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Zusammenfassung \'

Zusammenfassung

Mikrobielle Naturstoffe und insbesondere Sekunddrmetabolite besitzen das Potential als
Grundlage fiur die therapeutische Arzneimittelentwicklung zu dienen. Dementsprechend ist die
Entdeckung und Charakterisierung von neuartigen, bisher unbekannten Verbindungen ebenso
wichtig wie ein besseres Verstdandnis der zugrundeliegenden Biosynthesen. Diese Dissertation
adressiert beide Themen, indem nicht nur ein neuartiger Ansatz zur Erweiterung des Screenings
nach myxobakteriellen Metaboliten beschrieben wird, sondern auch zur Aufklarung zweier

Biosynthesewege beigetragen wird.

Tomaymycin, ein Pyrrolo[4,2]benzodiazepin (PBD), ist ein antitumorales Antibiotikum, das
unter anderem von Streptomyces achromogenes produziert wird. Trotz bereits verdffentlichter
Arbeiten zur Biosynthese blieb die Reihenfolge einiger Biosyntheseschritte bisher unklar. Nach
einer vollstandigen in vitro Rekonstitution in Kombination mit einer umfassenden, neu etablierten
intakten Protein LC-MS Analyse war es moglich die Reihenfolge der einzelnen Biosyntheseschritte
einzuschranken und schlielllich den wahrscheinlichsten Biosyntheseweg zu zeigen. Dariber hinaus
ermoglichte die LC-MS Methode zum ersten Mal den Nachweis aller biosynthetischen
Zwischenschritte auf der Ebene intakter Proteine. Des Weiteren wurde die Biosynthese von
Tilivallin, einem Toxin das Antibiotika-assoziierte hamorrhagische Kolitis (AAHC) verursacht,
aufgeklart. Die heterologe Expression des Biosynthese-Genclusters von Tilivalline sowie die
anschlieRende in vitro Rekonstitution konnten auch den Ursprung des Indol-Restes erklaren, der
den Hauptunterschied zwischen Tilivallin und vielen anderen natirlichen PBDs darstellt. Das
funktionierende heterologe System diente zusammen mit dem in vitro-Biosynthesesystem als

wertvolle Screening-Plattform um potenzielle Inhibitoren fiir die Toxin-Biosynthese zu finden.

SchlieBlich wurde ein neuartiger Ansatz ausgearbeitet um bisher unbekannte myxobakterielle
Metaboliten zu finden. Im Gegensatz zu Screenings, die auf Extrakten von vegetativen Zellen
basieren, liegt in dieser Arbeit der Fokus auf Verbindungen, deren Vorkommen mit der Bildung von
myxobakteriellen Fruchtkérpern korreliert. Diese Machbarkeitsstudie wurde mit einem der am

besten beschriebenen Myxobakterien, Myxococcus xanthus DK1622, durchgefiihrt.



Vi Summary

Summary

Natural products, and in particular secondary metabolites of microbes, possess potential to
serve as a basis for therapeutic drug development. Along this line, the discovery and
characterization of novel, so far unknown compounds is as essential as a better understanding
about the underlying biosyntheses. This thesis addresses both topics by not only describing a novel
approach to expand the screening for myxobacterial metabolites but also contributing to the

elucidation of two biosynthetic pathways.

Tomaymycin, a pyrrolo[4,2]benzodiazepine (PBD), is an antitumor antibiotic produced, among
others, by Streptomyces achromogenes. Despite already published insights on its biosynthesis, the
timing of some steps remained uncertain. Following a complete in vitro reconstitution in
combination with comprehensive, newly established intact protein LC-MS analysis was
instrumental to narrow down timing of individual biosynthetic steps and eventually revealed the
most likely biosynthetic pathway. In addition, the LC-MS method allowed the detection of all
biosynthetic intermediate steps on intact protein level for the first time. Moreover, the biosynthesis
of tilivalline, a causative toxin in antibiotic associated hemorrhagic colitis (AAHC), was elucidated.
Heterologous expression of the tilivalline biosynthetic gene cluster and subsequent in vitro
reconstitution clarified the origin of the indole moiety, which represents the main difference
between tilivalline and many other natural PBDs. The functional heterologous expression together
with the in vitro biosynthetic system served as valuable screening platform aiming to find potential

inhibitors of the toxin’s biosynthesis.

