappia indica cluster which is absent in the M. gryphiswaldense
BGC. Notably, the final products from the strains under investigation by Kacar et al. do not contain the
terminal arginine moiety observed in sesbanimide R, even though the corresponding biosynthetic gene
cluster contains the L-arginine-incorporating NRPS module 2® % We speculate that the BGC from

M. gryphiswaldense responsible for sesbanimide R formation is an evolutionary intermediate in a
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developmental line leading to the sesbanimide gene cluster from PHMO037 and PHMO038 or that these
clusters may carry a nonfunctional NRPS module. A conserved domain search of the adenylation (A)
domain of the NRPS modules from M. gryphiswaldense and S. indica PHMO037 revealed that the active sites
are likely intact in both cases. In the case of the S. indica domain, however, the residues just before the
active site seem to be unusual for A-domains. They were identified because they do not match the
alignment against the reference A-domains from the CDD database ©°® (Fig. S5A and B). Kaéar et al.
speculated that the arginine moiety is cleaved rapidly after the biosynthesis, so that the corresponding
analogues are not detectable with the applied analytical conditions 2% %%, As we were able to detect
sesbanimide R, which was also relatively stable, we suggest as an alternative explanation that the
uncommon residues close to the active-site residues might result in an inactive A-domain in the S. indica
cluster and that, therefore, no arginine is incorporated. Additionally, we did not detect any of the
sesbanimides (A, B, C, D, E, and F) which were observed by Kacar et al. ?® ¢ in M. gryphiswaldense. A
possible explanation might be that the tailoring steps resulting in the formation of sesbanimides A, D, C,
and E occur only if no arginine moiety is present. However, until further insight is gained into the
biosynthesis of these compounds, the reason(s) for the discrepancy in product composition remains

elusive.

Cytotoxicity.
Sesbanimides have been associated with strong antitumor/cytotoxic activities, which is common for
polyketides containing a glutarimide moiety *> %, We therefore tested sesbanimide R in vitro against cell
lines of liver carcinoma (HepG2), endocervical adenocarcinoma (KB3.1), colon carcinoma (HCT-116), and
lung carcinoma (A549). The 50% inhibitory concentration (ICsp) values against HePG2 (23 nM; 95%
confidence interval [Cl], 9 to 65), HCT-116 (39 nM; 95% Cl, 28 to 54), and KB3.1 (20 nM; 95% Cl, 15 to 28)
are comparable to those of sesbanimide F, which exhibits a compound concentration that produces 50%
cell growth inhibition (Glso) of 20 nM against A549 cells 2% ¢ To better compare sesbanimides R and F,
we also tested sesbanimide R against A549 cells, which resulted in an ICso of 30 nM (95% Cl, 21 to 40).
These results indicate that the arginine moiety has no effect on cytotoxicity, which falls well within the
range commonly observed for glutarimide-containing polyketides and other members of the sesbanimide

compound family [28 4647, 601,
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3.4 Conclusion

We unambiguously assigned a new member of the sesbanimide compound family to a trans-AT polyketide
synthase biosynthetic gene cluster from Magnetospirillum gryphiswaldense by inactivation and
overexpression of the cluster and statistical analysis of the strains’ metabolome.

Sesbanimide R belongs to the sesbanimide family of natural products. We suggest a biosynthesis pathway
which is largely in line with the one proposed in a parallel study for sesbanimides A, C, D, E, and F 2% |n
contrast to these compounds, sesbanimide R contains a terminal arginine moiety, which perfectly matches
the in silico predictions of the BGC.

Sesbanimides were isolated originally from the seeds of Sesbania drummondii *¥ and later from marine
agrobacteria, indicating that symbiotic microorganisms are the actual sources for these metabolites rather
than the plant 284969 3 finding which is further supported by our study. Sesbanimide R is of interest owing
to its cytotoxic bioactivity against several carcinoma cell lines, which is a characteristic of glutarimide-
containing polyketides > %], The potent cytotoxic activity makes it a candidate for further investigations
regarding its mode of action and development as an antitumor agent. As in other bacteria, the role of
sesbanimide R for the physiology and fitness of M. gryphiswaldense in its freshwater habitat remains
elusive and requires further investigations.

Sesbanimide R is the first natural product identified and isolated from a magnetotactic bacterium. In
addition to its well-established property to produce biogenic magnetic nanoparticles, it makes the
tractable strain M. gryphiswaldense highly interesting also as a producer of secondary metabolites. Since
numerous biosynthetic gene clusters encoding putative polyketide synthases and nonribosomal peptide
synthetases are present in the genomes of many different MTB (Table S4), our study sets the stage for
exploring this highly diverse group of prokaryotes as a potential source for the future discovery of novel

secondary metabolites.
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3.5 Materials and Methods

In silico analysis of the genome of magnetotactic bacteria and bioinformatics methods

The Magnetospirillum gryphiswaldense genome (accession no. CP027527) and genomes of other
magnetotactic bacteria were screened for secondary metabolites biosynthetic gene clusters using the
bioinformatic tool antibiotics & Secondary Metabolite Analysis Shell (antiSMASH version 5.1.2)3%7], The
amino acid sequence was aligned with the Basic Local Alignment Search Tool (BLASTp) against the publicly
available database to find homologous proteins and to predict the functions of the ORFs. The presence of
homologous ORFs in PHM037/PHMO038 strains!?®¢* was searched using the software Geneious Prime®

(Biomatters Ltd., Auckland, New Zealand, 2020.0.3) (http://www.geneious.com). Furthermore, PKS and

NRPS domain architecture and specificities present in the cluster were considered using TransATor

(http://transator.ethz.ch) and Pfam database®.

Bacterial strains and culture conditions

Escherichia coli was grown in lysogeny broth (LB) at 37°C and shaking at 180 rpm. Donor strain E. coli
WM3064 (W. Metcalf, unpublished) was cultivated with 0.1 mM DL-a, €-diaminopimelic acid (DAP).
M. gryphiswaldense was grown micro-aerobically at 28°C in modified flask standard medium (FSM)!33 with
moderate agitation at 120 rpm, if not mentioned otherwise. Optical density (OD) and magnetic response
(Cmag) of M. gryphiswaldense strains were determined photometrically at 565 nm as reported earlier,
Antibiotic selection was achieved by the addition of kanamycin at a concentration of 5 pug/ml (M.
gryphiswaldense), and 25 ug/ml (E. coli). For Agar media, 1.5% (wt/vol) agar added to the liquid culture

medium. Strains and vectors used in this study are given in Table S5.

Molecular and genetic techniques

Oligonucleotides (Table S5) were purchased from Sigma-Aldrich (Steinheim, Germany). Chromosomal DNA
of M. gryphiswaldense was isolated using a kit from Zymo Research, USA. Plasmids were constructed by
standard recombinant techniques as described below. All constructs and selected amplicon from the

mutants were sequenced by Macrogen Europe (Amsterdam, Netherlands).
Construction of markerless site-specific deletion and activation of trans-AT PKS
cluster

Markerless in-frame deletion of core-biosynthetic biosynthetic genes of trans-AT PKS cluster and insertion

of a promoter in front of the cluster were conducted using homologous recombination-based on counter
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selection systems described previously®®. For the construction of the deletion plasmid, homologous
regions of ca. 1.6 kb located upstream of MSR-1_15620 (Locus tag) including the first three codons of MSR-
1 15620 and downstream of MSR-1_15650 with its last three codons were amplified from gDNA of
M. gryphiswaldense using a proof-reading DNA polymerase and primer pairs RPA595/RPA596 and
RPA597/RPA598. The PCR-products were purified from agarose gel using a gel extraction kit (Zymo
Research, USA) and cloned into pORFM ©*! digested with Sall and Notl by Gibson assembly ¢!,

For activation of the trans-AT PKS cluster, the strong promoter Pmempcas With the spacing-optimized
ribosome binding site (oRBS) was amplified from pAP150 3 with primer pair RPA939/940. Homologous
arms consisting of ca. 1.5 kb of C-terminus of MSR1_15590 and N-terminus of MSR1_15600 were amplified
from gDNA of M. gryphiswaldense using primer pairs RPA937/938 and RPA940/941. The purified PCR
products were assembled into pORFMP®!, digested with Sall and Notl by Gibson assembly®® with the
Pmampcas-ORBS in between the two homologous arms. 5 ul of the Gibson assembly reaction was transformed
into chemically competent E. coli DH5al®”!, and the presence of the cloned fragment was confirmed by
colony PCR using a pair of RPA484/485. The plasmid was isolated from the correct clone using Zymo

Research kit, USA, and sequenced by Macrogen Europe (Armsterdam, Netherlands).

Conjugation

Plasmid transfer by biparental conjugation was performed with donor strain E. coli WM3064 consisting of
the verified construct and M. gryphiswaldense as the acceptor strain as reported previously.!*” In-frame
markerless chromosomal deletion and insertion were generated following the conjugative transfer of the
plasmid to M. gryphiswaldense and homologous recombination utilizing GalK-based counterselection as
previously described. Successful deletion and insertion yielded Atrans-at-pks and Pmampcas-trans-at-pks
strains, respectively. The mutants were confirmed by PCR using primers (Table S5) specific to sequences

adjacent to the homologous regions, and verified by Sanger-sequencing of the amplicons-

Growth curve and cell length analysis

For growth analyses, the strains were grown in 24 well plates (Sarstedt, Niimbrecht) in 1 ml FSMB3 in a
microplate reader (infinite 200Pro, Tecan, Switzerland) with an automated reading of absorbance
(560 nm) every 20 min for 150 cycles under aerobic conditions at 28°C shaking at 140 rpm. Absorbance
values were corrected using FSM medium as blank. Cell length of the strains was estimated with the Image)
plugin MicrobelJ 5.13i (58) using the ‘SHAPElength’ cell shape descriptor. Analysis of cell length was done

as reported previously (59).
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Transmission electron microscopy

For TEM analysis, strains (wild type, Atrans-at-pks, and Pmampcss-trans-at-pks) cultivated in 6 well plates
(Sarstedt, Niimbrecht) under micro-oxic conditions at 24°C for 48 hrs, fixed in formaldehyde (1.8%),
adsorbed onto carbon-coated copper grids (F200-CU Carbon support film, 200 Mesh, Electron Microscopy
Sciences, Hatfield, UK), and washed three times with ddH,0. TEM was performed on JEM-2100 (JEOL Ltd.,
Tokyo, Japan) with an accelerating voltage of 80 kV. Images were captured with a Gatan Model 782
ES500W Erlangshen CCD camera (Gatan Inc., Pleasanton, USA) with the software Digital MicrographTM
1.80.70 (Gatan Inc., Pleasanton, USA). For data analysis and measurements, the software ImageJ Fiji

V1.50c®” was used.

Cultivation of strains for statistical analysis of the metabolome

For the screening of secondary metabolites, M. gryphiswaldense and Atrans-at-pks strains were cultivated
at 28°C in FSM medium®3 with an initial ODses of 0.01 under aerobic, microoxic and anaerobic conditions
in 500 ml baffled Erlenmeyer flasks, and Duran Laboratory flasks with rubber-stopper containing 50 mi
medium, and in 250ml Duran Laboratory flasks containing 240 ml degassed medium with rubber-stoppers,
respectively. 1 mL (v/v) sterile amberlite resin XAD-16 (Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany) was added to the culture grown under aerobic and micro-oxic conditions and 5 ml (v/v) XAD-16
into the culture grown under anaerobic conditions. The culture under aerobic condition was agitated at
150 rpm. The cells and the resin were harvested together by centrifugation after 60 hours of incubation
before extraction.

To access the activation of the cluster, wild type, Pmempcss-trans-at-pks, and Atrans-at-pks strains were
cultivated under aerobic condition at 28°C in 100 ml FSM medium in 1L baffled Erlenmeyer flask with
starting ODses of 0.01 at 150 rpm. The culture was supplemented with 2 ml (v/v) sterile amberlite resin
XAD-16 (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany). After 60 hours of incubation, the cells and

resin were harvested together by centrifugation.

Fermenter cultivation

Up-scale cultivation of the Pmempcss-trans-at-pks strain was done in a 10 L BioFlow® 320 Fermenter
(Eppendorf)34 under aerobic conditions with an initial ODses of 0.04. A 900 ml culture grown under aerobic
conditions was used as an inoculum for 9 L culture which was supplemented with 200 ml (v/v) XAD-16.
The cells and resin were harvested together by centrifugation after 60 hours of incubation and dried in

Lyophiliser before extraction.
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Extraction of the cell pellet and resin

For screening of the target compound(s), the cell pellet and resin of each culture was extracted with 50
mL methanol for 1h. The extract was then dried and resolved in 2mL methanol. This extract was then
centrifuged for 5 min at 215 g and diluted 1:10 prior to analysis with LC-MS system 1a and processing with

metaboscape 5.0 (bruker).

Extraction and isolation of sesbanimide R

The dry cells and resin from the upscaled fermentation were extracted three times with 500mL methanol.
The extract was subsequently partitioned between hexane, ethylacetate and water. Sesbanimide R was
detected solely in the aqueous layer. This layer was then dried and resuspended in methanol. Sesbanimide
R was isolated from this pre-purified extract using LC-MS system 2. During purification, it became
apparent, that sesbanimide R is unstable during prolonged exposure to light and oxygen simultaneously.

Therefore, all purification steps were carried out with minimal exposure to light.

LC-MWS systems:

All analytical LC-MS measurements were performed on a Dionex Ultimate 3000 RSLC system using a BEH
C18, 100 x 2.1 mm, 1.7 um particle diameter (dp) column (Waters, Germany), coupled to a maXis 4G hr-
ToF mass spectrometer (Bruker Daltonics, Germany) using the Apollo ESl source. UV spectra were recorded
by a DAD in the range from 200 to 600 nm. The LC flow was split to 75 puL/min before entering the mass

spectrometer.

LC-MS system 1a — standard measurements:

Separation of 1 pl sample was achieved by a linear gradient from H20 + 0.1 % formic acid (FA) (solvent A)
to acetonitrile (ACN) + 0.1 % FA (solvent B) at a flow rate of 600 uL/min and 45 °C. The gradient was
initiated by a 0.5 min isocratic step at 5 % B, followed by an increase to 95 % B in 18 min to end up with a
2 min step at 95 % B before reequilibration under the initial conditions. Mass spectra were acquired in

centroid mode ranging from 150 — 2500 m/z at a 2 Hz scan rate.

LC-MS system 1b — Marfey's Method:

Separation of 1 pl sample was achieved by a gradient from (A) H20 + 0.1 % FA to (B) ACN + 0.1 % FA at a
flow rate of 600 puL/min and 45 °C. The gradient was as follows: Ramp in 1 min from 5% B to 10%B, in 14
min to 35% B, in 7 min to 55% B and in 3 min to 80 % B. This is followed by a 1 min step at 80% B before
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reequilibration with the initial conditions. Mass spectra were acquired in centroid mode ranging from 250

— 3000 m/z at a 2 Hz scan rate.

LC-MS system 1¢c — MS/MS measurements:

Separation of 1 pl sample was achieved by a linear gradient from (A) H,O + 0.1 % FA to (B) ACN + 0.1 % FA
at a flow rate of 600 puL/min and 45 °C. The gradient was initiated by a 0.5 min isocratic step at 5% B,
followed by an increase to 95 % B in 18 min to end up with a 2 min step at 95 % B before reequilibration
under the initial conditions. Mass spectra were acquired in centroid mode ranging from 150 — 2500 m/z at
a 2 Hz scan rate. lons were selected for fragmentation by scheduled precursor list and the collision energy

was determined by mass-and charge state dependent stepping from 25 to 60 eV.

LC-MS system 2

The final purification was performed on a Dionex Ultimate 3000 SDLC low pressure gradient system using
a Luna, 5u, C18(2), 100A, 250 x 100 mm column (Phenomenex). Separation of 50 ul sample was achieved
by a gradient from (A) H,O + 0.1 % FA to (B) ACN + 0.1 % FA at a flow rate of 5 mL/min and 45 °C. The
gradient was as follows: A two min isocratic step at 5 %B, followed by a ramp to 35 %B in three min, ramp
to 50 %B in 20 and to 95%B in 1 min. This 3 min wash step was followed by a return to initial conditions in
1 min and reequilibration for 3 min. UV spectra were recorded by a DAD in the range from 200 to 600 nm.
The LC flow was split to 0.525 mL/min before entering the Thermo Fisher Scientific ISQ™ EM single
quadrupole mass spectrometer. Mass spectra were acquired by selected ion monitoring (SIM) at m/z

692.38 [M+H]".

Statistical analysis

Duplicates of wild type, and Atrans-at-pks cultures were measured twice with LC-MS system 1a. Feature
finding and bucketing was performed with the following parameters: Minimum Intensity: 5000; Minimum
spectra for extraction: 5; minimum spectra for recursive feature extraction: 3. Recursive Feature extraction
was performed when a feature was present in 2 out of 8 analyses and features were included in the bucket
table when present in 3 out of 8 analyses after recursive feature extraction. Principal component analysis
was performed to find differences between the two groups (wild type, and Atrans-at-pks) with four
analyses in each group. The PCA results were normalized with a logarithmic algorithm to account for low
intensity features. Features that accounted for the largest difference between the data sets were

reevaluated in the raw data.
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Marfey's method to elucidate the stereochemistry of the arginine moiety

100 pg of sesbanimide R was dissolved in 100uL 6N HCL and incubated for 45 min at 110°C. It was
subsequently dried under N; stream and redissolved in 110uL dH,0. This was then split into 2 x 50 pL and
20 pL L-FDLA or D-FDLA and 20pL of NaHCO3; were added. The reaction was shaken at 700 rpm and 40°C
for 2h and then stopped with the addition of 10uL 2N HCI. The reaction was then diluted with 300uL
acetonitrile, centrifuged and analyzed using LC-MS system 1b. The same reaction and measurement,
without the hydrolysis, were performed with L- and D-arginine as a reference. The retention times of the

derivatized standards were compared to the derivatized samples to assign the stereochemistry.

Saponification of sesbanimide R

50 pg of sesbanimide R were dried and redisolved in 100 pL 2 M NaOH. The reaction was stopped instantly
by adding 200 pL1 M HCL and an aliquot of the solution was diluted 1:5 with acetonitrile and analyzed on
LC-MS system 1a.