Finally, a novel approach to find so far unknown myxobacterial metabolites was elaborated.
In contrast to screening extracts of vegetative cells, the focus laid on compounds whose appearance
is somehow linked to the formation of myxobacterial fruiting bodies. This proof of concept study

was performed on one of the best-described myxobacteria, Myxococcus xanthus DK1622.
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1 Introduction

1.1 Natural Product Research

Natural product research has become a well-established area in science ever since its advent
in the early 19" century. Looking back in history, using of, and benefitting from natural products is
rather as old as civilization itself. Various diseases threatened human health ever since and it goes
without saying that humans have always been eager to treat or prevent all types of threats.
Although a precise knowledge about the origins of diseases were missing until the 19" century,
people tried to medicate patients or at least alleviate sufferings by using the almost inexhaustible
source of natural products. In the first instance, there was no need to know chemical structures or
even the mode of action of the compounds that made up an ointment or potion as long as a positive
effect for the patients could be observed. The ancient Egyptians already utilized natural products
for treatments as proven by two of the oldest texts — known as Papyrus Ebers and Papyrus Edwin
Smith*=3. These writings are dated to the 16™ century before Christ and contain a large spectrum of
descriptions about different diseases, associated symptoms as well as the suggested treatments
and instructions for preparation of medicines. There are, however, many other impressive ancient
writings giving evidence of the usage of natural products for treatments like the Chinese Materia
Medica, Shennong Herbal or Tang Herbal which are all ascribed prior to the 7™ century AD**. Thus,
the advantages of using natural products and the related diversity of chemical substances to fight

diseases were already appreciated by people living more than 3000 years ago.

The reasons for the observed positive effects or even healings remained elusive until the
advent of modern medicine and natural sciences. This situation changed in the 19" and 20* century
by a tremendous progress in science. Especially with respect to infectious diseases, Edwin Kleb,
Jakob Henle, Friedrich Loffler and Robert Koch set a milestone when they first postulated and later
proved that infections are often linked to microorganisms which can cause diseases as serious as
anthrax and tuberculosis>®. This very discovery paved the way for targeted treatments of many
pathogens as it became clear that a success in healing is directly linked to the treatment of a
microbial infection. Finally, the breakthrough came by the discovery and isolation of the first broad-
spectrum antibiotic penicillin from the fungus Penicillium notatum’. The term antibiotic has been
defined and penicillin has become a game changer. From this date on, it was obvious that some
microorganism can defend themselves against competitors by producing anti-microbial compounds
and can thus serve as a source for new antibiotics. In the following, the so-called “golden era” of
antibiotics revealed many classes of antibiotics, all of which were either directly isolated from

different microorganisms or derived from such compounds®. As a result of this rocketing
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development the problem of infectious diseases was assumed to be solved, the screening for new
lead structures stagnated and researchers focused on the optimization of existing compounds™°.
Soon it became obvious that this assumption and the resulted strategy failed as resistance

developed and its pace surpassed the researchers’ expectations.

Golden Era of Antibiotics Innovation Gap

ethicillin

Daptomycin

icillin

phalosporins

Vancomycin

Figure 1.1: Antibiotic discovery and the period until resistance was observed®**.

Predominantly, the overuse of the new drugs in combination with the short generation time
and related mutation rate of many pathogens resulted in the formation of various resistances
against almost all known antibiotics within only one century?4, Fortunately, in most cases the
resistance mechanism of the pathogens are limited to a distinct class of antibiotics and can thus be
circumvented by using other antibiotics with different modes of action. The more serious issue is
the development of pan-resistant pathogens, which cannot be sufficiently treated with any known
antibiotic. In this regard, a group of hospital-acquired (nosocomial) infections based on the so-
called ESKAPE bugs is considered as highly problematic. This group comprises seven pathogens,
namely Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumonia, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter species which cannot be treated
appropriately owing to their acquired resistance mechanisms!>1®. In this context the WHO recently
published a priority pathogens list of twelve bacteria for which new antibiotics are urgently needed.
The listed pathogens are subdivided into three groups: critical, high, and medium priority. The first
two groups do already comprise nine pathogens, which emphasized the seriousness of the
situation?’. Consequently, a need for new antibiotics arose and the search for new antibacterial
scaffolds with novel modes of action became a major field of research. Microbes were already
revealed as a promising source of antibiotics and constituted thus the focus of scientific efforts to
address this issue. Especially, bacteria belonging to the streptmycetes became the most popular

source of bioactive metabolites®®.
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Synthetic drug mimicking a natural product pharmacophore

Synthetic drug with a natural product pharmacophore

Synthetic drug mimicking a natural product

Figure 1.2: Origin of small-molecule approved drugs 1981-2014. Adapted from Newman and Cragg?.

Nevertheless, despite the experience and knowledge about the usage of bacteria as a source
for new antibiotics it is a challenging endeavor for two basic reasons. Firstly, the low-hanging fruits
have been largely harvested leading to the fact that bioactivity screening yields the same structures
repeatedly. Hence, considerable effort is required to find novel structures from extensively
exploited sources. Secondly, only a very small number of bioactive compounds make it finally to
the drug approval and the market?®. Consequently, it is not enough to find only a few new structures
with novel modes of action but rather hundreds of new structures to increase the chance towards
a new approved drug. Although extensive developments in the field of analytical chemistry have
improved the chances of success by high-throughput screening and corresponding data analysis
approaches, it is important to choose additional and promising microbial resources. Underexplored
and uncommon bacteria like the myxobacteria as well as strains living in biological niches or
habitats could represent such sources. Furthermore, alternative cultivation approaches can also
lead to the appearance of so far unknown metabolites and thus increase the chance to find new

bioactive compounds.
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1.2 Myxobacteria and their potential

Myxobacteria are a group of primarily soil-dwelling bacteria belonging to the class of
O-proteobacteria. Roland Thaxter, who originally isolated the first myxobacteria in 1892, already
recognized this species as an unusual one with noteworthy characteristics such as their social
behavior, gliding motility, and complex life cycle?. Interestingly, most of these features are directly
related to the nutrient supply of the bacteria?’. One of these features is the ability of rod-shaped
vegetative cells of myxobacteria to move by gliding over a surface to find new nutrient sources.
Although this gliding motility is not fully understood, it is known that two motility systems are
responsible for the movement?2. Myxobacteria can utilize various sources of nutrients like single
amino acids, sugars or bio-macromolecules which were lysed by the excretion of appropriate exo-
enzymes??3, Some myxobacterial strains even show the ability to prey competitive microorganisms
in their environment like E. coli**. For this purpose, they synthesize antimicrobial secondary
metabolites to kill the competitor and thus enable the lysis of the cells and the usage as a source of
nutrition respectively?>?®, In contrast to that not all competitive microbes are fought in order to use
them as nutrition but also to defend an ecological niche or decrease the number of food
competitors?®. Thus, there is a certain chance that myxobacteria are able to produce various

bioactive compounds to tackle other microorganisms.