Cytotoxicity assays with HCT-116, HepG2, KB3.1 cells and A549 cells

The cell lines were obtained from the German Collection of Microorganisms and Cell Cultures (Deutsche
Sammlung fiir Mikroorganismen und Zellkulturen, DSMZ) and cultured under conditions recommended by
the depositor. Cells were grown and diluted to 5 x 10* cells per well of 96-well plates in 180 uL complete
medium. After 2 h of equilibration, the cells were treated with a serial dilution of sesbanimide R in
methanol. 20 puL of 5 mg/mL MTT (thiazolyl blue tetrazolium bromide) in PBS was added to each well after
growing the cells for five days. The cells were further incubated for 2 h at 37°C, before the supernatant
was discarded. Subsequently, the cells were washed with 100 puL PBS and treated with 100 pL 2-
propanol/10 N HCI (250:1) to dissolve formazan granules. Cell viability was measured as percentage
relative to the respective methanol control by measuring the absorbance at 570 nm with a microplate
reader (Tecan Infinite M200Pro). GraphPad Prism was used for sigmoidal curve fitting to determine the

IC50 values as well as the calculation confidence intervals.
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Figure S 1: Simplified schematic illustration of an in-frame deletion of core-biosynthetic genes of trans-AT PKS cluster
in Magnetospirillum gryphiswaldense, yielding the Atrans-at-pks strain.
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Figure S 2:Principal-component analysis of the extracts of the M. gryphiswaldense wild type and Atrans-at-pks strain.
The more a component is responsible for a difference between the data sets, the farther it is to the right (wild type)
or to the left (Atrans-at-pks) from the center; the highlighted feature represents the target mass 692.38 m/z, which
was assigned to the trans-AT PKS cluster and was found only in the wild-type strain.
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Figure S 3: Simplified schematic illustration of the insertion of promoter Pmampcss in front of MSR-1_15600 in the
trans-AT PKS cluster in Magnetospirillum gryphiswaldense, generating the Pmampcss-trans-at-pks strain.
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Figure S 4: (A) Alignment of ACP domains of sbnO and sbnQ. All ACPs contain the active-site serine. (B) Alignment of
KS domains of sbnO and sbnQ. All KS domains contain the conserved cysteine and two histidines except for KS5 of
sbnQ. (C) Alignment of DH domains of sbnO and sbnQ. DH2 (DHt.1) of sbnO and DH3 (DHt.1) of sbnQ are missing the
conserved HXXXGXXXXP motif. (D) Alignment of KR domains of sbnO and sbnQ. All domains contain the conserved
active-site residues serine, tyrosine, and asparagine.
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Feature 2

A query 16 GETLTARQLLAQVERLCLILSSCG.[4]).ORVAVL . [3] . EAGGIAGLLSVLASGAVVALOPENP . [1].ERLSLILRD 88
1aU_A 62 NEQLTYHELNVKANQLARIFIEKG. [4]. TLVSIN. [ 3] . SIDLFIGILAVLKAGGAYVPIDIEYP . [1].ERIQVILDD 134 SBrevibacillus brevis
3vNg_A 58 DORISYGRLDAWSOAVARTLLAEG. [4].DRVALR.[3].GAEAIVAILAILKCGAAYVPVDLANS . [1].SRSOFILAD 130 Streptomyces sp.
ATXH_A 504 DHTVSYRELGQMIAGIAEYLRAMG. [4] .ORVGLM. [ 3] . TALLPAATLGINAAGAAYVPLDPNFP . [1 ] .ERLQNIIED S76 Acinetobacter baum...
caaiives 2563 DQSLSYAELOARANQUARKL IEQG . [4].OLVAVM. [ 3] . SLELVIALLAATKTGGAWL PIDPOYP . [1] .DRIAYMLDD 2635 Amycolatopsis orie...
o6see7 1573 OQMLTYRELNEKANQLARTLAQKG. [4 ] . SWWEIM. [ 3] . SLEMLTGILAVLKAGGAYMPIOPGLP . [1 ] .ERIQYLITD 164S Sacillus lichenifo...

e 1243 EQRVTVRELNERVNQUANTLREKG. [4].OLVMLM. [ 3] . SVEMMVAIFAVLKAGGAYL PIDPHSP . [1].ERIAYIFAD 1315 Srevibacillus para
WP_012265835 29 TCPLTYQQLOMLSNQVAAYLQTQG. [4]. TAVGIN. [ 3] . NPGMITGILGILKAGGCYVPLDPOYP . [1].ERLRYILON 101 Microcystis nru.x.“
NP_252017 469 GGTLSYAELDAKVQAVADALRAAG . [4].ERVALL. [ 3] .GPHLLPAILGVQRAGGAYVPINPDHP . [1].ERVALLLED 541 Pseudomonss serugi...
oces0es 3023 KEELSYKALNERSNQUAGLLREKG. [4].MIVGVM. [ 3] . SVEMIVGHLAVLKAGGAYLPIDPEYP . [1].DRIRVMIED 3095 Bacillus lichenifo...

Feature 2 = ssssss s

89 .[2].aTLvial (40]).R FEOP AVEIVISGSTE TPRGVVVSHGALAGHCRAVVD . [ 7] .DAVLQFAS . [3].0T 193
1AMU_A 135 .[2].ARMALT Q.()7].iMAWlﬂmTNLE"GXSNLlVFFEN [7)-DRIGQFAS.([3).DA 236 Srevibacillus brevis
3VNQ_A 131 .[2).AsAL1g) €.(34]. VTSG ALLAGAPS . [7) ORWLLFHS.[3].OF 229 Streptomyces sp.
azxH_A 577 .[2]-PKVILT] Q. [32] . ODT ANV T SESTONPRGVRIGHPS T INFLLSHND.. [ 7] . TQULATTT . [3] .0 673 Acinetobacter baum. ..
CAx11794 2636 .[2].PALVIT| T.[48] . FRPAVLIVISGSTOAPKAVVI THRNL TNYLFMCGR . [6] .GRSVIMSS . [3].0L 2747 Amycolatopsis orie...
oes00” 1646 .[2].ADLLLY Q- [34] . GOLAYWI VI SETTGNPRGVIVEHRNT DHAHYTHRK . [8] . VNLLQLAS . [3].0V 1745 Bacillus lichenifo...
QrewM? 1316 .[2].AKLvLA q.(s-].-mmmnw‘umumw‘[71.wunv.n).nz 1414 Brevibacillus para...
W _ei13ese33 102 - [2].TEXLLY] €.[56] . {EDUNVIL YTSGSTORPRGVIMLIHRGYMNRL EWHQK . [ 7] . DAVAQRTS . [3].0X 222 Hl<r«ystls serugi...
NP_252017 -[2])-ARvvL D.ln)-ﬂﬁot-'-vvlvvmsmsmxw [7)-OVILQeTP.[3].0V 640 eudomonas aserugl. ..
ocesees ms -[2)-rs3x) x.(33]. HQS IVNTLYWRKQ. [ 7] -DATLQVPS . [3].DS 3193 Secilius lichenito...
Feature 2
Qquery 194 ALEQILPALA.[1]).GARLVIGG. [8]).FLKLLER.[2].ITVADLPPVYLRE.[15].SLRLLICGGE . [2).GPOVVA 275
1a_A 237 SVIWEMFMALL.[21].GASLYIIL.[9).FEQVING.[2].ITVITLPPTYVWH.[ 7].SIQTLITAGS.[2].SPSLVN 311 Brevibacillus brevis
IVNQ_A 230 SVWEINGAFS.[1].GAELWILP.[5].YLAVIIO.[2].VIVINQTPTAFLA.[13] .GLRYVIFGGE.[2].TAPMLR 319 Streptomyces sp.
aZXH_A 674 SILELLIPLM. 75 Acinetobacter baum...
caa1izes 2748 TITAMFTPLY. 2818 Amycolatopsis orie...
068007 1746 FAGOLCRSLL. 5 1830 Bacillus lichenifo...
Q7ou7 1415 SVAEIFGWVP. [2].GKLVILEP. [8].IWQRWG. [ 2] . ITHINFVPSMLI 1494 Brevibacillus para...
WP_012265835 223 SVWEIFWTLM. [1].GATICPVK. [9].FAAWIKK. [ 2] .. INVMHFVPSLFG 303 Microcystis serugi...
NP_252017 651 SVWELFWWSF.[1].GARLSLLP. [9].MLRSIQR.[2].VIVIHEVPSMLT 724 Pseudomonas aerugi-..
oesoes 3194 SVEDIFTTLI.[1].GAKLVLIR.[5].IIGVLRT.[2].ATMLLAVPSFEYLN. [10] .OLRFVIVAGE .[2] .NESLIR 3270 Sacillus lichenifo...
Feature 2

276 LW.[8).RLLNAVGPTEAT.[2].ALVHOV.[ 8] .VPIGRPL.[2).TRIVILD.[11).GELHIGG. [2].LAIGYHG 356
1AMU_A 312 XW.[2] . TYINAVGPTETT.[2] . ATTWVA.[ 8].VPIGAPI.[2]).TQIVIVD.[11].GELCIGG.[2].LARGYWX 388 Brevibacillus brevis
3IVNg_A 311 PW.[9] .RLVNGYGITETT.[2].TTFEEI.[ 9].SIIGRAL.[2].FOTRVVG.[11].GELWLSG. [2].LAEGYLR 393 Streptomyces sp-
AZXH_A 751 KL.[S].CLWNVYGPTETT.[2].SSAARI.[ $].IDLGEPL. [2].TQLYVLD.[11].GELNIGG. [2].LAVOYMQ 825 Acinetobacter bsum. ..
cas1ives 2819 QW.[7].VVVNEYGPTEAT.[2].CVEYRL. [11].VPIGTPL. [2] .MRAFVLD.[11].6GELYVSG.[2] . VARGYLG 2901 Amycolatopsis orie...
068007 1831 RF.[4].RIINSYGVTEAS.[2].SGYVEE.[10].TPIGKPL . [2].TAFVILD.[11].GELYIGG. [2].IARGYLN 19909 Bacillus lichenifo...
Q7ewm7 1495 XV.[7].KLENIVGPTEAT.[2].ASRYSL.[ 8).VPIGKPL.[2].VRMYIIN.{11].GELCIAG.[2].LARGYLN 1574 Brevibacillus para...
WP_O12265835 303 KiW.[3].GLANLYGPTEAS.[2].VIVMIZI.[31].IPIGKAT. [2].VVLKVLD.[11].GELWLGG.[2].LALGYLK 387 ﬂuuo:ystl.s serugi...
NP_252017 725 RE_[S].RLVNLYGPTEAT.[2].VSOMEC.[ 7].VPIGRPI.[2].LRLYVLD.[11].GELYIGG.[2].VARGYLN S04 seudomonas serugi. ..
ocesees 3271 QM.[7].KLFNEVGPTENS . [2].STRGEL.[ 6].VVIGRPI.[2].HKV¥ILN.[11].GELCLSG. [2].LARGYLN 3348 oty ok iy

ROOLTRERF . [12] .RLYRTGOLAAFL . [4] .CTVAFMGRIDOQVKIR 409

RPELTSQRS .[ 9].KLYKTGOQASWL . [2] .GNIEYLGRIDNQUKIR 436 Srevibacillus brevis

RPELTAEKF . [12] .RYYRTGOLVSEL . [2] .GRFAYEGRADLQIKLR 444 Streptomyces sp.

RPELTDAQF . [10] .RLYRTGOKVCLR . [ 2] .GRLTMHGRLDFQUKIR 874 Acinetobacter baumsnnii AB307-0294
RAGLTASRF . [ 9] .RMYRTGOLVRWN . [ 2] .GRLVFAGRVDOQUKVR 2949 Amycolatopsis orientalis

KPELTKERF . [ 9] .MMVKTGOLARWL . [2] .GNVEFLGRIDHQVKIR 1957 Bacillus licheniformis

NPALTEEKF .[ 9] .RIVRTGOLARYR.[2].GNIEVL: MOVKIR 1622 illus pa s

OPEXTAKAF . [11] . YIVRTGOLVKEL . [2]- STLEVIREIIMIACIR 437 Microcystis aseruginosa

RPELNAERF .[ 9].RLYRTGDLARWL . [2] .GNLEYL 852 ae

RPOLTLEKF.[ 9].SMYRTGDLARFL.[2]. munum-ovxu 3396 Bacillus licheniformis

B Feature 2

query 7 PDAVAVT.[2].AETLTYRRL SRRANRLARMLRQHG. 4] .DKVAVL . [ 3].GGOSTIALLACL TLGAIWVPLOTEAP 78
1aMU_A S3 PHNVAIV.[2].NEQLTYMELNVKANQLARIFIEKG. [4]. TLVGIM. [3].SIDLFIGILAVLEAGGAYVPIOIEYP 124 Brevibacillus brevis
IWNQ_A 49 PERTALS.[2].DORISYGRLOANSDAVARTLLAEG. [4] .ORVALR. [ 3] GAEAIVAILAILKCGAAYVPVOLANG 120 Streptomyces sp.
42XM_A 495 GONMALT.[2].OMTVSYRELGQUIAGIAEYLRAMG. [4].0RVGLM. [ 3]. TALLPAAILGINAAGAAYVPLOPNFP $66 Acinetobacter bauman...
CAA11794 2554 PEATAAL.[2].0QSLSYAELDARANQLARWLIEQG. [4] .OLVAVM. [3].SLELVIALLAATETGGANLPIDPDYP 2625 Amycolatopsis orient...
068007 1564 PNHPAAV. [ 2] .OQMLTYRELNEKANQLARTLRQKG. [4] . SVWGIM, [ 3] . SLEMLTGILAVLKAGGAYMPIDPGLP 1635 Bacillus licheniformis
Q7owm7? 1234 POKTALV.[2).EQRVTYRELNERVNQLANTLREKG. [4] .OLVMLM, [ 3 ). SVEMMVATFAVLKAGGAYLPIOPHSP 1305 Brevibacillus perabr...
P3984s 472 PERLAIR. [2].GGSLTYAELDMYASRLAAMLAARG. [4] . STVGVL, [ 3].SPOMLIAVLAVLEKAGGAYLPLOPAYP 543 Bacillus subtilis su...
WP_012265835 20 PDAIAVL.[2).TCPLTYQQUOHLSNQUAAYLQTQG. [4]. TRVGIM. [ 3 ). NPGMITGILGILKAGGCYVPLOPDYP 91  Microcystis aeruginosa
NP_252017 459 PQRTALL.[3].GGTLSYASLDAKVQAVADALRAAG. [4]. ERVALL . [ 3].GPHLLPAILGVQRAGGAYVPINPDHP 531 Pseudomonas aeruginosa
Feature 2 - L
query 79 .[1]-RRLAAMMAD.[2].PRAVWWD.[34]. PwmlmmvquAAWluAl/]vamu 181
18MU_A 125 .[1].ERIQVILOO.[2].ARMLLYQ. [ 37].STOLAYWIYISGTTGNEKGTMLEMKGISNLEVEFEN. [ 7] .ORIGQFA 230 Brevibacillus brevis
IMNQ_A 121 .[1].SRSDFILAD.[2].ASALIGE . [ 34]. AEDMAYWIYTSGTIGNPKGVPVRMANVLALLAGAPS . [ 7] .ORNLLEM 223 Streptomyces sp.
AZXH_A S67 .[1].ERLQNITED.[2].PKVILTQ.[32].FGDIAYWMYTSGSTGXPRGVRIGHPSTIINFLLSMND. [ 7]. TQLLAIT 667 Acinetcbacter baum...
Caa11794 2626 .[1].DRIAYMADO.[2].PALVITT . [48]). PRHPAYLIYISGSTGRPEAVVITHRENLTNYLFHCGR. [6] .GRSVMHS 2741 Amycolatopsis orie...
068007 1636 .[1].ERIQYLITD.[2].ADLLLTQ. [ 34].PGOLAYNIYTSGTTGNPRGVMVEHSNT THAHYTWRK . (8] . VNLLQLA 1739 Bacillus lichenifo...
Q7eLM7 1306 .[1].ERIAYIFAD.[2].AKLVLAQ. [ 34].PGOLVYWMYTSGSTOXPRGVMIEHGALLNVLHGNQD . [ 7] .DAFLLKT 1488 Brevibacillus para...
P398as 544 .[1].ERLSYMLKD.[2].ASLLLTQ.[24].GGSLAYNIYTSGSTEOPKGVAVEMRQAVSFLTGMQM. [ 7] .DIVMVKT 6486 Bacillus subtilis -
WP_012265835 92 .[1].ERLRYILOM.[2].IEILLTE.[S6]).PEOLMVILYTSGSTERPKGVMLNMEGYMNRLEWNQK . [ 7] .DRVAQRT 216 Microcystis aerugi...
NP_252017 $32 .[1].ERVRLLLED.[2].ARVVLVD. [ 34].PGOLAYNIY NAMQR. [ 7] .OVLLOKT 634 Pseudomonas aerugi. ..
Feature 2
query 182 P.[3).OTALEQILPTLY. [1].GARL LVR. [9].LRRVLYE. [2].VSVADLPPAYLRE. [11].SLRLLIVGG 256
18MU_A 231 S.[3].0ASVWEMFMALL . [1].GASL. [1].1TL.[9].FEQVINQG. [2]. ITVITLPPTYVWH.[ 7].SIQTLITAG 302 Brevibacillus brevis
3IMNQ_A 224 5.[3).OFSVWEIWGASS. [1).GAEL. [1).VLP.[9].YLAVIID. [2].VIVINQTPTAFLA. [13].GLRYVIFGG 301 Streptomyces sp.
A2XH_A 668 T.[3].DISTLELLIPLM. [1].G6VW, [1]).VCP.[9].LVOYLNA. [2]). INVLQATPATHIM. [ 9].AGLTALCGG 741 Acinetobacter baum, ..
caal1794 2742 S.[3).OLTITAMFTPLT.[1].G6TV.[1]).VGA.[3]).VIGAVDS. [2).SIFLKATPSHLRT.[ 9].VSGDLLLGG 2809 Amycolatopsis orie...
oesee7 174€ S.[3).OVFAGOLCRSLL.[1).GGTM. [2].IVP. [9].LYDMINK. [2) . IMMLESTPSLIIP. [13].SMKLLIMGS 1817 Bacillus lichenifo...
QroLM? 1409 T.[3).DISVAEIFGWVP.[2).6XLV.[1].LEP.[8].IWQAVVG. [2]). ITHINFVPSMLIP.[12].RLAYILALG 1485 Brevibacillus para...
Pl9sas 647 S.[3] . DASVWOQLFWWSL.[1].GASA. [1].LLP.[9].IVQAIMNQ. [2].VITAMF IPAMLNS. [14] . SLERVFAGG 725 Bacillus subtilis ...
WP_012265835 217 S.[3].DISVWEIFNTLM.[1].GATI.[1].PVK.[9].FAANIKK. [2]. INVMMEVPSLFGE.[13] .DLRNLIFSG 294 Microcystis serugi...
NP_252017 635 P[] .OVSVWELFWWSF . [1] . GARL.[1].LLP. [9].MLRSIQR. [2] . VIVIMFVPSMLTP. [16 ] .SLRLVFCSG 715 Pseudomonas aerugi...

Feature 2

WP_012265835 295
NP_252017 716

J.PMSFIQKW.[S].GLANLYGPTEAS. (2] . VIYHII.[11].IPIGKAL.[2].VYLKVLD.[11].GELWLGG 378 Microcystis aerugi...
J.APLQVARF . (8] . RLVNLYGPTEAT.[2].VSOHEC.[ 7] .VPIGRPI.[2].LALYVLD.[11].GELYIGG 795 Psevdomonas serugi...

query 257 E.[2).AADTVRLW.[8] . RLLNAYGPTEAT. [2].CLLHEV.{ 9].IPIGTPL.[2].TRVAIVD, [11].GELLVGG 338
1aM0_A 303 5.[2).SPSLVNKW.[4]). TYINAYGPTETT. (2] . ATTWVA.{ 8).VPIGAPT.[2]).TQIVIVD.[11].GELCIGG 379 Brevibacillus brevis
3IVNQ_a 302 E.[2).TAPMLRPW. (9] .RLVNGYGITETT. (2] . TTFEEI.[ 9).SIIGRAL.[2].FGTRVVG.[11].GELWLSG 384 Streptomyces sp.
A2XH_A 742 E.[2).OTELAEKL.[5] .CLWNVYGPTETT.[2].SSAART.[ S).IDLGEPL.[2).TQLYVLD.[11].GELWIGG B16 Acinetobacter baum. ..
CAAl11794 2810 E.[2).PVOTIVQW.[7] . VWWNEYGPTEAT. [2].CVEYRL.[11).VPIGTPL.[2].MRAFVLD.[11].GELYVSG 2892 Amycolatopsis orie...
068007 1818 O.[6).YKNLVERF . [4] . RIINSYGVTEAS.[2].SGYYEE. [10].TPIGKPL. [2].TAFYILD. [11].GELYIGG 1900 Bacillus lichenifo...
QraLM? 1486 €.[2).POELVPKV.[7].KLENIYGPTEAT. [2].ASRYSL.[ 8].VPIGKPL.[2].YRMYIIN.[11].GELCIAG 1565 Brevibacillus para...
P3984S 726 E.[2).APRTAARF.[7].SLINGYGPTEAT.[2].AAFYVL.[10].IPIGKPV. [2]. ARLYVLD. [11].GELYIAG 807 Bacillus subtilis ...
E.[2
E.[2

Feature 2

query 339 .(2).LAQGYHHRPOLTAERF.[ 7].RMYRTGOLASFI.[4].GSIAFHGRLOHQVKIR 395

1aMU_A 380 .[2).LARGYWKAPELTSQKF .[ 9] .XKLYKTGDQARKL . [2] .GNIEYLGRIONQVKIR 436 Brevibacillus brevis

IVNQ_A 385 . [2].LAEGYLRAPELTAEKF . [12]. RYYRTGOLVSEL . [2] .GRFAYEGRADLQIKLE 444 Streptomyces sp.