Figure 1.3: A Myxococcus xanthus DK1622 fruiting bodies on agar. B Swarming Myxococcus xanthus DK1622.
C Fruiting bodies of Chondromyces crocatus Cmc5 on edge of a Petri dish. D Chondromyces crocatus Cmc5
swarm colony on agar. (Pictures were taken by Ronald Garcia)

Another distinct feature of the complex myxobacterial life cycle is the among prokaryotes

unique ability to form multicellular, spore-containing fruiting bodies. As the shape of such fruiting
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bodies and spores show a large variety among the myxobacterial families, the study of their
morphology is a helpful tool for fast provisional taxonomic characterization?’. The formation of
fruiting bodies is primarily based the lack of nutrition or unfavorable environmental conditions and
aims to help the bacteria to survive such times. During formation, the vegetative cells aggregate to
multicellular mounds in which roughly 90 % of the cells pass a metamorphosis into spherical
myxospores and the remaining 10 % of undifferentiated cells enclose the transformed cells as a
monolayer. The resulting spores are non-vegetative dormant cells which are characterized by high
stress-resistance regarding harsh environmental. Myxobacteria can remain in this status until
conditions are more favorable. If nutrients become once again available, the myxospores
germinate, eventually retransform into vegetative cells, and enter the normal growth cycle?®. While
the intra-cellular signaling and translation level during different stages of myxobacterial life cycle
has been intensively analyzed, the changes in secondary metabolism received only little attention?®.
However, it is conceivable that during fruiting body formation not only the physical resistance is
increased but also some kinds of chemical defense systems, basically to actively guard the dormant
cells. To the best of my knowledge, no scientific paper is published at this time that deals with the
secondary metabolism of myxobacteria during fruiting body formation. Therefore, the present

work aims to lay the foundation for this particular research question (see chapter xxx).

R
TN

7,
BAINNY
’///.lli 1\

B. S. Goldman et al.
PNAS 2006;103:15200-15205

Figure 1.4: Overview of the different myxobacterial life cycle of Myxococcus xanthus DK1622. A Multicellular
fruiting body. B Stress-resistant endospore. C Germinating spores due to sufficient nutrition supply. D
thousands of vegetative cells merge together as a swarm. E and F Swarm prey competitor microbes by
surrounding, contacting, lysing, and using them as a source of nutrition. G Starvation conditions lead to a
stress response that initiates changed cell movement and aggregation. H Cells stream into mounded
aggregates.
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Regardless to this particular approach, myxobacteria have already proved to be a proficient
source of new natural products including bioactive compounds showing so far unknown modes of
action®. The potential of myxobacteria as promising source of new structural scaffolds is also
reflected in the exceptional genome size. Collected sequence data of many myxobacteria revealed
an average genome size of 9-15 Mio. base pairs which thus belong to the largest known bacterial
genomes332, In this context, it is also noteworthy that myxobacterial DNA shows an uncommon
high GC content of 66-72 mol-% which is comparable to the in natural product research well
established actinomycetes®. Interestingly, up to 10 % of the genetic information seems to be
responsible for the biosynthesis of secondary metabolites, which corresponds to an average
number of 10-20 encoded clusters per strain?>33-3> These clusters consist of huge protein
complexes belonging to the polyketide synthase (PKS) type, the nonribosomal peptide synthetase
(NRPS) type or hybrids thereof and are responsible for the stepwise biosynthesis of most of the
secondary metabolites. Such mega enzymes may be compared to assembly lines where a complex
structure is formed by the attachment of simple building blocks and subsequent modifications.
Therefore, gene clusters can usually be split into modules while each module consists of different
domains. Each module is responsible for one building block, i.e. the elongation of the molecule
including modifications. Depending on the type of enzymes, the distinct modules consist primarily
of domains like acyl transferase (AT), ketosynthase (KS), acyl carrier protein (ACP), keto reductase
(KR), dehydratase (DH), enoyl reductase (ER) in case of PKS or peptidyl carrier protein (PCP),
adenylation (A), condensation (C) and/or epimerization domains (E) in case of NRPS. For a more
detailed description of the biosynthesis by PKS and NRPS the reader is referred to textbooks and

review articles3¢-38,
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Figure 1.5: Schematic reaction steps of a nonribosomal peptide synthetase (NRPS, A) and a polyketide
synthase (PKS, B). The NPRS assembly line consist of peptidyl carrier protein (PCP), adenylation (A), and
condensation (C) domains to obtain chain extension of the natural product intermediate until finally the
natural product is released. The shown PKS comprises acyl transferase (AT), ketosynthase (KS), acyl carrier
protein (ACP), keto reductase (KR), dehydratase (DH), enoyl reductase (ER) to elongate and modify the
growing substrate chain until product release is taking place.

Considering the large number of clusters and the associated combinatory possibilities owing
to PKS/NRPS derived biosynthesis a variety of different chemical structures occurs. The diversity of
so far isolated structures ranges from rather small molecules with uncommon substituents over
macrocycles with synthetically almost inaccessible substructures to large linear molecules
exhibiting complex stereochemistry. Examples of such isolated structures are hyaladione®,
chlorotonil®, vioprolide*, salimabromide*?, myxovalargin®® and ambruticin®. It is not surprising
that many isolated compounds are accompanied by different bioactivities. The majority of
secondary metabolites show activity against bacteria or fungi, which are common competitors in
the natural habitat of myxobacteria®. Nevertheless, some compounds have, for example, cytotoxic
or anti-viral activity, which cannot be directly attributed to an evolutionary advantage for the
bacteria towards competitors in the habitat. Some activities simply happen to be useful in an
unexpected way. As such, the cytotoxic activity of one myxobacterial compound, epothilone,

turned out to be a success story for cancer treatment. Epothilone has similar to taxol antineoplastic



20 Introduction - Myxobacteria and their potential

activity and lead after slight structural changes to ixabepilone (Ixempra®) which was approved by
the FDA to treat taxol resistant breast cancer® ¥, It is likely that such activities are coincidence and
the real reasons for the biosynthesis of such compounds remains unclear. Certainly, not all
secondary metabolites are produced for defense purposes but even those could show activity
against unexpected targets*. This underscores the need for broad testing to exploit the real

potential of myxobacteria as source of new natural products.
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Figure 1.6: Selection of myxobacterial secondary metabolites from various strains reflecting the diversity of
chemical scaffolds.

Although sequence data can provide the knowledge about the number of clusters per strain,
even for well-studied organisms like Myxococcus xanthus DK1622 some clusters cannot be assigned
to any isolated compound?. The fact that this problem does not only appear for DK1622 but also
for many other intensively studied myxobacteria shows that the pure knowledge about the
expected metabolites does not necessarily mean that this compound is detected in bacterial
extracts. This observation could be due to non-ideal cultivation conditions, the absence of certain

triggers or just caused by very low production levels. Various approaches have been emerged over
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the last years helping to address this problem. Affordable genome sequencing led to a plethora of
identified gene clusters. At the same time, analytical methods as well as molecular biological
methods undergo continuous development and help to understand the functions of the gene
clusters. Consequently, a steadily increasing knowledge about the correlation of structural
properties and sequence data evolved. This cumulated in rules which aid the prediction of
substructures of PKS/NRPS derived compounds just based on genome data. Nevertheless, the in-

silico prediction of a complete structure remains impossible.
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1.3 The Role of Analytics in Natural Product Research

1.3.1 Metabolomics

Modern analytical methods became one of the most important tools in natural product
research®. In the course of improved knowledge in chemistry and biology during the last centuries,
a high demand for corresponding analyses arose. Scientists increased their efforts towards
elucidation of the ingredients of complex mixtures such as extracts of any living organism®%°,
Besides biosynthetic aspects, compound identification remains one of the key issues in natural
product research. New developments in analytical chemistry have been rapidly applied to natural
product research to improve this field of research. The first usage of chromatography at the
beginning of the 20" century revealed the advantages of analytic methods. When Michail Tswett
managed to separate Chlorophyll a and b he introduced a totally new method for natural product
purification®2. The subsequent development of X-ray crystallography and NMR techniques finally
facilitated the molecular structure elucidation of isolated compounds®3. Based on this progress the
chemical structure of penicillin, for instance, could be elucidated in 1945 by X-ray crystallography®*.
Despite major improvements in the field of structure elucidation in the last decades a high-
throughput application remains infeasible>>*®. Required quantity and quality of compounds for
these methods can usually not be offered during initial screening. Fortunately, other analytical
methods were increasingly established and further optimized towards the identification of natural
products. In this context, the advantages of mass spectrometry became apparent®’. Besides a broad
spectrum of mass spectrometer types, also the possibility to combine them with different
separation techniques cumulated into diverse applications®. Nowadays, liquid chromatography
and gas chromatography coupled with mass spectrometry (LC-MS and GC-MS) are probably the