42XH_A 817 .[2].LAVOYWQRPELTDAQF . [10] . RLYRTGOKVCLR. [ 2] .GRLTMMGRLOFQVKIR 874 Acinetobacter baumannii ABO7-0294
CAA11794 2893 .[2].VARGYLGRAGLTASRE . [ 9].RMYRTGOLVRIN. [ 2].GQLVFAGRVOOQUKVR 2949 Amycolatopsis orientalis

068007 1901 . [2].TARGYLNKPELTKERF . [ 9] NMYKTGOLARKL . [2] .GNVEFLGRIDHQVKIR 1957 Bacillus licheniformis

Q7eLM? 1566 .[2].LARGYLNNPALTEEKF.[ 9] .RIVRATGDLARYR.[2].GNIEYLGRMOHQVKIR 1622 Brevibacillus parsbrevis

P39845 $08 .[2).VARGYLNRPALTEERF.[ 9] .RMYKTGOVARNL . (2] .GNVEFLGRTDOQVKIR 864 Bacillus subtilis subsp. subtilis ste. ...
WP_012265835 379 .[2].LALGYLKDPEKTAKAF.[11].YIYRTGOLVKEL. (2] .GTLEYHGRIDNMVKIR 437 Microcystis aeruginosa

NP_252017 796 .[2].VARGYLNRPELNAERF .[ 9] .RLYRTGOLARKL .[2].GNLEYLGRADOQVKIR 852 Pseudomonas seruginosa

Figure S 5: (A) Alignment of the amino acid sequence of the A-domain from the last module of SbnQ from S. indica
PHMO037 with the reference domains of the CDD search tool. The active-site residues are highlighted in yellow. The
residues just before the active site (red box) do not match the reference sequences in length. (B) Alignment of the
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amino acid sequence of the A-domain from the last module of SbnQ from M. gryphiswaldense with the reference
domains of the CDD search tool. The active-site residues are highlighted in yellow.

Table S 1: Putative secondary metabolites gene clusters present in the genome of Magnetospirillum gryphiswaldense

with locus tag and size.

Gene Clusters

Locus tags

Lasso peptide
Aryl polyene
Homoserine lactone

Trans-AT PKS

MSR-1_06390-06890
MSR-1_09890-10640
MSR-1_16040-16260
MSR-1_15520-15810

Table S 2: Annotation of the sesbanimide gene cluster in Magnetospirillum gryphiswaldense and comparison the
sesbanimide cluster in PHM037 and PHMO038

Accession number ~ of Cover/Pairwise | Corresponding gene
Putative function/ homologue | closest protein identity [%6] in PHMO037/ PHMO38
homologue

Orfl CoA transferase WP_024079852 100/100 -

Orf2 response regulator WP_024079854 100/100 -

orf3 response regulator  receiver CDK98834 100/100 i
modulated diguanylate cyclase

Orf4 Hpt domain-containing protein | WP_024079856 73.5/100 -

Oorf5 diguanylate cyclase WP_024079857 90.4/100 -

Orfe | amino acid ABC transporter | \yp 454079858 100/100 .
substrate-binding protein -

Orf7 response regulator WP_024079859 100/100 -

orfg | Syclic peptide export ABC |y 54070860 100/100 sbnL
transporter -

orfg | Syclic peptide export ABC |y 54070861 100/100 SbnM
transporter -

Orf10 | Band 7 protein CDK98845 100/100 SbnR

orfty | ABC transporter substrate- | \vp 054079867 100/100 sbns
binding protein -

Orfl2 | hypothetical protein WP_024079868 100/100 SbnT

Orf13 F[))rL(;ltZ_igS)? domain-containing |\ 54079869 94.7/100 SbnU
putative lysine-arginine-

Orfl4 | ornithine-binding periplasmic | CDK98850 100/100 -
protein

Orf1s | cation:dicarboxylase symporter |y 54076877 88.7/99.8 ;
family transporter -

Orfl6 | metallophosphoesterase WP_041633527 100/100 ShnC

spna | Acyltransterase - domain- |y 458497748 73.8/99.7 SbnA
containing protein =

SbnD | Fkbm family methyltransferase | WP 158497749 87.2/100 ShnD

ShnE | cytochrome P450 WP 024079879 100/100 ShnE

shn | Mydroxymethylglutaryl-CoA | /o 54079578 100/100 SbnF
synthase family protein -

SbnG | acyl carrier protein WP_024079877 100/100 SbnG

SbnH | decarboxylase WP_024079876 100/100 SbnH
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sbni | Enoyl-CoA hydratase/ | \yo 024079875 100/100 Sbnl
ISOomerase -

Shny | dsparagmne _synthase | \vo 024079874 100/100 SbnJ
(glutamine-hydrolyzing)

SbnK | acyl carrier protein WP 106002060 100/96.3 SbnK

sbnN | ACP WP_024079862 100/100 SbnN
S-malonyltransferase

spno | SPR ~ family  NAD(P)- | \yio 54070863 100/100 Sbno
dependent oxidoreductase

SbnP | monooxygenase QIXT77727 99.5/87.0 ShnP

sbnq | Non-ribosomal peptide | \vp 024079865 100/100 SbnQ
synthetase

SbnX | acyl-CoA dehydrogenase WP 024079853 100/100 SbhnX

Table S 3: Substrate specificities as predicted by the transATor tool and sorted according to E-value. The predictions
that fit the structure and biosynthesis proposal are highlighted in bold.

prediction e value score
Clade 95 various specificities 1.1E-179 590.7
Clade 109 completely reduced 1.0E-176 580.7
(st:<n%l) Clade 8 unusual starter (AMT/Succinate) 2.8E-217 714.5
Clade 136 B D-OH 2.8E-178 585.8
Clade 96 various specificies (mainly a-Me) 2.0E-177 583.2
Clade_64 non-elongating (double bonds (mostly z-configured)) | 9.1E-218 715.9
Clade 5 amino acids (oxa/thia) 2.9E-151 497.0
(st:<n%2) Clade 82 double bonds (mostly e-configured) 5.8E-151 495.9
Clade 115 B-keto or double bonds 7.8E-149 488.8
Clade 99 double bonds (e-configured) 4.4E-147 483.4
Clade 95 various specificities 2.1E-149 490.9
Clade 109 completely reduced 1.4E-141 464.9
(st:;SO?’) Clade 96 various specificies (mainly a-Me) 4.3E-166 545.8
Clade 12 vinylogous chain branching 2.5E-155 510.2
Clade 136 B D-OH 5.0E-153 502.6
Clade_7 3 D-OH 1.2E-207 683.1
Clade_110 3 D-OH or double bonds (e-configured) 8.7E-212 696.5
(st:f%“) Clade 140 B D-OH 902E-209 | 6867
Clade_137 pD-OH 8.9E-207 680.0
Clade_62 B D-OH (some with a L-Me) 1.6E-201 662.6
Clade_68 a L-OH/Me g D-OH 8.6E-174 571.1
Clade_104 R OMe or B Me double bond 8.4E-170 557.7
(S;;SOE; Clade_21 o Me reduced/keto/D-OH 2.5E-194 638.7
Clade_74 o Me reduced/keto/D-OH 7.3E-193 633.9
Clade_23 o-Me 5.9E-180 591.3
Clade_104 R OMe or R Me double bond 1.9E-177 582.9
(St:f]ff) Clade 86  o-L-Me red or OH 6.7E-169 | 554.9
Clade_14 exomethyl/exoester 9.3E-196 643.5
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Clade_2 a-Me shifted double bond or OH 3.6E-174 572.2
Clade_73 exomethylene 1.1E-169 557.3
Clade_35 oxidative rearrangement 4.7E-214 704.0
Clade_95 various specificities 9.4E-167 548.0
(st:;%?) Clade_25 completely reduced 8.3E-173 567.8
Clade_96 various specificies (mainly a-Me) 3.7E-172 565.8
Clade_136 f D-OH 8.9E-169 554.5
Clade_95 various specificities 2.6E-181 596.0
Clade_25 completely reduced 1.2E-201 662.9
(stﬁ; Clade 108 shifted double bonds 52E-191 | 627.9
Clade_96 various specificies (mainly a-Me) 9.3E-188 617.2
Clade_136 f D-OH 2.2E-173 569.7
Clade_25 completely reduced 9.4E-217 712.6
Clade_108 shifted double bonds 2.9E-204 671.6
(Stl)f%g) Clade_96 various specificies (mainly a-Me) 1.2E-190 626.7
Clade_11 shifted double bonds 6.5E-189 621.0
Clade_136 f D-OH 5.4E-185 607.9
Clade_82 double bonds (mostly e-configured) 1.5E-227 748.3
Clade_125  double bonds (e-configured) 6.4E-223 733.0
(ng%l)o Clade_129 double bonds (e-configured) 6.5E-213 700.1
Clade_101  double bonds 9.2E-213 699.5
Clade_99 double bonds (e-configured) 9.9E-213 699.7
Clade_76 non-elongating (double bonds) 1.7E-179 589.9
Clade_142 non-elongating (various) 2.7E-167 549.6
(ng%l)l Clade_101 double bonds 1.6E-162 534.0
Clade_90 B-keto or double bonds 4.1E-161 529.5
Clade_115 [-keto or double bonds 8.7E-160 524.9
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Table S 4: Putative open reading frames (ORFs) encoding polyketide synthases (PKSs), non-ribosomal peptide synthetases (NRPSs), or hybrid in PKS and NRPS gene
clusters from different magnetotactic bacteria. *indicates that genome assembly of these species is not complete, and the number of Open Reading Frames (ORFs)

might be variable in the final analysis.

Species

Magnetospirillum gryphiswaldense
Magnetospirillum magneticum
Magnetospira sp.

Magnetospira sp.

Magnetovibrio blakemorei *
Magnetospirillum sp.
Magnetofaba australis *
Magnetospirillum magnetotacticum *
Magnetospirillum sp. *
Magnetospirillum marisnigri *
Magnetospirillum sp. *
Magnetospirillum sp. *
Magneto-ovoid bacterium

Desulfovibrio magneticus
Desulfamplus magnetovallimortis *

Candidatus Magnetoglobus multicellularis str.*

Ectothiorhodospiraceae bacterium
Gamma Proteobacterium

Candidatus Magnetobacterium casensis *
Candidatus Magnetobacterium bavaricum *
Candidatus Magnetoovum chiemensis *

strain
MSR-1
AMB-1
QH-2
ME-1
MV-1
XM-1
IT-1
MS-1
SO-1
SP-1
mag 15-1
64-120
MO-1

RS-1
BW-1

Araruama

BW-2

SS-5

MYR-1

™-1
CS-04

Class
o

Q Q Q Q R Q R R Q R QR R

o On

Nitrospirae
Nitrospirae
Nitrospirae

PKS
0
1 T1PKS
0
1 T1PKS
0
1 T1PKS
1 T1PKS
1 T1PKS
1 T1PKS
1 T3PKS
1 T1PKS
0
0

0
2 T1PKS

1 T1PKS

T2PKS

0
0
1 T1PKS

NRPS
0
1 NRPS-like
1 NRPS
1 NRPS-like
0
1 NRPS-like
0
1 NRPS-like
1 NRPS-like
1 NRPS-like
1 NRPS-like
0

1 NRPS / 1 NRPS-like

1 NRPS-like
0

5 NRPS / 2 NRPS-like

1 NRPS-like
1 NRPS

1 NRPS-like
1 NRPS-like
1 NRPS

Hybrid

O O O OO O o o o o o

2 NRPS/T1PKS
2 NRPS/T1PKS

Trans-AT PKS
1 Trans-AT PKS
0
0
0
1 Trans-AT PKS
0
0
0
0
0
1 Trans-AT PKS
1 Trans-AT PKS
0

2 Trans-AT PKS like

1 Trans-AT PKS
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Table S 5: Strains, vectors and primers used in this study.

Strain or vector

Relevant characteristic (s)

Reference and/or source

Strains
E. coli

DH5a

WM3064

M. gryphiswaldense

Host for cloning; F* endA1 ginV44 thi-1
recAl relAl1 gyrA96 deoR nupG purB20
$80d/acZAM15 A(lacZYA-argF)U169,
hsdR17(r¢ mg*), A~

Conjugation strain; thrB1004 pro thi rpsL
hsdS lacZAM15 RP4-1360 A(araBAD)567
AdapA1341::[erm pir]

William Metcalf at UIUC

Wild type MSR-1 R3/51; Riff, SmF (2)
Atrans-at-pks Core-biosynthetic genes of trans-AT PKS This study
deletion strain
(MSR-1_15620-15650)
Pmampcas-trans-at-pks Strain with chromosomally inserted This study
Pmambcas promoter in front of MSR-
1_15600
Vectors
pORFM universal in-frame deletion/in-frame (3)
fusion vector for GalK-based
counterselection; npt galK tetR mobRK2
pORFM-Atrans-at-pks Vector for chromosomal deletion of core-  This study
biosynthetic genes of trans-AT PKS gene
cluster (MSR-1_15620-15650)
PORFM-Pmampcas-trans-at- Vector for insertion of a promoter This study

pks

1xPmamDC45-0RBS in front of MSR-
1_15600
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Primers

No. (RPA)

Primer name

Sequence 5’-3’

Site-specific chromosomal deletion/insertion by homologous recombination

595 F1_del_Trnpks-nrps gtcattactggatctatcaacaggagtcctgcagtaggatgagcatcgecgcetttectggg
596 R1_del_Trnpks-nrps gctggatcggttagcccgaggctttcatgeatggectecttege
597 F2_del_Trnpks-nrps ggaggccatgcatgaaagcectcgggctaaccgatccageataatatg
598 R2_del_Trnpks-nrps gecggeagcegtgaagctageatcactagtctagegcageaggtcatcgatggagegg
599 sq_Revl_Trnpks_nrps cccatacaggcggtcaaacag
600 sq_For2_Trnpks_nrps cgaggtggtgttcgtggtc
601 sq_Rev2_Trnpks_nrps ggcttttggcgatgatctgce
602 sq_For3_Trnpks_nrps accgctacatcatcgtcgac
937 F1 _Pro_in_PKS_NRPS caggaaagacttaagctgcagtagggceccgggtgatggtcgec
938 R1_Pro_in_PKS_NRPS gagaactaagagctagtaaagcgaaaaagtcttacttgtcttgtccggeg
939 F2_Pro_in_PKS_NRPS cgccatcgeccggacaagacaagtaagactttttegetttactagcetc
940 R2_Pro_in_PKS_NRPS ggtgctgacgagacgaagaacatgcatatgcetgatctectaagettege
941 F3_Pro_in_PKS_NRPS ccctgegaagcttaggagatcageatatgceatgttcttegtctegtcage
942 R3_Pro_in_PKS_NRPS ctctagactaaagcttatcgaattcctagccagaaccgtatagaacaattcg
943 Ck_barA_CT_R catgtcgttgccgtcaage
944 Ck_P_PKS_NRPS_F gaccttgtacgaatgctgec
945 Ck_P_PKS_NRPS_R cgcatcaattcgtggtccag
946 Ck_yojill_NT_F gcaccttggaaaatctcggce
484 sq_bk_pORFM_F gccactcatcgcagtctagce
485 sq_pORFM_bk_Rev tctgeggactggctttctac
(1) Hanahan D. 1983. Studies on transformation of Escherichia coli with plasmids. Journal of

Molecular Biology 166:557-580. doi:10.1016/s0022-2836(83)80284-8.

(2) Schultheiss D, Kube M, Schiiler D. 2004. Inactivation of the flagellin gene flaA in Magnetospirillum
gryphiswaldense results in nonmagnetotactic mutants lacking flagellar filaments. Appl Environ Microbiol
70:3624-3631. doi:10.1128/AEM.70.6.3624-3631.2004.

(3) Raschdorf O, Plitzko JM, Schiiler D, Miiller FD. 2014. A tailored galK counterselection system for
efficient markerless gene deletion and chromosomal tagging in Magnetospirillum gryphiswaldense. Appl

Environ Microbiol 80:4323-4330. doi:10.1128/AEM.00588-14.
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4.7 Abstract

Recent advances in genome

. . rfl&i'\-
sequencing have unveiled a large /A @‘m
/ \ —

discrepancy between the genome-

encoded capacity of R |
microorganisms to produce O
FTICR
secondary metabolites and the o -
number detected. In this work, a 72" ®
== ] ( '\.I I '
two-platform mass spectrometry K /4

analysis for the comprehensive

secondary metabolomics characterization of nine myxobacterial strains, focusing on extending the range
of detectable secondary metabolites by diversifying analytical methods and cultivation conditions, is
presented. Direct infusion measurements of crude extracts on a Fourier-Transform lon Cyclotron
Resonance mass spectrometer are compared to Time-Of-Flight device coupled to liquid chromatography
measurements. Both methods are successful in detecting known metabolites, whereas statistical analysis
of unknowns highlights their complementarity: Strikingly, 82-99% of molecular features detected with one
setup were not detectable with the other. Metabolite profile differences from our set of strains grown in
liquid culture versus their swarming colonies on agar plates were evaluated. The detection of up to 96%
more molecular features when both liquid and plate cultures were analyzed translates into increased
chances to identify new secondary metabolites. Discrimination between primary and secondary
metabolism in combination with GNPS molecular networking revealed strain Mx3 as particularly promising

for the isolation of novel secondary metabolites among the nine strains investigated in this study.

4.2 Introduction

The search for natural products from bacterial sources is experiencing a resurgence, as the need for novel
antimicrobial lead structures is becoming more urgent.!!3! Compared to well-studied microorganisms such
as streptomycetes and bacilli, myxobacteria represent an ubiquitous yet underexplored source of natural
products.[*”! Previously identified and isolated myxobacterial secondary metabolites exhibit a wide range
of biological activities as well as structural diversity.'"2% Many of the compounds isolated early on were

identified by activity-guided isolation, while genomics and metabolomics driven approaches have recently
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come into focus.**"*3! This is mainly caused by advances in sequencing technology, as well as in silico
annotation and prediction tools, that supplied an unprecedented amount of ready to use genomic data.**
%l These data revealed that the number of biosynthetic gene clusters (BGCs) encoding secondary
metabolites far exceeds the number of compounds characterized to date.*”*) Common approaches to
access these hidden secondary metabolites include the activation of underlying biosynthetic pathways.
This is approached by changing the cultivation conditions, introducing environmental challenges or by
genetically manipulating strains.[**22 While this relatively slow methodology has proven to be successful
for compound discovery, one often over-looked limiting factor for compound detection and identification
is the analytical setup applied during microbial extract analysis.

Common analytical approaches include liquid chromatography - mass spectrometry (LC-MS), gas
chromatography - MS (GC-MS) and matrix assisted laser desorption ionization - MS (MALDI-MS). LC-
coupled time of flight (TOF)-MS is among the most frequently used high-resolution analytical approaches
in bacterial secondary metabolomics. The main advantages of TOF-MS are its high dynamic range, high
sensitivity, high mass accuracy and easily established automation.!?>-%°! TOF mass spectrometers are also
well suited to be coupled to liquid chromatography due to their fast scan rates. This offers the advantage
to link mass signals with LC retention times that serve as an orthogonal identifier, which increases the
confidence of annotations and allows association of adducts based on peak congruence.’?28 Although
this is capable of detecting a wide range of microbial secondary metabolites, it has some inherent
limitations that need to be considered. The choice of eluents as well as column material types adds a
discriminatory effect that limits the detectable chemical space. An inadequate choice of the
chromatographic conditions can lead to the dilution of compounds in the LC gradient, rather than the
desired concentration due to chromatographic retention. To bypass these factors, mass spectra can also
be generated using direct infusion (DI) into the mass spectrometer. In order to use DI-MS as a profiling
tool, mass spectrometers need ultra-high resolution to differentiate between near-isobaric substances.?”!
A Fourier transform ion cyclotron (FTICR) MS offers ultra-high resolution as well as a low limit of detection
and high precision.’* Nevertheless, the ultra-high mass accuracy of the system requires a slower scan rate
than TOF instruments, which makes them less suitable for LC-MS hyphenation. Therefore, direct infusion
setups are a plausible choice for FTICR instruments. While DI-FTICR applications remain underrepresented
in bacterial secondary metabolomics, there are several applications in fields ranging from biomarker
identification to petroleomics already utilizing the strengths of DI-FTICR to rapidly and accurately analyze
complex mixtures.B¥3% A drawback of DI-MS applications is the higher prevalence of ion suppression
effects.l® Moreover, the injection of complex mixtures like bacterial extracts generates a dense ion cloud,

which may cause reduction in data quality due to so-called space-charge-effects. To minimize these effects
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in the FTICR cell, a spectral stitching method as developed by Southam et al. can be applied. Herein, the
quadrupole incorporated in the device is used as an ion filter for a specific m/z value range. The whole m/z
range can thus be divided into smaller segments, entering the FT-ICR cell one after another.”
Myxobacteria require complex cultivation media, which contain molecules with high ionization efficiency
including a variety of polar compounds and lipids. This may be one of the reasons why LC-TOF is commonly
employed as the analytical method of choice. The LC method separates all components across a polarity
gradient, resulting in reduced ion suppression effects.® Rich and complex liquid media, however differ
greatly from the ecological niche of myxobacteria which are soil living organisms. A practical approach to
cultivate myxobacteria under conditions that resemble their natural habitat is to grow myxobacteria on
agar plates. This has a big influence on their unique morphology, as they are only able to form their
characteristic fruiting bodies or show their characteristic swarming behavior when grown on solid
medium.®¥! Those changes in phenotype are accompanied by immense changes in the secondary
metabolite profiles.[*”!

This work aims at extending the detectable space of microbial secondary metabolites, using the
characterization of the metabolomes of nine different myxobacterial strains as an example. Furthermore,
the influence of different cultivation conditions on the metabolites produced is disclosed and the possible
impact of DI-FTICR as a hitherto non-standard analytical setup in bacterial secondary metabolomics
research evaluated. The production of known myxobacterial metabolites in two different cultivation
systems as well as their detection using DI-FTICR and LC-TOF platforms was investigated. All metabolites
detected were analyzed in a non-targeted metabolomics workflow. MS2 spectra in combination with
molecular networking were used to further investigate metabolites only detectable with one of the
analytical setups. The generated data is ultimately used to distinguish between the primary and the

secondary metabolome.

4.3 Results and Discussion

In order to extend the scope of detection for myxobacterial secondary metabolites, we generated a total
number of eight different analyses per strain (Figure 1). Each myxobacterial strain was cultivated in liquid
medium and on agar plates. Subsequently, the two extracts per strain were analyzed by LC-TOF and DI-
FTICR in positive and negative ionization mode. This cascade therefore allows comparison from four

perspectives: the ionization polarity, the analytical systems, the cultivation system and the metabolome
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of the different strains.
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Figure 1: General workflow (left side) and measurements conducted per strain (right side).

Targeted Metabolomics Comparison of the Two Cultivation and Analytical Approaches.

To assess the production of known compounds under the two cultivation conditions as well as their
detectability with the two analytical approaches, the recorded data were annotated using analytical details
from our in-house database, Myxobase. As most of these metabolites were formerly detected in positive
ionization mode, negative ionization data was excluded here. For annotations to be accepted as valid, a
mass accuracy window of 5 ppm was used and retention time deviations up to 0.2 min permitted. There
is no second dimension, such as retention time, for the DI-FTICR measurements, which increases the risk
of false positive annotations. To mitigate this risk, the detection of another member from its secondary
metabolite family was taken as proof that the strain really is capable of its production. Furthermore, hits
that were annotated in the LC-TOF measurements were considered as valid annotations. Most of the
strains studied here are new isolates and have therefore not been investigated in terms of secondary
metabolite richness. This explains why there are few annotations for most of the strains, making them
interesting subjects for screening approaches aimed at novel natural product discovery. Table 1 shows
secondary metabolites detectable in Mx1 extracts.***”! This strain is one of the best-characterized
myxobacterial strains and produces several natural product families comprising multiple family members,
demonstrated by the high number of 14 annotated features.*”? Additional evidence for correct
annotations was gained by antiSMASH annotations of the corresponding known biosynthetic gene clusters
(BGCs) to confirm the strains ability to produce the detected secondary metabolites. Detailed annotation
results for the targeted investigation for all other strains can be found in the SI.

When comparing the metabolic effects of the cultivation conditions on agar plate and in liquid medium
within the LC-TOF datasets, more than 75% of the known compounds produced with liquid cultivation

were also found in the extracts from plate cultures. Analyzing DI-FTICR data for differences between the
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two cultivation systems also shows that 8 out of 9 metabolites can be detected in plate extracts as well as
in liquid extracts. Myxovirescin A was only found in the liquid extract and DKxanthene-534 only in the plate
extract. Otherwise, all annotated compounds were found in both extracts. Therefore, the general picture
emerging from comparison of the two analytical approaches is that they can be regarded as similarly
capable to detect known myxobacterial compound classes.

When analyzing the individual members of secondary metabolite families, however, not all derivatives
found with the LC-TOF setting were detectable with DI-FTICR. Furthermore, major differences in the ion
types that are detected were observed. In the LC-TOF analyses [M+H]* represents the most abundant ion
type. [M+Na]* adducts were often detected and can be assigned to the other adducts by the
chromatographic peak profile. In the DI-FTICR measurements [M+Na]* and [M+K]" ions are the most
abundant ions, likely because the salts are not separated from the metabolites as it would happen during
an LC run. Frequently, [M+H]* cannot be found in the DI-FTICR analyses at all. Although this does not affect
conclusions from the measurements in principle, operators need to be aware of this in order to avoid false
annotations.

Generally, most annotations can be found for the combination of liquid cultivation and LC-TOF analysis,
showing that the standard cultivation and analytical setup is suitable for a broad range of metabolites. As
our in-house database strongly relies on input of natural products isolated after cultivation in liquid
medium and detected by LC-TOF, our analyte data collection is biased towards compounds detectable
with exactly this setup. In order to make a less biased statement on which setup leads to detection of the
largest share of secondary metabolites, including unknowns, anon-targeted metabolomics analysis was

conducted.
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Table 1: Known myxobacterial secondary metabolites detectable in Mx1 extracts by analysis with LC-TOF and DI-
FTICR. The ion types assigned by automated annotations were manually confirmed. Only hits with mass deviation
below 5 ppm and retention time deviation (if given) below 0.2 min were considered as valid

LC-TOF+Liquid LC-TOF+Plate DI-FTICR+Liquid DI-FTICR+Plate
A lon type A lon type A lon type A lon type ART
ppm ppm PpmM pPpm [min]
Myxovirescin A 3 [M+H]* 3 [M+H]* 0.7 [M+K]* 0.08
Myxovirescin B 2.7 [M+H]* 0.1
Myxovirescin C 2.6 (M- 0.6 (M- 2.3 [M+Na]* 3.3 [M+K]* 0.11
MeOH+H]* MeOH+H]*
Myxovirescin G 2.3 [M+H]* 2.6 [M+K]* 3.1 [M+Na]* | 0.04
Cittilin A 2.7 [M+H]* 0.02
DKxanthen-534 | 4 [M+H]* 0.7 [M+H]* 0 [M+Na]* | 0.04
Dkxanthen-544 3.5 [M+H]* 0
Dkxanthen-548 3.8 [M+H]* 0.4 [M+H]* 3.1 [M+K]* 0.5 [M+H]* 0.16
Dkxanthen-574 33 [M+H]* 0.1 [M+H]* 4.5 [M+H]* 4.8 [M+H]* 0.18
Dkxanthen-560 25 [M+2H]%* 1.5 [M+2H]%* 0.03
Myxalamid A 3.4 [M- 0.6 [M- 0.6 [M+Na]+ 0.7 [M+Na]+ | 0.06
H20+H]* H20+H]*
Myxalamid B 3.4 [M- 0.6 [M+H]* 2.9 [M+K]* 2 [M+Na]+ | 0.08
H2O+H]*
Myxalamid C 33 [M- 0.5 [M+H]* 0.08
H20+H]*
Myxochromid A3 | 1.4 [M+H]* 0.6 [M+H]* 0 [M+Na]+ 0.4 [M+Na]+ | 0.18
Myxovirescin A1 /éo j\/\[H o \H/
- Cittlin A HN
o i AN o HSN © ‘O <N DKxanthen-534 "

PN
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Non-targeted Comparison of the Two Cultivation and Analytical Approaches.

For non-targeted comparison of our measurements, the detected signals were grouped into molecular
features to collect different ion types belonging to one metabolite as a first data reduction step.
Subsequently, all molecular features from one analysis were compared to those measured in the same
ionization mode, either to compare the two cultivations or the two analytical approaches. In that way, the
percentage of features only present in one of the analyses (later on referred to as unique features) was
calculated.

In positive ionization mode between 53 and 93% plate unique molecular features (DI FTICR) were found.
In the liquid cultivation experiment, the percentage of unique molecular features is 42-87%. Cultivation
on plate therefore delivers more unique features that can be detected in positive mode than cultivation
in liquid (see Figure 2). The absolute amount of molecular features detectable in negative mode is
generally lower than in positive mode (Figure 2 and 3). In negative ionization mode, 22-62% plate-unique
and 21-72% liquid-unique molecular features (DI-FTICR) were found. Hence, there are more liquid unique
molecular features than plate unique molecular features detectable in negative mode. Comparing our
results of the DI-FTICR measurements to the results of the LC-TOF measurements, the percentage of
unique molecular features is higher in the latter. In positive ionization mode, 70-93% plate-unique
molecular features and 58-92% liquid-unique molecular features (LC-TOF) were observed. For
measurements conducted in negative mode, the percentage of unique features is in a similar range, giving
56-96% plate-unique molecular features and 48-96% liquid-unique molecular features (LC-TOF).

The absolute number of features detectable is highly strain dependent, also accounting for the percentage
of features uniquely found in one cultivation system (Figure 2). However, a trend that more positive than
negative ionizing substances are detectable in the plate extracts was noted (6 out of 9 strains with DI-
FTICR and 7 out of 9 with LC-TOF). Most importantly, our study shows that a minimum of 21% and a
maximum of 93% of information is lost when using a single cultivation system, as those features are
uniquely produced under one cultivation condition. Our results confirm that cultivation on a plate
significantly changes the metabolite profile. Although known secondary metabolites are detectable in both
cultivation systems, they only represent a small fraction of the metabolome. They are usually produced in
dominant amounts, which also triggered their isolation. The production of novel secondary metabolites
may be below the limit of detection in liquid cultures, but can be enhanced by a change in the cultivation
system. Plate cultivation should therefore be seen as an important complementary method for isolation
of new secondary metabolites rather than an occasional amendment to bacterial cultivation in liquid

medium.
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When comparing the two analytical setups to each other within the context of one cultivation system, in
positive mode we find an average of 88-94% LC-TOF unique molecular features in the plate extracts (see
Figure 3). With DI-FTICR we find 88-96% features that we cannot detect with the other method. Those
results highlight the comparably small overlap of the two systems, and at the same time reveal the
chemical space not captured, when solely using one of the analytical methods. Analysis of the liquid
extracts also shows low overlap of the two analytical systems, which is consistent with the results obtained
for the plate extracts. In the liquid extracts we detect 85-97% unique LC-TOF molecular features and 82-
98% unique DI-FTICR molecular features in positive mode. In negative mode, we find 86-99% unique LC-
TOF molecular features and 86-99% unique DI-FTICR molecular features for liquid cultivation. Plate
cultivation shows similar results, giving 92-98% unique LC-TOF molecular features and 86-98% unique DI-
FTICR molecular features. Our analysis therefore suggests that the analytical system chosen for the
detection of metabolites has a considerably larger influence on the observable metabolome than the

choice of cultivation system.

Neg DI-FTICR Pos

Srl
Pol
Sal
Cyl
Cy2
Mx2
Mx4
Mx3
Mx1

63%

57%

r T T T
1200 1000 800 600 400 200

Neg LC-TOF Pos

51% Sr1 %
69% Pol 70%

79% Sal
Cyl
Cy2
Mx2
Mx4
Mx3
Mx1

(=]

89%

©
=
E

Im
-
~
o
®
©
=1
&

©
b1
*
©
i)
zg]
4
£

|

[ Total number of liquid features
B Number of unique liquid features
B Total number of plate features
BB Number of unique plate features

©
B
i

96%

91%

T T
1200 1000 800 200 400 600 800 1000 1200

o

Figure 2: Features detected for the nine different myxobacterial strains comparing plate and liquid cultivation. Blue:
Liquid features, Red: Plate features. The percentage of unique features to one of the cultivation systems is marked
as dashes and shown at the respective end of the bar. Bars to the left represent molecular features detected in
negative mode and bars to the right features detected in positive mode.
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Figure 3: Features detected for the nine different myxobacterial strains comparing the two analytical systems. Blue:
LC-TOF features, Red: DI-FTICR features. Percentage of unique features to one of the analytical systems shown at the
respective end of a bar and marked as dashes. Bars to the left represent molecular features detected in negative
mode and bars to the right features in positive mode.

Nevertheless, as already shown for the targeted metabolomics analysis, the ion type detectable with DI-
FTICR may differ from the ion-type detectable with LC-TOF. This also has a large influence on the output
of a non-targeted analysis, as the detection of several ion-types is crucial for molecular feature generation.
Calculation of exact masses for LC-TOF analysis in MetaboScape is relatively reliable, as most of the times
several different ion types including the [M+H]*, are observed. During DI-FTICR measurements, however,
often only one ion type for each analyte was detected. The observed ion types in the DI-FTICR
measurements corresponded most often to [M+Na]* or [M+K]*, but without observation of the associated
[M+H]" ion, the software automatically assigned these features as the [M+H]*. This resulted in inaccurate
exact mass calculations for the compounds studied (see Scheme S1 in Sl).

In order to estimate the influence of this phenomenon on our non-targeted analysis, the minimum number
of specific features (number of features that are guaranteed unique to one instrument setup) was
calculated for strain Mx1 in addition to our original calculation. For each MS feature in the Mx1 DI-FTICR
experiment, we calculated the exact mass for all three most abundant ion types ([M+Na]*, [M+K]* and
[M+H]*) instead of just using the assumed ion type [M+H]*. This resulted in three exact mass results for

each individual detected metabolite. To calculate the overlap between the DI-FTICR measurements and
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the LC-TOF measurements, the list of exact masses from the LC-TOF experiments was then subtracted
from the list of exact masses in the DI-FTICR experiments. After subtraction, 53-74% of the observed
features in the DI-FTICR measurements did not have a corresponding LC-TOF exact mass match and
therefore are found to be uniquely detectable with one approach. Even though this number is lower than
the initial 88-90% features only detectable with one analytical approach for Mx1, this analysis confirms
that when considering mismatches during statistical analysis the number of unique features is still high.
This calculation likely underestimates the amount of unique features as the same feature could be
matched more than one time. We therefore consider our initial calculations as more suitable for a practical
assessment of analytical system complementarity. Moving beyond this minimum number of unique
features calculation, MS? fragmentation and subsequent GNPS-clustering was performed, which provides
extended molecular feature comparison.
MS?-clustering of DI-FTICR Unique Features.

To determine whether molecular features produced by the strain Mx1 uniquely found with DI FTICR really
constitute an extension of the detectable chemical space, 18 DI-FTICR unique molecular features found in
our prior analysis were fragmented. Their fragmentation pattern was compared to the fragmentation
pattern of all molecular features found for Mx1 in the LC-TOF analysis. None of these 18 molecular features

found uniquely with DI-FTICR clusters to molecular features found with LC-TOF (see Figure 4).
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Figure 4: Molecular network of Mx1 features detected with LC TOF (grey nodes) and eight of the most intense
features uniquely found with DI-FTICR (blue nodes). Known compound families produced by this strain marked in red
(Myxovirescins), yellow (DKxanthenes) and green (Myxalamides).
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This result suggests that substances we can detect exclusively with DI-FTICR are not simply derivatives of
compound families that can also be observed with LC-TOF. Therefore, DI-FTICR analysis of bacterial
extracts unlocks previously undetected metabolites. Final characterization of the chemical structures of
all molecular features found with DI-FTICR nevertheless could not be performed with our current setup,
as fragmentation is non-automated and only possible for a limited number of molecular features. Although
only a limited set of molecular features uniquely detectable by DI-FTICR were fragmented, MS? based
fragmentation pattern clustering of two of the DI-FTICR unique molecular features was observed. Such
substances are of special interest, since secondary metabolite families usually have several family
members.
Comparison of the Influence of the lonization Mode.

In previous studies, Nordstrom et al. have reported that they achieved a 90% increase in detected ion
species when per-forming ESI-MS analysis in both ionization modes instead of just using one mode in a
human serum extract analysis.*¥! We were therefore interested to assess whether the influence of the
ionization mode is comparably high for myxobacterial metabolite detection. Across all nine strains and
after subtraction of blank features, 17,295 molecular features were detected in positive and 13,359
molecular features in negative ionization mode. In positive ionization mode, more molecular features were
consistently detected (Figure 5). Only for the combination of LC-TOF and liquid cultivation are the number
of detected molecular features in the same range. This discrepancy is likely due to the variance in
efficiencies between positive and negative ionization for different compounds.*®°% |t seems likely that
due to their chemical structure, featuring many hydroxy, carbonyl and amine groups, a majority of
myxobacterial metabolites has a higher ionization efficiency in positive ionization mode. When comparing
positive and negative ionization between the two analytical setups, a difference in the mean m/z values
of the measured molecular features was observed. In the DI-FTICR experiments, the mean m/z of all
molecular features detected with positive ionization is about 20-30 % higher than the mean m/z of all
molecular features detected with negative ionization. For LC-TOF data, the opposite effect, with the mean

m/z of all features measured in negative mode being about 10 % higher, was observed.
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Figure 5: m/z distribution for negative (blue) and positive (red) ionization mode. Molecular features from all strains
were grouped according to the analytical setup and cultivation condition. Mean m/z value +/- standard deviation
indicated by the horizontal bars. Total number of features detected for each cultivation condition and analytical setup
combination, across all strains for positive and negative ionization measurements indicated below the scatter plot.

Characterization of the Unique Secondary Metabolome for each Myxobacterial Strain.
In order to cope with the large number of features in our analyses and to prioritize features for isolation
and structure elucidation, we devised a workflow to estimate which molecules stem from primary and
which from secondary metabolism. This distinction is of great importance when searching for antimicrobial
natural products, as secondary metabolites are often produced as a defense mechanism against
competitors. A large number of metabolites detectable in a metabolomics investigation, however stem
from primary metabolism. The presented workflow enables us to remove all features of primary
metabolism and focus on the unique strain metabolome facilitating the discovery of novel secondary
metabolites. As fully automated MS? fragmentation is only possible on the LC-TOF system and our previous
analysis showed that more myxobacterial metabolites ionize in positive mode, we only performed this
analysis for the data generated with positive LC-TOF data. All molecular features detected in one strains’

analysis were compared to all the features of the other strains. Each features found in at least one other
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strain is removed and the remaining features are submitted to MS? analysis and GNPS-based molecular
networking (Figure 6).°% By subtracting all molecular features that appear in several analyses, most of the
compounds belonging to the primary metabolism are removed, as these would appear in most of the
analyzed strains. We likely also remove frequently occurring secondary metabolites from the analysis.
Secondary metabolites appearing in several strains are, in principle, of lesser interest than a unique
molecular family, as the likelihood of discovering novel chemistry is decreased in these cases and
rediscovery of already described secondary metabolites is more frequent. Our workflow allows for the
calculation of a shared metabolome between two or more strains to cope with strains showing high
similarity on phylogenetic level and therefore are likely to also share biosynthetic gene clusters.’? This
may then be used to correlate features to BGCs based on their presence in two or more strains.

After removal of common molecular features from each strains analysis the average of 6662 features
detected per strain (combined plate and liquid) could be reduced by 94% to an average of 409 features
per strain. Remarkably, the amount of unique features per strain is very diverse. The strain with the lowest
amount of unique features is Mx2 showing 16 unique molecular features, whereas Mx3 also belonging to
the family of Myxococcaceae shows 1242 unique molecular features. After selectively targeting only these
molecular features for an MS? experiment and GNPS clustering, a molecular network of solely unique

molecular features across all strains was obtained.
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Figure 6: Prioritization workflow to cope with the large number of molecules deriving from primary metabolism.
Molecular features depicted are the average number of molecular features detected per strain. Molecular network
shown on right side derives from strain Srl. Nodes depicted in light purple derive from plate cultivation, dark purple
nodes from liquid cultivation and pink nodes can be found in both analyses.

Analyzing the molecular network of those features, 2/3 of the MS-clusters comprise features solely
produced by one strain. 1/3 of the MS-clusters contain mixed features from different strains, meaning that
the different strains produce variants of related natural product families. This finding is reflected at the
genetic level, as many strains contain BGCs of the same BGC family with less than 100% similarity.>¥! In

total, we find 81 MS clusters where all features are produced by a single strain. Interestingly, 35 MS-
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clusters thereof solely contain molecular features that are plate-unique molecular features. Thirteen MS-
clusters only contain molecular features that are just produced in liquid culture. For more than half of the
secondary metabolite families in our analysis the change of cultivation conditions therefore is an all-or-
nothing criterion. Under one condition a set of derivatives is produced, whereas under the other condition
the BGC remains inactive. Most of the unique secondary metabolites were detectable with both LC-TOF
and DI-FTICR (see Figure S15). The LC-TOF unique features furthermore are distributed over the MS-
clusters. Only one MS-cluster, consisting of two isomers with the same exact mass was uniquely detectable
with LC-TOF. This analysis therefore underlines in addition to the targeted analysis, that most of the

secondary metabolite families detectable with LC-TOF are also detectable with DI-FTICR.

4.4 Conclusion

In this work, we showed that both LC-TOF as well as DI-FTICR can be used to detect myxobacterial
secondary metabolites in a targeted metabolomics workflow. Certain derivatives of known metabolites
were only found when cultivating in liqguid medium and subsequently analyzing the corresponding extracts
with LC-TOF. Nevertheless, this analysis is severely biased, as secondary metabolites known so far and
used for the annotation are mainly found in LC-MS experiments. In the DI-FTICR setup [M+Na]* and [M+K]*
adducts are often the only observed ion-type, which should be kept in mind for further analysis and when
searching for and annotating specific metabolites. The non-targeted analysis of our data showed that the
two cultivation methods (agar plates and liquid culture) are complementary and 21-93% of the
myxobacterial metabolome cannot be detected when applying a single cultivation method. The amount
of information lost depends on the strain investigated as well as on the analytical setup employed. The
choice of the analytical system used for myxobacterial metabolomics has a bigger impact on the output of
the study than the cultivation system. 82-99% of molecular features are unique for one of the two
analytical systems that were compared in this study. MS? spectra of a subset of unique DI-FTICR features
furthermore confirmed that many features uniquely detectable in DI-FTICR measurements belong to a
different chemical space than the features detected in LC-TOF analyses. In general, positive ionization
mode allows the detection of more myxobacterial molecular features than negative ionization mode. A
difference in the mean m/z value detectable depending on the analytical setup used was observed, giving
a lower mean m/z value detectable with DI-FTICR than with LC-TOF. The immense amount of data created
from this metabolomics analysis requires further prioritization strategies to optimize secondary
metabolite identification. One suitable approach presented in this work is to exclude molecular features

found in more than one strain. This results in over 90% data reduction. Remaining molecular features can
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be further grouped with GNPS molecular networking. This whole workflow results — for the set of example
strains presented here - in a manageable amount of 14 unique MS-cluster families per strain that can be
readily followed up. Comparing the nine myxobacterial strains investigated, Mx3 showed the highest
potential for metabolomics-guided isolation and structure elucidation because of its high amount of
unique MS-clusters in addition to the few known natural products it produces.

In conclusion, this study underlines that besides the choice of cultivation, the analytical system influences
the results of any microbial secondary metabolome analysis. In targeted workflows, one well-chosen setup
may be considered sufficient to detect all metabolites of interest. In a non-targeted workflow however,
using at least two analytical setups as well as different cultivation conditions leads to an increase of the
metabolome coverage. The additional molecular features uncovered by complementary growth
conditions and analytical setups directly translate into increased chances for the discovery of new natural
products. Thus, we argue that the simplification of screening workflows should not come at the cost of
decreased metabolomics characterization, as this not only paints an incomplete picture of the bacterial

secondary metabolome complexity but also results in missed compelling target molecules.

4.5 Experimental Section

General experimental procedures
All materials, including the bacterial strains used for this analysis (as diverse set of representatives of
different myxobacterial families), bacterial cultivation media, fermentation protocols, related sample
preparation and experimental procedures are described in detail in the supporting information.

Cultivation and Sample Preparation
Myxobacterial strains were cultivated in liquid culture as well as on agar plates using CYH medium. All
cultivations were done in triplicate. Cells from the agar plate cultures were scraped off, and liquid cultures
were centrifuged to separate cells and supernatant, respectively. Prior to extraction with methanol, the
cell pellets were lyophilized. Blank samples were generated by lyophilizing and extracting the cultivation
medium treated in the same way as the bacterial fermentation cultures.

DI-FTICR and LC-TOF Analysis
All MS measurements were performed in duplicates. DI-FTICR measurements were performed using
positive as well as negative ionization on the Bruker SolariX XR 7T. Samples were diluted 1:200 with
methanol prior to measurements and the mass spectrometer was externally calibrated to a mass accuracy
below 1 ppm. The samples were injected with a pre-installed syringe pump at 2.0 pl min* flowrate. 110

scans were performed within 4 minutes accumulating for 150 ms. The total m/z range from 100-1500 was
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divided in eight segments that were later combined to a full spectrum. Collision RF Amplitude was
optimized for each segment. The data size was set to 4 M with a 2 s transient. LC-TOF measurements were
performed on a Dionex Ultimate 3000 SL system coupled to a Bruker maXis 4G UHRTOF. The mobile phase
consisted of (A) ddH,0 with 0.1% formic acid and (B) acetonitrile with 0.1% formic acid. For separation a
linear gradient from 5-95% B in A on a Waters Acquity BEH Cig column (100 x 2.1 mm, 1.7 um dp) was
used. The flow rate was set to 0.6 mL min™ and the column thermostated at 45 °C. Extracts were diluted
1:20 prior to measurements. The LC flow was split to 75 pL min™ before entering the mass spectrometer,
which was externally calibrated to a mass accuracy below 1 ppm. Mass spectra were acquired in centroid
mode ranging from 150-2500 m/z at a 2 Hz scan rate. Further details of the analytical setups are described
in the SI.
Statistical Analysis and Annotations
Statistical interpretation for targeted and non-targeted metabolomics analysis was carried out with
MetaboScape 4.0 (Bruker). The minimal intensity threshold for molecular feature detection was set to 1.5
x 10* for DI-LC-TOF data and 6 x 108 for DI-FTICR data. The maximum charge was set to three (positive and
negative) and the minimal group size for creating batch features to five. Known metabolites were
annotated using an in-house database containing myxobacterial secondary metabolites (Myxobase).
MS? Analysis and Molecular Networking

Scheduled precursor list -guided MS? spectra were generated on the LC-TOF system using the same
chromatographic conditions as for MS measure-ments. For enhanced spectra coverage, a specified
precursor list was used, containing only features originating from the bacteria.>¥ MS? spectra generated
on the FT-ICR system were recorded manually and parameters were optimized for each precursor ion. A
complete list of CID energies can be found in the SI. MS? data was uploaded to the global natural products
social molecular networking (GNPS) server at the University of California, San Diego. The clustered

dataset was visualized using Cytoscape 3.7.2.



Chapter 4 Expanding the Scope 167

4.6 References

[1] Baker, D. D.; Chu, M.; Oza, U.; Rajgarhia, V. Nat. Prod. Rep. 2007, 24, 1225-1244, DOI:
10.1039/b602241n.

[2] Bernardini, S.; Tiezzi, A.; Laghezza Masci, V.; Ovidi, E. Nat. Prod. Res. 2018, 32, 1926-1950, DOI:
10.1080/14786419.2017.1356838.

[3] U.S. Centers for Disease Control and Prevention. Antibiotic Resistance Threats in the United States,
2019.

[4] Bader, C. D.; Panter, F.; Miller, R. Biotechnol. Adv. 2020, 39, 107480, DOI:
10.1016/j.biotechadv.2019.107480.

[5] Wenzel, S. C.; Miiller, R. Myxobacteria - unique microbial secondary metabolite factories. In
Comprehensive Natural Products Chemistry Il, Vol 2: Structural Diversity Il - Secondary Metabolite
Sources, Evolution and Selected Molecular Structures; Moore, B.S., Ed.; Elsevier: Oxford, 2010; pp
189-222.

[6] Schaberle, T. F.; Lohr, F.; Schmitz, A.; Konig, G. M. Nat. Prod. Rep. 2014, 31, 953-972, DOI:
10.1039/c4np00011k.

[7] Herrmann, J.; Fayad, A. A.; Mdller, R. Nat. Prod. Rep. 2017, 34, 135-160, DOI: 10.1039/C6NP00106H.

[8] Dehhaghi, M.; Mohammadipanah, F.; Guillemin, G. J. Neurotoxicology 2018, 66, 195—-203, DOI:
10.1016/j.neuro.2018.02.017.

[9] Steinmetz, H.; Irschik, H.; Kunze, B.; Reichenbach, H.; Hofle, G.; Jansen, R. Chem. Eur. J. 2007, 13,
5822-5832, DOI: 10.1002/chem.200700269.

[10] Steinmetz, H.; Mohr, K. |.; Zander, W.; Jansen, R.; Gerth, K.; Miiller, R. J. Nat. Prod. 2012, 75, 1803—
1805, DOI: 10.1021/np300288b.

[11] Corre, C.; Challis, G. L. Exploiting Genomics for New Natural Product Discovery in Prokaryotes. In
Comprehensive Natural Products Chemistry I, Vol 2: Structural Diversity Il - Secondary Metabolite
Sources, Evolution and Selected Molecular Structures; Moore, B.S., Ed.; Elsevier: Oxford, 2010; pp
429-453.

[12] Adamek, M.; Spohn, M.; Stegmann, E.; Ziemert, N. Mining Bacterial Genomes for Secondary
Metabolite Gene Clusters. In Antibiotics: Methods and protocols / edited by Peter Sass; Sass, P., Ed.;
Springer protocols 1520; Humana Press: New York, 2017; pp 23-47.

[13] Bachmann, B. O.; van Lanen, S. G.; Baltz, R. H. J. Ind. Microbiol. Biotechnol. 2014, 41, 175-184, DOI:
10.1007/s10295-013-1389-9.



168 Section 4.6 References

[14] Blin, K.; Shaw, S.; Steinke, K.; Villebro, R.; Ziemert, N.; Lee, S. Y.; Medema, M. H.; Weber, T. Nucleic
Acids Res. 2019, W81-W87, DOI: 10.1093/nar/gkz310.

[15] Fraser, C. M.; Eisen, J. A.; Salzberg, S. L. Nature 2000, 406, 799-803.

[16] Fraser, C. M.; Eisen, J. A.; Nelson, K. E.; Paulsen, I. T.; Salzberg, S. L. J. Bacteriol. 2002, 184, 6403—
6405, DOI: 10.1128/JB.184.23.6403-6405.2002.

[17] Wenzel, S. C.; Mller, R. Curr. Opin. Drug Discov. Devel. 2009, 12, 220-230.

[18] Jensen, P. R.; Chavarria, K. L.; Fenical, W.; Moore, B. S.; Ziemert, N. J. Ind. Microbiol. Biotechnol.
2014, 41, 203-209, DOI: 10.1007/s10295-013-1353-8.

[19] Adnani, N.; Chevrette, M.; Adibhatla, S. N.; Zhang, F.; Yu, Q.; Braun, D. R.; Nelson, J.; Simpkins, S. W_;
McDonald, B. R.; Myers, C. L. et al. ACS Chem. Biol. 2017, 12, 3093-3102, DOI:
10.1021/acschembio.7b00688.

[20] Piddock, L. J. V. J Antimicrob Chemother 2015, 70, 2679-2680, DOI: 10.1093/jac/dkv175.

[21] Li, P. F.; Li, S. G.; Li, Z. F.; Zhao, L.; Wang, T.; Pan, H. W.; Liu, H.; Wu, Z. H.; Li, Y. Z. FEMS Microbiol.
Ecol. 2013, 85, 358-368, DOI: 10.1111/1574-6941.12125.

[22] Panter, F.; Krug, D.; Baumann, S.; Miiller, R. Chem. Sci. 2018, 9, 4898—-4908, DOI:
10.1039/C85C01325..

[23] Saito-Shida, S.; Hamasaka, T.; Nemoto, S.; Akiyama, H. Food chemistry 2018, 256, 140-148, DOI:
10.1016/j.foodchem.2018.02.123.

[24] Fels, H.; Dame, T.; Sachs, H.; Musshoff, F. Drug testing and analysis 2017, 9, 824-830, DOI:
10.1002/dta.2039.

[25] Boesl, U. Mass spectrometry reviews 2017, 36, 86—109, DOI: 10.1002/mas.21520.

[26] Kim, J.; Choi, J. N.; Kim, P.; Sok, D. E.; Nam, S. W.; Lee, C. H. J. Microbiol. Biotechnol. 2009, 19, 51-54,
DOI: 10.4014/jmb.0711.

[27] Yang, J. Y.; Sanchez, L. M.; Rath, C. M.; Xueting, L.; Boudreau, P. D.; Bruns, N.; Glukhov, E.; Wodtke,
A.; Felicio, R. de; Fenner, A. et al. J. Nat. Prod. 2013, 76, 1686—1699, DOI: 10.1021/np400413s.

[28] Hoffmann, T.; Krug, D.; Hittel, S.; Miiller, R. Anal. Chem. 2014, 86, 10780-10788, DOI:
10.1021/ac502805w.

[29] Sleighter, R. L.; Hatcher, P. G. J. Mass Spectrom. 2007, 42, 559-574, DOI: 10.1002/jms.1221.

[30] Brown, S. C.; Kruppa, G.; Dasseux, J.-L. Mass Spectrom. Rev. 2005, 24, 223-231, DOI:
10.1002/mas.20011.

[31] Sommella, E.; Conte, G. M.; Salviati, E.; Pepe, G.; Bertamino, A.; Ostacolo, C.; Sansone, F.; Prete, F.
D.; Aquino, R. P.; Campiglia, P. Molecules (Basel, Switzerland) 2018, 23, DOI:
10.3390/molecules23051152.



Chapter 4 Expanding the Scope 169

[32] Wu, Z.; Rodgers, R. P.; Marshall, A. G. J. Agric. Food Chem. 2004, 52, 5322-5328, DOI:
10.1021/jf049596q.

[33] Park, K. H.; Kim, M. S.; Baek, S. J.; Bae, I. H.; Seo, S.-W.; Kim, J.; Shin, Y. K.; Lee, Y.-M.; Kim, H. S. Plant
methods 2013, 9, 15, DOI: 10.1186/1746-4811-9-15.

[34] Witt, M.; Barsch, A.; Wolff, J.; Krug, D.; Hoffmann, T.; Miiller, R. Ultrafast Statistical Profiling of
Bacterial Metabolite Extracts, 2013.

[35] Fernandez-Lima, F. A.; Becker, C.; McKenna, A. M.; Rodgers, R. P.; Marshall, A. G.; Russell, D. H. Anal.
Chem. 2009, 81, 9941-9947, DOI: 10.1021/ac901594f.

[36] Annesley, T. M. Clin. Chem. 2003, 49, 1041-1044, DOI: 10.1373/49.7.1041.

[37] Southam, A. D.; Payne, T. G.; Cooper, H. J.; Arvanitis, T. N.; Viant, M. R. Anal. Chem. 2007, 79, 4595—
4602, DOI: 10.1021/ac062446p.

[38] Furey, A.; Moriarty, M.; Bane, V.; Kinsella, B.; Lehane, M. Talanta 2013, 115, 104-122, DOI:
10.1016/j.talanta.2013.03.048.

[39] Mufioz-Dorado, J.; Marcos-Torres, F. J.; Garcia-Bravo, E.; Moraleda-Mufioz, A.; Pérez, J. Front.
Microbiol. 2016, 7, 781, DOI: 10.3389/fmicb.2016.00781.

[40] Hoffmann, M.; Auerbach, D.; Panter, F.; Hoffmann, T.; Dorrestein, P. C.; Mdller, R. ACS Chem. Biol.
2018, 13, 273-280, DOI: 10.1021/acschembio.7b00816.

[41] Gerth, K.; Irschik, H.; Reichenbach, H.; Trowitzsch, W. J. Antibiot. 1982, 35, 1454—1459.

[42] Hug, J. J.; Dastbaz, J.; Adam, S.; Revermann, O.; Koehnke, J.; Krug, D.; Miiller, R. ACS Chem. Biol.
2020, 15, 2221-2231, DOI: 10.1021/acschembio.0c00430.

[43] Meiser, P.; Bode, H. B.; Miiller, R. Proc. Natl. Acad. Sci. U.S.A. 2006, 103, 19128-19133, DOI:
10.1073/pnas.0606039103.

[44] Gerth, K.; Jansen, R.; Reifenstahl, G.; Hofle, G.; Irschik, H.; Kunze, B.; Reichenbach, H.; Thierbach, G. J
Antibiot 1983, 36, 1150-1156, DOI: 10.7164/antibiotics.36.1150.

[45] Trowitzsch-Kienast, W.; Gerth, K.; Wray, V.; Reichenbach, H.; Hofle, G. Liebigs Ann. Chem. 1993,
1993, 1233-1237, DOI: 10.1002/jlac.1993199301200.

[46] Krug, D.; Garcia, R.; Miiller, R. Biospektrum 2020, 26, 32—36, DOI: 10.1007/s12268-020-1334-1.

[47] Krug, D.; Zurek, G.; Revermann, O.; Vos, M.; Velicer, G. J.; Miiller, R. Appl. Environ. Microbiol. 2008,
74, 3058-3068, DOI: 10.1128/AEM.02863-07.

[48] Nordstrom, A.; Want, E.; Northen, T.; Lehtid, J.; Siuzdak, G. Anal. Chem. 2008, 80, 421-429, DOI:
10.1021/ac701982e.

[49] Oss, M.; Kruve, A.; Herodes, K.; Leito, I. Anal. Chem. 2010, 82, 2865—-2872, DOI: 10.1021/ac902856t.



170 Section 4.6 References

[50] Huffman, B. A.; Poltash, M. L.; Hughey, C. A. Anal. Chem. 2012, 84, 99429950, DOI:
10.1021/ac302397b.

[51] Wang, M.; Carver, J. J.; Phelan, V. V.; Sanchez, L. M.; Garg, N.; Peng, Y.; Nguyen, D. D.; Watrous, J.;
Kapono, C. A.; Luzzatto-Knaan, T. et al. Nat. Biotechnol. 2016, 34, 828-837, DOI: 10.1038/nbt.3597.

[52] Hoffmann, T.; Krug, D.; Bozkurt, N.; Duddela, S.; Jansen, R.; Garcia, R.; Gerth, K.; Steinmetz, H.;
Mdiller, R. Nat. Commun. 2018, 9, 803, DOI: 10.1038/s41467-018-03184-1.

[53] Irschik, H.; Reichenbach, H.; Hofle, G.; Jansen, R. J Antibiot. 2007, 60, 733-738, DOI:
10.1038/ja.2007.95.

[54] Panter, F.; Krug, D.; Mller, R. ACS Chem. Biol. 2019, 14, 88-98, DOI: 10.1021/acschembio.8b00948.



Chapter 4 Expanding the Scope 171

Expanding the scope of detectable microbial
natural products by complementary analytical

methods and cultivation systems

Supporting Information

Chantal D. Bader®®”, Patrick A. Haack?®", Fabian Panther®, Daniel Krug and Rolf Miiller?!*

Previously published in: Journal of Natural Products 2021

DOI: 10.1021/acs.jnatprod.0c00942

[a] Department Microbial Natural Products, Helmholtz-Institute for Pharmaceutical Research Saarland (HIPS), Helmholtz Centre for Infection
Research (HZl), German Center for Infection Research (DZIF, Partnersite Hannover-Braunschweig) and Department of Pharmacy, Saarland
University Campus E8.1, 66123 Saarbriicken (Germany)

" These authors contributed equally. * Corresponding author.



172

Table of Contents

S$4.1 Extract generation, LC-MS data acquisition and GNPS-based secondary metabolite
clustering
S 4.1.1 Myxobacterial strains used for the analysis
S 4.1.2 Myxobacterial culture medium
S 4.1.3 Myxobacterial fermentation conditions
S 4.1.4 Metabolite extraction procedure for analytical scale extractions
S 4.1.5 Conditions of the analytical measurement
S 2.1.6 Methodology for statistical metabolome filtering
S 2.1.7 Spectral networking details for the acquired tandem MS data
$4.2 Segmented DI-FTICR method
$4.3 KNIME-workflow for feature comparison
S$ 4.3 Annotations of known secondary metabolites
$4.3 Minimum specific feature calculation
$4.3 Molecular networks of unique secondary metabolites

S 4.3 References



Chapter 4 Expanding the Scope 173

S 4.1 Extract generation, LC-/\S data acquisition and GNPS-based

secondary metabolite clustering

S 4.1.1 Myxobacterial strains used for the analysis

The following strains were chosen as a diverse set of representatives of different myxobacterial families.

In-house isolated non-published strains that are not fully classified yet are marked with *.

Table S 1: Myxobacterial strains used in this study

Strain ID in this study Family
Myxococcus xanthus DK1622 Mx1 Myxococcaceae
MCy11770* Cyl Myxococcaceae
Simulacricoccus ruber MCy10636 Mx2 Myxococcaceae
Pyxidicoccus sp. MCy10649 Cy2 Myxococcaceae
MSr10575* Sal Sandaracineae
Sorangium cellulosum SoCe 26 Pol Polyangiaceae
Myxococcus fulvus MCy9270 Mx3 Myxococcaceae
MSr11367* Srl Presumably member of novel family
MCy9487* Mx4 Myxococcaceae

S 4.1.2 Miyxobacterial culture medium

All cultivations (liquid and agar plates) were performed using CYH medium (see Table S2). For preparation
of agar plates 15 g/L agar (BD) was added to the liquid medium before autoclaving. All media were
prepared using deionized water and autoclaved at 121 °C, 2 bar for 20 min. Sterile-filtered Fe-EDTA and

sterile-filtered vitamin B, were added after autoclaving of the medium.
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Table S 2: Medium recipe of CYH medium.

Ingredient Supplier Amount [g/L] pH adjusted to
Bacto Casitone BD 1.5 7.3 (NaOH)
Yeast extract BD 15

Glucose Roth 1.0

Soybean meal Heusel 1.0

Soluble Starch Roth 4.0

CaCl2 x 2 H20 VWR Chemicals 1.0

MgS04 x 7 H20 Grussing 0.5

HEPES Roth 11.9 (50 mM)

S 4.1.3 Miyxobacterial fermentation conditions

Liquid cultures were grown in 300 mL shake flasks containing 100 mL of CYH medium and were inoculated
with 2 mL of pre culture. All strains were grown at 30 °C for 14 days on an Orbitron shaker at 160 rpm.
Plate cultures were grown on 25 mL agar plates at 30 °C for 14 days. Agar plates were inoculated with
100 pL of concentrated pre-culture and spread using a Drigalski spatula.

S 4.1.4 \Metabolite extraction procedure for analytical scale extractions

After centrifugation, the cells were extracted by adding 50 mL MeOH. They were then sonicated for 10 min
prior to shaking for 50 min at 180 rpm. The cells were separated from the extract by filtration. Afterwards,

the solvent was evaporated under reduced pressure and the extracts re-dissolved in 1 mL MeOH.
S 4.1.5 Conditions of the analytical measurements

DI-FTICR

Main parameters used for the measurements are described in the material and methods part of the
manuscript. Additional to that, the capillary voltage was set to -4500 V for positive ionization and -+4500
V for negative ionization. Dry gas was set to a flow rate of 4 L/min at 220 °C.

Calibration and performance evaluation of DI-FTICR measurements
Calibration was performed by injecting the LC/MS Calibration standard for ESI-TOF (Agilent). The
instrument was calibrated after switching from standby to operate mode each day prior to measurements.

Calibration files for the tune mix measurements were saved and used to evaluate the performance of the
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instrument during the period of measurements (see Table S3, Table S4, Figure S21 and Figure S2). For

measurement of the calibration files, 16 scans were performed accumulating for 200 ms with a total m/z

range from 150-1500. The data size was set to 1 M with a 0.7 s transient.

The average mass accuracy after calibration was calculated to be 0.25 ppm for the negative ionization

measurements and 0.38 ppm for the positive ionization measurements.

The resolving power across all measurements for the strain Mx1 was 2,758,378 — 35,217 across the range
of 150 — 1500 m/z. In comparison to the ginseng measurements of Park et al.? we reach a higher maximum
resolving power, which probably is caused by the lower m/z minimum chosen. The lower resolving power

in the higher m/z regions is caused by the lower magnetic field strength of 7T sustained by our FT-ICR

system.

Table S3: Results of the QC for DI-FTICR measurements in negative ionization mode.

Mass

Day (theoretical)
301.9981
301.9981
301.9981
601.9790
601.9790
601.9790
1033.9881
1033.9881
1033.9881
1333.9697
1333.9697

W N B W N R W N R W N R

1333.9697

Mass
(measured)
301.9981
301.9981
301.9981
601.9791
601.9791
601.9791
1033.9874
1033.9872
1033.9875
1333.9698
1333.9700
1333.9697

A Mass [Da]

0.0000
0.0000
0.0000
-0.0001
-0.0001
-0.0001
0.0007
0.0009
0.0006
-0.0001
-0.0004
0.0000

Mass
[ppm]
0.0000
0.0000
0.0000
0.1329
0.1827
0.1163
0.7060
0.9091
0.5996
0.0900
0.2699
0.0000

accuracy Resolving
power
156267
139390
157730
78260
74396
78887
44989
45656
44772
35532
36169
35528

Intensity
3715893504
3521025536
3221839104
9681099776
17996009472
11770544128
2448982272
3756234240
2798772992
2314893312
3455701760
2485162496
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Figure S1: Mass accuracy for the four components of the tune mix in the m/z range from 200-1500 on the three

days of measurements in negative ionization mode.
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Table S4: Results of the QC for DI-FTICR measurements in positive ionization mode.

Mass Mass Mass accuracy Resolving
Day (theoretical) (measured) A Mass[Da] [ppm] power
1 322.0481 322.0482 -0.0001 0.1553 397445
2 322.0481 322.0481 0.0000 0.0000 399417
3 322.0481 322.0481 0.0000 0.0000 399615
1 622.0290 622.0287 0.0003 0.4662 206119
2 622.0290 622.0290 -0.0001 0.1286 209357
3 622.0290 622.0291 -0.0001 0.1447 209939
1 922.0098 922.0091 0.0007 0.7267 141960
2 922.0098 922.0094 0.0004 0.4013 142304
3 922.0098 922.0094 0.0004 0.4772 140587
1 1221.9906 1221.9923 -0.0017 1.3584 107728
2 1221.9906 1221.9910 -0.0004 0.3028 107084
3 1221.9906 1221.9911 -0.0005 0.3683 108466
0.18
0.16
0.14 ] *
— 0.12 -
g- 4
a 0.10—_
> 0.08
§ . *
8 0.06
1 *
S 0.04- ¢ > N
0 1 *
% 0.02 ] * *
= 0.00 L 4
-0.02 +
-0.04 +
-0.06 T T T T
322.04812 622.02896 922.0098 1221.99064

Intensity
930811072
1289422848
1139737344
9647129600
7608689644
8804069352
6287506432
5230539776
6044235776
2381585920
2147749632
2680427264

Figure S2: Mass accuracy for the four components of the tune mix in the m/z range from 200-1500 on the three days
of measurements in positive ionization mode.
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LC-TOF

Main parameters used for the measurements are described in the material and methods part of the
manuscript. Additionally, the sample injection volume was 1 pL. Capillary voltage was set to +4000 V in
positive and +2500 V in negative ionization mode. Dry gas was set to a flow rate of 5 L/min at 200 °C. For
MS/MS measurements SPL tolerance parameters for precursor ion selection are set to 0.2 min and 0.05
m/z. CID energy is ramped from 35 eV for 500 m/z to 45 eV for 1000 m/z and 60 eV for 2000 m/z.

Due to the high dynamic range of TOF spectrometers the m/z scan range was set from 150-2500 which is
also the value used in our standard screening method. As we wanted to compare our standard method
and not a method optimized for this comparison, we kept the high m/z cut-off at 2500. To create accurate
mass spectra in the low m/z range, our TOF instruments would have to be retuned, which would results in
a lower mass accuracy in the higher m/z range. We therefore kept the standard cut-off at m/z 150 for the
TOF measurements. The FT-ICR, however, has a more limited dynamic range, wherefore we manually
evaluated the highest and lowest m/z value observable in our extracts for the DI-FTICR measurements in
one full scan. No ions with an m/z higher than 1500 or lower than m/z 100 was observed, wherefore we
chose these values as cut-off. The overlapping range of 150-1500 m/z was set as limits for the feature
finding algorithm, which was applied uniformly to all measurements. All calculations shown in the
manuscript were only performed for features in this scan range, which is shared between the two setups.
Any features lower than 150 and higher than 1500 would therefore not appear in any comparison and
would not influence the results.

Calibration and performance evaluation of LC-TOF measurements

The instrument was calibrated after switching from standby to operate mode each day prior to
measurements using sodium formate. All spectra were calibrated on the sodium formate cluster, which
was also injected in the beginning of each chromatographic run. Additionally, lock mass calibration was
applied. An in-house standard mixture was measured at regular intervals between each series of
measurements. This was used to evaluate the performance of the instrument during the period of
measurements. For the standard mixture, the same conditions as for the sample measurements were
used, except for the length of gradient, which was shortened from 18 minutes to 9 minutes. All LC
measurements were performed within a time period of 72 h. The average mass accuracy after calibration
was calculated to be 2.04 ppm for the negative ionization measurements and 1.48 ppm for the positive

ionization measurements.
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Table S5: Results of the QC for LC-TOF measurements in positive ionization mode.

Mass Mass Mass accuracy
Testmix # (theoretical) (measured) A Mass [Da] [ppm] AUC
1 279.0916 279.0912 -0.0004 1.3006 2433542
2 279.0916 279.0911 -0.0005 1.3799 2611725
3 279.0916 279.0910 -0.0006 1.2666 2513730
1 271.0323 271.0320 -0.0004 1.2633 1206557
2 271.0323 271.0318 -0.0006 1.5960 1211159
3 271.0323 271.0318 -0.0006 0.9677 1217103
1 285.0213 285.0209 -0.0004 1.6590 1058387
2 285.0213 285.0210 -0.0003 2.0809 1057026
3 285.0213 285.0209 -0.0004 1.0210 1067704
1 311.0814 311.0810 -0.0004 1.0383 2293771
2 311.0814 311.0811 -0.0003 1.6320 2493051
3 311.0814 311.0810 -0.0004 1.1269 2373666
1 278.1909 278.1904 -0.0004 2.0173 4870030
2 278.1909 278.1904 -0.0005 2.1178 4947451
3 278.1909 278.1903 -0.0006 1.4069 5016843
1 314.1392 314.1389 -0.0003 1.3598 1868371
2 314.1392 314.1389 -0.0004 2.0993 1774190
3 314.1392 314.1388 -0.0004 1.3497 1769561
0.25 +
EO.ZO — e *
g
5 . ¢
§ 0.15 . . .
0.10 ¢ .
0.05

T
271.0323 278.1909 279.

0916 285.0213 311.0814 314.1392

Figure S3: Mass accuracy for the six components of the in-house in positive ionization mode.

RT

2.81
2.82
2.82
2.82
2.83
2.83
3.22
3.23
3.22
4.05
4.05
4.05
4.98
4.99
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6.22
6.22
6.22
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Table S6: Results of the QC for LC-TOF measurements in negative ionization mode.

Mass Mass Mass accuracy
Testmix # (theoretical) (measured) A Mass [Da] [ppm] AUC RT
1 269.0167 269.0173 0.0006 2.0631 1402327 2.85
2 269.0167 269.0174 0.0007 2.0459 1667004 2.84
3 269.0167 269.0173 0.0006 1.2845 1735250 2.84
1 283.0057 283.0062 0.0006 2.6207 1387172 3.24
2 283.0057 283.0063 0.0006 2.1519 1521210 3.24
3 283.0057 283.0063 0.0007 1.8022 1687087 3.23
1 309.0658 309.0662 0.0004 2.2489 962758 4.07
2 309.0658 309.0663 0.0006 2.3286 1127675 4.06
3 309.0658 309.0663 0.0006 1.8022 1161140 4.06

0.3
L 2
g
*

= .

9 . :

= *

5 0.2

5}

s}

@© *»

17}

0

©

=

*
0.1 T T T
269.0167 283.0057 309.0658

Figure S4: Mass accuracy for the six components of the in-house in positive ionization mode.
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S 4.1.6 Methodology for statistical metabolome filtering

Feature definition

For statistical analysis all detected signals of the MS spectra were grouped into features. We used the TRex
feature finding algorithms build in into Bruker Metaboscape 4.0.1 build 594. For two-dimensional data
such as the DI measurements on the FTICR, TRex 2D was used while three-dimensional data such as the
LC-TOF datasets were processed using TRex 3D. Features were defined as, the difference between signal,
ion and feature as exemplified for a compound (Cpd X) showing an m/z at 331.28 and 313.28 Da (see Figure
S5). In general, without any data processing an MS spectrum only consists of different signals detected at
different m/z. During the ESI process different ions can be generated, for example the [M+H]* for Cpd X at
313.27 and [M+Na]* 331.28. Those ions can further be grouped to features by calculating the exact
difference between the different ions. Further proof for the cohesiveness of the different ions can be

obtained by comparing the peak progression of the ions, which correlate if the signals belong to the same

compound.
I

EIC 331.28 + 0.02

/,f“ \'x\ EIC 313.27 £ 0.02

152 156 16.0 16.4 Time [min]

Signals lons Feature
|| 313.27376 33128441 M +H] M + NaJ* M +H] M + NaJ*
M<—
+—>
315 325 335 miz 315 325 3355 miz 315 325 335 miz

Figure S5: Difference between signals, ions and features exemplified for m/z 331.28 and 313.27.

S 4.1.7 Spectral networking details for the acquired tandem MS data

Molecular networks were created using a parent mass tolerance of 0.05 Da and a fragment ion tolerance
of 0.1 Da. Cosine score of edges considered to network was set to 0.65 and the minimum matched

fragment peaks was set to 4.
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S 4.2 Segmented DI-FTICR method

As described in the material and methods part of the manuscript, for DI-FTICR measurements the mass
spectrum was divided into eight segments (see Figure S6), using the quadrupole of the system as a filter.
The collision RF Amplitude was optimized for each segment, resulting in 1000 Vpp for the segment from
150-200 m/z (1) and 800-1000 m/z (5), 1300 Vpp from 200-600 m/z (2,3) and 1000-1200 (6), 800 Vpp for
600-800 m/z (4) and 1800 Vpp for 1200-1500 (7,8). The spectra acquired in each segment were later
stitched together by the FTMS control software (Bruker) to obtain a full spectrum from 150-1500 m/z.
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Figure S6: Segments used for the DI-FTICR measurements.
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S 4.3 KNIME-workflow for feature comparison

Comparison of molecular feature content of the different analyses was done using SQL queries on an SQL
server after upload of molecular feature data including retention time (RT, for LC based analyses) exact
Mass (m), Intensity (I) and bucketing counts for feature presence in blank and sample analyses. Automated
iterations of these SQL queries were performed using the KNIME software framework. A detailed
description of the bucketing process is described in the discovery process of the fulvuthiacenes.? Manual
access to the SQL server for functionality control was realized with NaviCat v12.1.27. Tabulated feature
data containing the bucketing information is extracted from Metaboscape as a csv file. Automated SQL
server upload and SQL queries are realized in the KNIME software framework v4.0.2. All KNIME workflows
used in the comparison will be provided upon request.

KNIME comparison of the different MS based analyses is done as follows:

Upon upload, all features occurring in both blank and bacterial extract, which is indicated by a bucketing
count of non-zero among the blanks, are omitted from upload to remove all medium associated LC-MS
signals. Next, overlap of two different LC-MS based analyses is determined using grouping queries in SQL
with a retention time tolerance of 0.2 min and a mass tolerance of 0.02 Da. Overlap of two different DI-
MS based analyses is determined using a similar grouping query with a mass tolerance of 0.005 Da. The
overlap of LC-MS and DI-MS analyses is determined using a grouping query with a mass tolerance of 0.02
Da. Tables containing all grouped molecular features containing information about retention time (RT, for
LC based analyses) exact mass (m) and intensity (1) can be provided as csv files for each MS analysis under

each cultivation condition.
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S 4.4 Annotations of known secondary metabolites

All measurements were annotated with our in-house database Myxobase containing known myxobacterial
secondary metabolites. As the analytical data was mainly deposited for positive ionization, negative
ionization measurements were disregarded for this analysis. Compounds that were only detected with one
setup, were manually checked for other adduct ions of the same compound in the other setups. Only hits

with a mass deviation of less than 5 ppm and a retention time deviation of 0.2 min were considered

accurate.

Table S7: Known myxobacterial secondary metabolites, detected in the extracts used for this study.

LC-TOF+Liquid LC-TOF+Plate DI-FTICR+Liquid DI-FTICR+Plate
Mx122 Appm  ion type Appm ion type Appm ion type Appm ion type ART [min]
Dkxanthen-520 0,3 [M+H]* 0,06
Dkxanthen-548 1 [M+H]* 2 [M+H]* 0,15
Homospermidin

0,4 [M+H]* 2,3 [M+H]* 1,1 [M+Na]+ 0,05
Lipid 521
Phenalamid A1 1,9 [M+H]* 0,2 [M-H,0+H]* | 2,9 [M+Na]+ 1 [M+Na]+ 0,01
Phenalamid B 0,3 [M+H]* 2,6 [M+H]* 0,22
Melithiazol A 0 [M+Na]+ 0,4 [M+Na]+ 0 [M-MeOH+H]* | 0,6 [M+Na]+ 0,78
Melithiazol B 0,8 [M-MeOH+H]* 0,04
Cystobactamid A1 | 0,8 [M+H]* 0
Cystobactamid C 0,5 [M+H]* 0,05
Myxalamid B 1,2 [M+H]* 1,8 [M+Na]+ 0,22
Soraphen B2a 3 [M-H,0+H]* N/A
Soraphen C2a 2,1 [M-H,0+H]* | N/A

LC-TOF+Liquid LC-TOF+Plate DI-FTICR+Liquid DI-FTICR+Plate
SoCe26 Appm  ion type Appm ion type Appm ion type Appm ion type ART [min]
Soraphen A 0,1 [M-H,0+H]* | 0,6 [M-H,0+H]* | 0,4 [M+Nal+ 0,1 [M+Na]+ 0,01

(M-
Soraphen V/C 1,5 0,3 [M-H,0+H]* | 1,4 [M+Na]* 1,2 [M+K]* 0.01/0.15
2H,0+H]*

Soraphen F28 1,9 [M-H,0+H]* | O [M+NH4]* 2,9 [M+K]* 0,8 [M+Na]+ 0,07
Soraphen Aly/6 0,8 [M-H,0+H]* | 0,9 [M-H,0+H]* | 2,8 [M+Na]+ 2,4 [M+Na]+ 0,05
Jerangolid A 2,1 [M+Na]+ N/A
Jerangolid E 4,8 [M+NHg4]* N/A

LC-TOF+Liquid LC-TOF+Plate DI-FTICR+Liquid DI-FTICR+Plate
SbhSr044 Appm  ion type Appm ion type Appm ion type Appm ion type ART [min]
Ambruticin

0,9 [M-H,0+H]* N/A

Pre-S-OMe
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Ambruticin S 4,5 [M-H0+H]* 0,98
Ambruticin
2,6 [M+H]* N/A

VS-3 N-Oxid
Corallopyronin A2 0,7 [M-H,O+H]* 0,04
Salinimyxantin B 0,8 [M+H]* 1,8 [M+K]* 0,07

LC-TOF+Liquid LC-TOF+Plate DI-FTICR+Liquid DI-FTICR+Plate
Mx152 Appm  ion type Appm ion type Appm ion type Appm ion type ART [min]
Pyrrolnitrin 0,5 [M+H]* 0,6 [M+H]* 0,02
Myxothiazol A 0,2 [M-MeOH+H]* | 0,1 [M-MeOH+H]* 1,7 [M+Na]* 0,04
Myxothiazol A

0,7 [M+H]* 1,8 [M+H]* 3,2 [M+Na]* 0,3 [M+H]* 0,09
Methylester
Soraphen A 1,8 [M-2H,0+H]* N/A
Soraphen C2a 2,1 [M-H,0+H]* N/A

S 4.5 Minimum specific feature calculation

In order to evaluate the influence of ion types on our analyses, we performed a minimum specific feature
calculation. With this we attempted to determine the number of features that were guaranteed unique to

one instrument setup.

Myxovirescin A
DI-FTICR LC-TOF Output

{ measured assumed iontype calculated mass

regular calculation 646425 > (MsH]  » 64542208 comparison with LC-TOF data (1) ated mass no match specifc
623.429 for DI-FTICR

measured assumed ion type calculated mass

m/z !
minimum specific 646.429 » [M+H]* » 645.422Da \ 5
. comparison with LC-TOF data calculated mass ¢ match not specifi
+ pecific
feature calculation 646.429 —» [M+Na]* — > 623.440Da / 623 429 o OLETIOR
646.429 > [M+K]* > 607.466 Da .

Scheme S1: Minimum number of unique feature calculation for the comparison of LC-TOF and DI-FTICR in positive
ionization mode.

The features from the data sets Mx1_pos_liquid_LC, Mx1_pos_liquid_DI, Mx1_pos_plate LC and
Mx1_pos_plate DI were matched against each other (LC vs. DI for liquid and plate respectively) to find
common and setup specific features. The calculation was performed three times, under the assumption
that all ions are either [M+H]*, [M+K]* or [M+Na]*. The sum of all commons was then subtracted from the

total number of features to find the minimum number of specific features. (Table S8 and Scheme S1) This
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calculation assumes no overlap between ion types and therefore underestimates the true number of

instrument specific features.

Table S8: Results of the minimum number of unique feature calculation for the comparison of LC-TOF and DI-FTICR
in positive ionization mode.

[M+H]* [M+Na]* [M+K]* total

setup sum specifics specifics

total | common specific common specific common  specific

commons absolute relative

Liquid +

573 88 485 93 480 86 487 267 306 53%
LC-TOF
Liquid +

1135 127 1008 220 915 133 1002 480 655 58%
DI-FTICR
Plate +

755 75 680 96 659 27 728 198 557 74%
LC-TOF
Plate +

783 133 650 167 616 51 732 351 432 55%
DI-FTICR

S 4.6 Molecular networks of unique secondary metabolites

Molecular networks of secondary metabolites found to be uniquely produced by one of the myxobacterial

strains investigated in our analysis are listed in Figure S7-Figure S14. Self-loops (features without similar

fragmentation pattern to any of the other features) were excluded from our analysis. For Simulacricoccus

ruber MCy10636 no molecular network is shown as no features clustered to another.
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Figure S7: Molecular network of unique metabolites produced by strain MSr11367.
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Figure S8: Molecular network of unique metabolites produced by Myxococcus fulvus MCy9270.
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Figure S9: Molecular network of unique metabolites produced by Sorangium cellulosum SoCe 26.
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Figure S10: Molecular network of unique metabolites produced by Myxococcus xanthus DK1622.



Chapter 4 Expanding the Scope 189

Plate
@ Liquid
Both

Figure S11: Molecular network of unique metabolites produced by Pyxidicoccus sp. MCy10649.
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Figure S12: Molecular network of unique metabolites produced by MSr10575.
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Figure S13: Molecular network of unique metabolites produced by MSr11770.

@ Plate
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Figure S14: Molecular network of unique metabolites produced by MCy9487.

We furthermore were interested if there are any secondary metabolite clusters only detectable with LC-
TOF, which would indicate that specific chemistry is only detactable with this setup or if the LC-TOF unique
features are distributed among different secondary metabolite families. We therefore created a molecular
network of all strain unique metabolites and highlighted the LC-TOF unique features (see figure S15).
Interestingly, those features are distributed over the whole network. Most of the times we only find one
member of a secondary metabolite family that is only detectable with LC-TOF. Some of the bigger clusters
include more unique LC-TOF features, but for those big clusters there are always more features detectable
with both systems than unique features. There is only one cluster consisting of two nodes, which is only

detactable with LC-TOF. This cluster however consists of two features with the same exact mass, but
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different retention times, why they likely are just isomers.This analysis therefore underlines in addition to
the targeted analysis, that most of the secondary metabolite families detectable with LC-TOF are also

detectable with DI-FTICR.
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Figure $15: Molecular network of all strain unique metabolite with feautures only detectable with LC-TOF highlighted
in blue and features detectable with LC-TOF and DI-FTICR in grey.
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5. Discussion

The central theme of this thesis revolves around bacterial natural products and new strategies for
accessing the bacterial secondary metabolome. The potential of underexplored bacterial strains to
produce novel natural products (NP) was successfully exploited in chapters two and three of this work,
describing the isolation and characterization of the thiamyxins from a myxobacterium and sesbanimide R
from a magnetotactic bacterium. The third chapter is based on a “thinking outside of the standard
analytical toolbox” approach to demonstrate the inherent limitations of conventional metabolome mining.
Liquid chromatography - mass spectrometry with subsequent statistical data analysis, as well as genome
mining with in silico analysis of biosynthetic gene clusters played vital roles during this research. The
following chapter summarizes the broader impact of lessons learned in the individual projects by
highlighting the importance of investigating previously underexplored microbial strains, critically assessing
different cultivation conditions and analytical setups, and advocates for the usage of diverse

methodological approaches when searching for novel natural products.

5.1 The potential of underexplored bacteria as NP sources

The most well-known bacterial NP producers have been exploited almost to the point of depletion.
Actinomycetes, particularly Streptomyces, suffer from an extremely high rediscovery rate of already known
NPs, making it challenging to identify unprecedented NP families and not only new congeners of already
described NP classes.!* Rediscovery can be mitigated by robust dereplication efforts early in the screening
process and the likelihood of identifying new compounds can be increased by focusing on rare bacterial
taxa as phylogenetic distance was shown to correlate with chemical diversity.[>? It is thought that of all
bacterial species present on earth only a fraction has so far been cultivated under laboratory conditions
and, while not all of these uncultured taxa will have a high capacity to produce natural products, this
nevertheless highlights an immense potential still awaiting discovery.!**

A drawback of focusing on underexplored bacteria, is that there is often little experience in cultivating and
genetically manipulating these species and activating their full secondary metabolome under laboratory
conditions is therefore far from trivial.”’One promising strategy to overcome these issues is to repurpose

strains that were thus far only investigated for presenting particularly interesting phenotypes in
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microbiology studies and not for their NP production capacity. Since the handling of many of these strains
is already established in laboratories, most difficulties in their management are already known and
possibly eliminated, thus the work can focus on activating their biosynthetic machinery and characterizing
the correlating NPs. Myxobacteria were a prime example of such a group of microorganisms. Originally
studied for their interesting morphology and predatory behavior, researchers were able to leverage their
knowledge of cultivation and genetic manipulation. Today myxobacteria are established as prolific
producers of natural products. This is exemplified in this work by the Myxococcaceae strain MCy9487 of
the Myxococcus-Pyxidicoccus-Corallococcus clade, but of a yet unclassified genus, from which the antiviral
thiamyxins were isolated (see chapter 2). Another example of a taxonomically distinct strain that was a
source for novel chemistry is Sandaracinus sp. MSr10575 from which sandarazol, a rare myxobacterial
plasmid encoded cytotoxic natural product was recently isolated.!® Both of these examples highlight that
taxonomic diversity is key in identifying novel natural products, yet despite these efforts, the vast amount
of myxobacterial taxa yet remains uncultured and thereby unexplored.”# These findings have increased
the drive of the scientific community to realize the potential of myxobacteria and other microbial families
and strive towards utilizing them as sources of natural products. As highlighted by Challinor et al., these
sources include anaerobic bacteria, pathogens, and microbes with symbiotic life cycles.!? Isolated in 2010
from Clostridium cellolyticum, closthioamide was the first natural product to be isolated from obligate
anaerobic bacteria. It was only discovered after its biosynthesis was induced by adding aqueous soil extract
to the culture broth and it exhibits strong activity against methicillin-resistant Staphylococcus aureus and
vancomycin-resistant Enterococcus faecalis.!® The polyene enacyloxin Ila was first isolated in 1982 from
Frateuria sp. W-315 and later also connected to a hybrid NRPS—PKS gene cluster from Burkholderia
ambifaria. 1t exhibits activity against Gram-positive and Gram-negative pathogens such as Enterococcus
faecalis as well as Acinetobacter baumannii and exemplifies that pathogens themselves can be a source
for antibiotic natural products.[®*! An example of a natural product that was isolated from a symbiont is
tilivalline, which was first isolated in 1982 from Klebsiella oxytoca, a human gut commensal.['? It exhibits
cytotoxic activity and therefore can cause antibiotic associated hemorrhagic colitis (AAHC) when antibiotic
resistant K. oxytoca overgrows the healthy human gut microbiome as a result of antibiotic therapy.!*3 The
identification of tilivalline as a contributing factor to AAHC enabled the identification of salicylic and
acetylsalicylic acid as inhibitors of tilivalline production in liquid culture.* This might pave the way for
therapeutic applications of salicylic and acetylsalicylic acid as treatments for AAHC. Finally, the fascinating
tripartite symbiosis between attine ants, various fungi such as Basidionmycota of the order Agaricales and

filamentous actinobacteria of the genus Pseudonocardia is a remarkable example of an ecological system
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that could be exploited in the search for bioactive natural products. In this mutualistic relationship, the
ants tend “fungal gardens” and use the fungi to break down plant matter, which they then can use as a
food source.™ The Pseudonocardia spp. live in specialized anatomical compartments of the ants and
produce natural products that can protect the fungus from other predatory fungi.*®’ In 2009,
dentigerumycin was isolated from from Pseudonocardia spp., and was shown to have potent activity
against the parasitic fungus Escovopsis sp.*”! Prior to the study presented in chapter 3, magnetotactic
bacteria have been largely neglected with regards to their potential of NP production. Their model
organism Magnetospirillum gryphiswaldense, has been extensively studied for the intriguing ability to
form magnetosomes, its handling under laboratory conditions is well established, the toolkit for genetic
manipulation of the strain is available and in 2015 Araujo et al. demonstrated the potential of several
magnetotactic species to produce NPs.'¥! This enabled us to study its biosynthetic potential and

ultimately lead to the isolation of the cytotoxic sesbanimide R, the first NP isolated from a magnetotactic
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Figure 1: Chemical structures of selected natural products originating from neglected bacteria or underexplored
habitats. Tilivalline and dentigerumycin from the symbiotic Klebsiella oxytoca and Pseudonocardia spp respectively;
closthioamide from the anaerobic Clostridium cellolyticum; enacyloxin lla from the pathogenic Burkholderia ambifaria;
thiamyxin B from the myxobacterial strain MCy9487 isolated from our own university campus and sesbanimide R from
Magnetospirillum gryphiswaldense.
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bacterium. Furthermore, we were able to associate sesbanimide R to a biosynthetic gene cluster in the M.
gryphiswaldense genome, adding magnetotactic bacteria to the pool of potential NP sources. All of these
examples highlight, that not only underexplored families and genera, but also unique and underexplored

ecological niches should be considered as starting points for natural product research.

5.2 Environmental triggers induce the production of natural

products

Besides accessing bacteria that are challenging to culture under laboratory conditions, the investigation of
biosynthetic gene clusters that are considered “cryptic” holds great potential for discovering novel and
potentially bioactive NPs.?”) Genetic manipulation, as exemplified in chapter 3, and heterologous
expression can be considered as brute force strategies that compel the strain to produce specific products.
Although this has led to the discovery of several intriguing NPs, these interventions require availability of
the respective genome sequences and appropriate tools for manipulation. Furthermore they are often
associated with a loss in cell viability and in the case of heterologous expression the remaining uncertainty
if the obtained product is the true product of the full assembly line.?Y Therefore, alternative, less invasive
strategies are sought to persuade microbes to produce the desperately desired NPs, by utilizing triggers
that are suspected to be involved in enhancing production in the native environment. These strategies
may involve co-cultivation of the producing organism with other microbes, the addition of environmental
factors into the growth medium, or the modification of the media composition to mimic the natural
environment more closely.

Notable examples of this strategy include the isolation of myxarylin in 2021 from Pyxidicoccus fallax,
achieved by adding autoclaved Escherichia coli or yeast cultures to the growth medium.?? Another
instance is the discovery of the alkaloid aspergicin, which was obtained from the co-culture of two
mangrove epiphytic Aspergillus species, and shows activity against Gram-positive and Gram-negative
bacteria.?® Finally, the isolation of the previously highlighted closthioamide from Clostridium
cellulolyticum, was only made possible by inducing its production through the addition of aqueous soil
extract to the growth medium.®! These examples highlight the efficacy of environmental triggers in
uncovering previously unknown natural products. Especially for myxobacteria there is an opportunity for
comprehensive studies with robust statistical analysis to determine different conditions optimized for the
production of natural products. In the comparative study outlined in chapter 4 we demonstrated that even

a simple change in the growth medium, from liquid to solid, leads to a striking alteration in the metabolic
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profiles of the investigated strains. Liquid cultivation of bacteria offers many advantages in terms of
scalability, growth speed and ease of the extraction process, while plate cultivation better emulates the
natural habitat of myxobacteria, as they are predominately dwelling in soil, which enables the formation
of morphological phenotypes such as fruiting bodies that are absent in liquid cultivation. This approach
underscores the possibilities of harnessing the inherent capability of bacteria to adapt to their
surroundings to induce the production of natural products. Another application of environmental triggers
could be to analyze the production of sesbanimide R while cultivating M. gryphiswaldense under the
influence of different magnetic fields, as we already observed a difference in magnetic response between
the wildtype strain and deletion mutants.

In summary, to maximize the access to the genomic potential of microbes, a combination of targeted
activation through genetic manipulation, as described in chapter 3 for sesbanimide R, and induction

through environmental triggers as an untargeted approach should be considered.

5.3 Leveraging methodical diversity to access the bacterial

secondary metabolome

The quest for novel bioactive natural products begins with the search for a suitable source, the microbial
strain, and culminates in the isolation of the desired natural product, usually from a complex matrix. Every
step of this journey significantly impacts the detectability and subsequent isolation of the target
compounds. The selection of the microbial strain and the optimization of its cultivation conditions form
the foundation of this endeavor, while each subsequent step adds a discriminatory layer. (Figure 2 and 3)
In the following paragraphs, the impact of different extraction methods, chromatography systems and

mass spectrometers along with their ion sources, are discussed in the context of natural products research.

5.3.1 The first step: Extraction

During the cultivation of potential NP producers, adsorber resin is often added to the culture broth to
capture natural products that are excreted by the cells. Subsequent solvent extraction is commonly
employed to elute any produced NPs, primary metabolites, and media components from the resin. The
choice of solvent and adsorber resin significantly influences the selectivity of the extraction, as the polarity
of the solvent largely determines the compounds that can be bound and extracted. The purification of
sesbanimide R (chapter 3) for example, was greatly enhanced by a liquid-liquid partition step following the

initial methanolic extraction. Liquid-liquid partitioning is one of the only separation methods which does
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not reduce the total number of analytes, which makes it a useful addition to almost any purification
workflow. Partitioning the extract between hexane, ethyl-acetate and water resulted in the collection of
sesbanimide R in the aqueous layer. This could subsequently be dried and resuspended in methanol to
obtain an extract that was already sufficiently pure enough for semi-preparative HPLC separation without
the need for additional pre-purification steps. In the identification and isolation of the thiamyxins, a
standard methanolic extraction was employed due to the, at this time, unknown chemistry of the target
compounds and the inclusion of an additional solvent such as chloroform might have increased the
extraction yield or enabled the identification of more members of the compound family. The following
examples further highlight diverse extraction methods that can improve the coverage of bacterial
metabolomes:

For some compounds a classical solvent extraction is highly inefficient, as exemplified by the discovery of
chloroxanthic acid A, which was isolated from Myxococcus xanthus DK1622. Due to the low concentration
of this compound in conventional extracts, it could only be obtained in sufficient amounts for structure
elucidation by enrichment via super-critical-fluid-extraction (SFE).[?*! SFE commonly employs supercritical
CO; as a solvent, benefitting from its excellent matrix penetration and compound solvation, therefore
combining the advantages of gases and liquids. Furthermore, SFE is considered a green extraction method,
as it eliminates the need for organic solvents, which are burdensome to dispose of.1?>2% Other extraction
methods that minimize solvent usage include pressurized liquid extraction and microwave assisted
extraction (MAE). By using microwaves to rapidly heat the sample, both solvent consumption and
extraction time can be reduced.’?”? Chen et al. recently used an optimized MAE protocol to extract several
bioactive terpenoids from lotus plumule.l?® Further factors that impact extraction efficiency include the
surface area of the extraction matrix (for solid extraction), the miscibility of the solvent and growth
medium (for liquid-liquid extraction), the solvent-to-solute ratio, extraction temperature and extraction
duration.?®! Considering these factors, it is of vital importance to tailor the extraction process according
to specific goals. For compound screening approaches, it might be advisable to use several extraction
methods to cover a chemical space as wide as possible, while for isolation purposes of a specific compound
class with known physico-chemical properties a highly selective extraction method is desired to simplify

subsequent purification steps.

5.3.2 The effect of different separation techniques

The chromatographic separation of bacterial extracts plays a crucial role in natural products discovery for
several reasons:?% In screening studies, analytical-scale separation is employed to obtain a comprehensive

overview of the secondary metabolome of the source organisms, as extensively demonstrated in chapter
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4. Information about the retention time of compounds can be used as an identifier for library matching
and early dereplication of target compounds, which is essential to avoid rediscovery. Conversely, to obtain
the amount of pure compound necessary for structure elucidation and biological evaluation, various
methods of preparative and semi-preparative scale separation can be applied. For natural products, a
commonly used chromatographic separation principle is high-performance liquid chromatography (HPLC),
which serves as an essential part of each chapter of this thesis, as it is highly flexible and does not require
complex sample preparation.®! HPLC utilizes a small particle size of 2-50 um with pore sizes typically
between 8 and 12 nm. This results in superior resolving power when compared to flash
chromatography.? There are a multitude of different stationary and mobile phases that can be selected
based on the properties of the analytes and the requirements of the study. One of the oldest forms of
liguid chromatography is normal phase chromatography (NPC), which employs a polar stationary phase
(e.g. silica), an apolar mobile phase (e.g. hexane), and mostly relies on hydrogen-bonding and dipole
interaction of the analyte with the stationary phase.3334 More commonly used in current HPLC
applications, is reverse phase chromatography (RPC). RPC employs an apolar stationary phase (e.g. Cis
chains fused to silica) and a polar or moderately polar mobile phase (methanol or acetonitrile mixed with
water). The analytes are separated based on the strength of their hydrophobic interaction with the
stationary phase.> RPC often uses gradient elution to decrease the polarity of the mobile phase over the
course of a run. Most biological small molecules have a good solubility in aqueous solvents (since
cytoplasm is also aqueous) and RPC setups can be easily coupled to mass spectrometers which are
commonly used in analytical and preparative workflows.?® These advantages make RPC the most
commonly used HPLC method in natural products research and RPC coupled with mass spectrometry (MS)
also served as the key method for the screening and isolation workflows described in chapters 2, 3 and 4
of this work. However, relying solely on one type of separation principle also bears the risk of overlooking
potential target compounds. Molecules might co-elute with other compounds that overload the detector,
they could be insoluble in the mobile phase, or they might even permanently adhere to the stationary
phase and be missed completely. When screening new strains for potential targets for isolation, it is
therefore advisable to employ at least two orthogonal separation principles when analyzing the crude
extract.

As described in the recent review by Branddo et al. two LC systems can also be coupled in one setup to
achieve a comprehensive separation.B”! Although this technique has some limitations, such as maintaining
the resolution that was obtained in the first separation during the second separation, it has been

successfully applied to analyze several complex extracts in untargeted analysis: For instance, the bioactive
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components of hops were analyzed by coupling RPC with RPC using a shifted gradient in the second
dimension.® Metabolic profiling of Glycyrrhiza glabra using a RPC x RPC setup with a microbore cyano
column and a superficially porous octadecylsilica column enabled the detection of 120 compounds and
the tentative identification of 37 of them.®® In another study, Schisandra chinensis, which is used in
traditional Chinese medicine, was investigated for bioactive components by coupling an immobilized
liposome column with a silica monolithic column.®%

Additional types of LC separation mechanisms, that can be used to (pre-)separate the complex crude
extract fractions of microbial culture broths, include ion exchange, size exclusion and affinity
chromatography. lon exchange chromatography is based on the interaction of ions in the sample with
stationary charges on the solid phase. lons of opposite charge are retained on the column, while ions of
the same charge are eluted with the solvent. While this type of separation is typically not practicable for
the screening of crude extracts due to its binary nature, in a recent study, a cation exchange adsorber resin
has shown beneficial for enhancing the isolation of several novel darobactin derivatives.*! Size exclusion
chromatography (SEC) separates analytes based on their physical size and shape. The column contains
porous particles that allow small molecules to penetrate deeper into the pores, while larger molecules
show less interactions and elute faster. As this is a low-resolution separation, it is primarily used as a pre-
purification step or for isolating compound mixtures such as flavonoids from bamboo leaves.*?! During the
purification of sesbanimide R, a pre-purification step using size exclusion chromatography could have
potentially increased the efficiency of the isolation procedure. However, as sesbanimide R was observed
to degrade under prolonged exposure to oxygen and light, the long duration of an SEC pre-purification
made it unsuitable. Finally, affinity chromatography employs ligands attached to the stationary phase that
can form covalent bonds with certain target molecules, while other molecules do not interact with them.
The target molecules can then be eluted by using a wash buffer that disrupts the covalent bonds. In this
case only knowledge of the binding property of the target analytes is required, while other factors such as
size or polarity play only a minimal role. For these reasons, this technique is frequently used in nucleic acid
and protein purification.!*3! Recently, affinity chromatography has also been applied in natural products
screening efforts, for example by loading crude extract onto a bio-affinity column containing immobilized
target molecules. These molecules can capture affinity binders from the extract, which are subsequently
eluted for further analysis.** One of the major findings of the study described in chapter 4, was that we
were able to detect a significant number of analytes only with the direct infusion setup, compared to the
RPC setup. It stands to reason that the chromatographic separation significantly influenced the detectable

analytical space of the extracts. However, in order to isolate sufficient amounts of a target mass only



Chapter 5 Discussion 201

detected with direct infusion some sort of scalable separation is required. One possible approach could be
to compare the measurable spectrum of several different separation principles and find a method that
does not discriminate against the desired target.

Although the methods described above are commonly used for specific purification purposes, they can
also be useful for the analysis of bacterial crude extracts. Since crude extracts usually are highly complex,
separating them into fractions prior to the initial screening can facilitate the detection of smaller amounts
of each analyte. In activity-based assays, basic fractionation at an early stage can also reveal activities that
might otherwise be overshadowed by more dominant effects. Furthermore, once a target compound has
been identified for purification, it is advisable to use an orthogonal separation method for pre-purification
(e.g. preparative size exclusion chromatography) in order to increase the efficiency of the final purification
(e.g. semi-preparative reverse phase chromatography). In the isolation of sesbanimide R (chapter 3) and
the thiamyxins (chapter 2), a high degree of purity was already achieved after respective liquid-liquid
partitioning protocols, eliminating the need for additional pre-purification steps.

In summary, as with extraction methods, it is of the utmost importance to tailor the separation process to
the aim of the study: general screening studies for example, require highly flexible methods that can
separate a broad spectrum of compounds. Here a combination of RP-HPLC and SEC HPLC can be used to
vastly increase the physico-chemical space covered, as their separation principles are based on polarity
and compound size respectively, which significantly reduces the likelihood that a whole class of
compounds remains completely undetected. On the other hand, when a specific compound or NP-class is
targeted, highly discriminatory methods such as affinity chromatography become much more valuable, as
they can drastically reduce the number of purification steps required to obtain a pure compound. For these
reasons a clear idea of what each study is trying to achieve, and knowledge of the limitations and biases

of each method are essential to any separation workflow.
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Figure 2: Schematic representation of the first part of a compound identification workflow (microbe = cultivation
- extraction = separation) indicating the loss of metabolic information introduced by each step.

5.3.3 lonization - the gateway to mass spectrometry

To gain knowledge of the components of a crude extract, they need to be detected using appropriate
analytical techniques. Most HPLC setups accomplish this using diode-array-detectors (DAD), which rely on
the absorption of analytes in the visible and ultraviolet spectrum.**! While these detectors are inexpensive
and robust, their sensitivity is highly compound dependent, and they are limited in the separation of
spectra from coeluting NPs. Therefore, mass spectrometry (MS), which offers enhanced specificity
compared to DADs and provides information on the molecular weight of the analytes, has emerged as an
invaluable tool for the analysis of complex extracts./*®! Mass spectrometers are mainly used in tandem with
DADs, as the information provided by each detector is complementary. Depending on the ionization mode,
mass spectrometers are easily coupled to an HPLC flow, but can also be used via direct infusion (DI)

(chapter 4). The principles and challenges of these systems are discussed in the following section.
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The most limiting part of a mass spectrometric analysis is converting analytes into gas-phase ions, as this
step determines which analytes can reach the mass analyzer ultimately leading to their detection. For the
analysis of complex mixtures such as myxobacterial extracts, a high degree of source-fragmentation as
resulting from so called hard ionization techniques such as electron ionization (El) is usually undesirable
as it complicates the assignment of the fragments to their parent molecules. Natural products, in
particular, are not well suited for El as most NPs are thermally unstable or not volatile, making them
incompatible with the source conditions required for EI.[*”! Therefore, soft ionization techniques are
preferred for the analysis of natural products. These techniques, such as electrospray ionization (ESI),
atmospheric pressure chemical ionization (APCI), and matrix assisted laser desorption ionization (MALDI)
operate under milder conditions, avoiding extensive in-source fragmentation and thermal degradation of
the analytes.[*8!

ESI is a particularly popular ionization technique as it is well suited for coupling to liquid chromatography
which is prevalent in NP research. ESI also enables the generation of multiply charged molecules thereby
dramatically extending the mass range capability of the mass spectrometer. This was already observed for
the thiamyxins in chapter 2, which were measured with two charges and becomes even more important
for larger molecules such as peptides or proteins, for which ESI has become the most commonly applied
ionization technique for this reason.*? Within the scope of this work, ESI has proven to be an incredibly
versatile ionization technique and was employed as the sole ionization method in both analytical setups
(direct infusion FT-ICR and LC-TOF) used in the comparison study in chapter 4. One drawback of ESI is the
occurrence of so-called ion suppression.® Due to the limited number of protons available for ionization
within each droplet, analytes that ionize well tend to receive more protons compared to others. As a result,
their true quantities are not accurately represented by their intensities in the resulting mass spectrum.
This limitation makes ESI unsuitable for quantitative analysis, and during screening workflows, it can lead
to “missing” detection of a molecule, because it co-elutes with a particularly well ionizing analyte. This
likely also was a major limiting factor of the study in chapter 4, as ion suppression affects direct infusion
setups to a larger degree than liquid chromatography coupled setups. In this study, no specific steps were
implemented to reduce ion suppression, although the inclusion of a desalting step during sample
preparation could be considered. Introducing an additional step would, however, prolong the total time
required per sample, thereby compromising one of the benefits associated with using a direct infusion
setup. Additionally, given the comparisons we already made regarding growth conditions, separation,
ionization polarity, and mass detectors, introducing different ionization sources as a fourth parameter was

not considered. Future studies should explore the expansion of the detectable metabolome by employing
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other ionization techniques such as APCI, which suffers less from ion suppression effects and can access a
different chemical space.*%?

Another technique called matrix-assisted laser desorption ionization (MALDI)3! utilizes a matrix irradiated
with a laser for ionization. The matrix absorbs most of the laser’'s energy, resulting in minimal
fragmentation of the analytes, therefore making it highly suitable for the ionization of NPs.** MALDI offers
many advantages such as low cost and fast, easy sample preparation. However, it cannot be easily coupled
to a separation system, making it unsuitable for compound purification, similar to the direct infusion ESI
setup employed in chapter 4. Furthermore, the matrix background can limit the sensitivity for compounds
smaller than 1 kDa and the laser can degrade photosensitive compounds.“®! MALDI is particularly useful
in imaging studies, enabling the analysis of specific regions within the sample and providing the visual
representation of the spatial distribution of NPs and other molecules. For example, MALDI imaging can
potentially be used to further study the magnetosome formation of Magnetosprillium gryphiswaldense by
analyzing the spatial and temporal distribution of the metabolites involved in magnetosome formation.
Furthermore, MALDI imaging is also used to analyze the distribution of pharmaceuticals in animal models
such as zebrafish, which might be an interesting next step in the development of the thiamyxins as antiviral
therapeutics.

Similar to extraction and separation, the selection of the ionization method and its parameters, have a
major impact on the detectable metabolites in a natural product screening workflow. The choice between
positive ionization and negative ionization mode alone can greatly influence the number of molecular
features that are detectable. As demonstrated in chapter 4, most myxobacterial NPs tend to ionize slightly
better in the positive ionization mode, which is consistent with the findings of Nielsen et al., who tested
719 natural product reference standards and observed a higher detection rate of 93% in positive ESI mode
compared to 77% in negative ESI mode.>! However, this does not imply that negative ionization can be
disregarded. The initial stages of untargeted NP screenings should always include both ionization modes
to cover a chemical space as broad as possible. While the biases introduced by extraction and separation
methods can relatively easily be mitigated by expanding the process through additional orthogonal
methods, the ionization method used presents a unique consideration. If a target compound can only be
detected by an ionization technique that cannot easily be coupled to HPLC separation, such as MALDI or
the direct infusion ESI setup outlined in chapter 4, subsequent purification of this compound becomes be
exceedingly burdensome. In such cases, an approach involving blind fractionation and subsequent analysis

of the fractions would likely be employed. Nevertheless, this approach is valuable, as it unveils exactly
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these kinds of compounds that would have remained concealed in traditional standardized screening

workflows.

5.3.4 The last filter: mass analysis

After the generation of analyte ions, determining their mass-to-charge ratio (m/z) becomes crucial.
Different types of mass analyzers employ different principles to achieve m/z determination. Quadrupole
mass filters are likely the most commonly used mass analyzers. As the name suggests, they selectively
allow ions within a specific m/z range to pass through by manipulating their flight path using oscillating
electric fields. By adjusting the direct current (DC) and radio frequency (RF) voltages applied to the
quadrupole mass filter, the entire mass spectrum can be scanned.®® A single quadrupole mass
spectrometer coupled to a semipreparative HPLC system was also used in the purification process of
sesbanimide R and the thiamyxins described in chapters 3 and 2 respectively. Using an inline mass analyzer
offers tight process control and eliminates the need for subsequent control measurements. However, it
should be noted that a portion of the LC flowthrough (typically around 10 %) is used for mass analysis,
which reduces the final compound yield. This loss of material to the mass spectrometer was negligible in
these cases, as the production titers of these compounds were sufficient. Particularly for sesbanimide R, a
fast and accurate purification was preferred due to the previously mentioned sensitivity to light and
oxygen. Once the purification is stable, the split into the mass spectrometer can also be removed to
mitigate the loss of final product, although this also nullifies the tight process control. Quadrupole mass
filters can also be used upstream of other mass analyzers to enhance their sensitivity, mass resolution, and
mass accuracy and/or to serve as collision cells for MS? experiments.’”’ Quadrupole ion traps are closely
related to regular quadrupole mass filter, with the difference being that ions are trapped by an RF field
and then sequentially ejected based on their m/z.*® Of particular note is the capability ion trap
instruments to measure ions of positive and negative polarity simultaneously, which greatly increases the
potential metabolomic coverage when used during screening workflows.®® Because of the robustness of
these instruments, ESl-ion trap mass spectrometers are particularly useful for quick and reliable analysis
of extract fractions when purifying compounds based solely on UV-VIS detection, as it allows the exclusion
of impurities that do not absorb in the UV-VIS spectrum.

Another widely used mass spectrometry technique is time-of-flight mass spectrometry (TOF). This
technique involves accelerating ions and measuring the time they require to reach a detector, which
corresponds to their m/z values. Lighter ions of the same charge reach higher velocities thus exhibiting a
shorter flight time compared to heavier ions of the same charge.® TOF instruments coupled with two

qguadrupole mass filters are known as QgTOF mass spectrometers. These instruments were used in the
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initial screening of crude extracts and subsequent dereplication in all three chapters of this thesis, due to
their high resolution and mass accuracy. However, one limitation of TOF instruments is the inability to
rapidly switch polarities due to the design of the flight tube. Consequently, this prohibits simultaneous
measurement of positive and negative ions and therefore requires two separate measurements, if both
polarities are required.

Accurate mass determination (< 5 ppm) enables the determination of sum formulas for compounds, which
is essential for structure elucidation purposes. This was especially important during the structure
elucidation of sesbanimide R, as several possible sum formulas were identified based on QgTOF data. Only
by conducting measurements with even higher mass accuracy, we successfully determined the correct
sum formula, unveiling an uncommonly high nitrogen content, indicating the incorporation of an arginine
moiety. This breakthrough was accomplished by using a Fourier-transform ion cyclotron resonance mass
spectrometer (FT-ICR) which, together with Orbitrap mass spectrometers, falls within the realm of Fourier
transform mass spectrometry (FT-MS). FT-ICR instruments employ the principle of a penning trap, in which
the rotation frequency of the trapped ions is measured as free induction decay (FID). By performing the
mathematical operation of Fourier transformation on the FID, a mass spectrum can be obtained.!®” The
exceptional resolution of FT-ICR MS allows its application in NP screening workflows even without prior
HPLC separation, as demonstrated by direct infusion (DI) MS in chapter 4 of this thesis. This approach
offers faster screening times per sample and eliminates the discriminatory effect of the separation
method. However, the removal of the separation step can lead to pronounced ion suppression as well as
space charge effects. In this work, space charge was mitigated by employing a spectral stitching method
that only allowed a certain mass range to enter the penning trap at a time, thereby reducing the number
of different ion species that could negatively impact the measurements. Both FT-ICR and orbitrap are
capable of MS" experiments by capturing ions after an initial fragmentation step and subjecting them to
another round of fragmentation. This is used to generate fragmentation trees, where fragments are
followed and assigned to the larger fragment they are originating from. This could be particularly useful in
the case of cyclic peptides such as the thiamyxins. In contrast to linear peptides, which often have an easy-
to-follow fragmentation patterns, the macrocycle of cyclic peptides often leads to rather unpredictable
fragmentation. The combination of high mass accuracy, resolving power and MS" capability positions FT-
ICR mass analyzers and Orbitraps as the most powerful mass spectrometers available today. A coupling
with HPLC systems requires an increase of their scan rate, which comes with a decrease in resolution to a
similar range as TOF-instruments. Considering the high cost of FT-ICR instruments, it is therefore not

surprising that their application remains limited to niches. such as native protein mass spectrometry. In
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these highly delicate measurements, proteins are measured through nano ESI MS, while preserving their
native quaternary structure.®™ This method was previously used to identify 96 binding partners of 32
putative malarial targets by incubating NP fragments with the respective protein targets and subsequently
measuring the complexes through native FT-ICR MS."®? Furthermore, an automated and highly efficient
combination of ligand fishing approaches and an HPLC-MS-based NP screening setup, was recently
developed. In this workflow, a cyanobacterial extract was first separated by HPLC, and then a target
protein was infused orthogonally to generate protein-ligand complexes, which were directly measured by
native MS. The same procedure was repeated without the protein infusion to obtain MS/MS data of the
natural products. By comparing retention times and mass shifts of the two measurements, Reher et al.
successfully identified a serine protease inhibitor family termed rivulariapeptolides.®® This direct coupling
of native protein-ligand MS to natural product MS represents a promising future addition to both NP
screening approaches discussed in chapter 4.

Like the previously discussed filters, the choice of mass analyzer has a profound impact on the compounds
that can be detected. While the earlier methods primarily excluded compounds based on their chemical
properties, mass analyzers primarily discriminate based on the m/z of the analyte ions and the sensitivity
of the analyzer. Once a sufficient quantity of an analyte is ionized, the upper and lower mass limits become
the only factors limiting the detection of this analyte. Considering this, QgTOF instruments emerge as the
most suitable for metabolite screening workflows, offering a combination of high sensitivity, sub 5 ppm
mass accuracy, and the widest dynamic range among the discussed mass analyzers. Nevertheless, it is
advisable to complement QgTOF measurements with ultra-high-resolution instruments such as Orbitrap
and FT-ICR mass spectrometers, whenever available, to bridge the gap in sensitivity and mass accuracy.
Due to their relatively low cost, quadrupole instruments, including ion traps, are better suited for rapid
control measurements and for coupling with semi-preparative HPLC systems employed in purification
processes.

Most of the different extraction, separation and analytical methods discussed here, can be combined with
each other based on the specific requirements of the compounds or study. For the work presented in this
thesis, RP-HPLC coupled to an ESI-QgTOF mass spectrometer has proven invaluable in the early stages of
target identification. The highly standardized and robust methods enabled dereplication against our in-
house compound library as well as statistical filtering of the results. For the isolation of the thiamyxins as
well as sesbanimide R liquid-liquid extraction protocols followed by reverse-phase HPLC coupled to a single
guadrupole mass detector have proven to be highly successful. Especially for sesbanimide R a short and

efficient purification was essential due to the previously mentioned photo- and oxygen sensitivity. And,
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while not yet applicable as a general screening workflow, the rather specialized direct infusion - FT-ICR
measurements performed in chapter 4 revealed a stunning and previously unseen chemical space that

awaits to be further explored.
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Figure 3: Schematic representation of the mass spectrometry aspect of a compound identification workflow
(ionization & mass analysis) indicating the loss of metabolic information introduced by each step.
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5.4 Conclusion

This thesis focused on the exploration of natural product discovery from unconventional bacterial sources
using cutting-edge analytical techniques. It resulted in the discovery, isolation, and characterization of two
biologically relevant compounds: the thiamyxin compound family and sesbanimide R, a derivative of the
sesbanimides. The thiamyxins showed promising activity against RNA viruses, including SARS-CoV-2 and
could serve as a starting point for further development towards therapeutic applications. Sesbanimide R
exhibits cytotoxic effects in cell-based assays and is a prime example of finding a novel natural product in
a previously disregarded ecological niche.

Another key finding of this study was the substantial enhancement of metabolomic data obtained during
screening workflows by employing complementary orthogonal analysis methods, effectively increasing the
metabolomic coverage nearly 2-fold. These results strongly support the notion that a wealth of untapped
natural products awaits discovery. However, the challenge lies in cultivating new and phylogenetically
diverse bacterial strains and allocating sufficient resources to utilize advanced analytical tools, thereby
expanding the coverage of chemical space.

Overall, this research underscores the importance of leveraging state-of-the-art analytical approaches and
investing in the exploration of novel bacterial sources to further uncover the vast potential of natural

products.
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