most important analytical setups in natural product research®®.

Especially for secondary metabolomics, LC-MS systems became an integral part of daily lab
work. Applying this technique revealed the complexity of many crude extracts as also low
concentrated compounds or those with little or no UV activity were detectable for the first time.
Consequently, the spectrum of potential targets for isolation and structure elucidation was
expanded; already processed extracts were returned to the workflow and analyzed for non-UV-
active substances. Optimization of the instruments and new trends steadily increased the
information content per measurement and helped researchers to work more efficiently. The
introduction of ultra-high performance liquid chromatography (UHPLC) enabled maximum working
pressures of >1000 bar and thus the use of sub-2um particles for separation®. Thereby even
separations of complex mixtures were achievable in remarkably short times of several minutes®>%2,

In addition, this development was supported by the advent of high resolution time of flight mass
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spectrometer (ToF-MS) which show high mass accuracy and very short duty cycles®. Owing to the
high mass accuracy of <5 ppm and the sufficient resolving power to differentiate between the
isotope signals sum formula prediction became feasible and could be theoretically performed for
each chromatographic peak of a LC-MS measurement. The robustness and high reproducibility of
such LC-MS setups demonstrated the advantage in their application in extensive screening projects.
Based on standardized analysis in combination with high accurate mass to charge ratios (m/z) and
reproducible retention times, databases could be established and helped to focus on new
compounds®2. Probably, the most important advantage of this workflow is the possibility of
dereplication and the related prevention of isolating already known compounds. However,
databases facilitate additional opportunities for natural product research such as metabolome
mining. In this manner, for instance, databases can be used to search for better producers of an
already selected target compound and simplifies by that the isolation of sufficient amounts®.
Furthermore, MS/MS fragmentation of distinct compounds can already give first hints about
structural elements or comparison of whole batches of fragmentation spectra can be used to reveal
molecular networks, i.e. grouping MS/MS spectra based on similar fragmentation®,
Consequently, it is possible to assign certain unknown compounds either to known compound
classes and predict the structure based on known fragmentation patterns. Along those lines,
highlighting yet unknown molecule classes are possible by explicitly looking for MS/MS spectra,
which do not fit an existing group. Scientist are usually more interested in the latter as it increases
the chance to find new core structures. Another approach to find so far unknown secondary
metabolites is based on statistical analysis®. Principal component analysis (PCA), t-tests or receiver
operating characteristic curve analysis (ROC) can help to find discriminants between distinct
samples such as wild type and knock out mutants where results of such analysis can for instance
connect genomic and metabolomic data®”%8, Despite these improvements, the gain of information
per measurement has been steadily growing ever since owing to the advances in analytical

hardware and data evaluation.

1.3.2 Proteomics

Besides metabolomics, proteomics are also extensively studied among natural product
research®. Once new chemical scaffolds or new bioactive structures are identified and
characterized, the elucidation of biosynthesis moves into the center of interest. With regard to an
increased need for the compound or the potential production of derivatives by mutasynthesis or
synthetic biology the full knowledge of biosynthesis is required’®72. Therefore, biosynthetic gene
clusters are initially determined and tried to transfer into a heterologous host which should be thus

able to translate the DNA information into the respective biosynthesis protein’. Before any in vitro
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assay is performed, it is helpful to ensure that the enzymes have the expected characteristics.
Although the mass of the proteins can be estimated by gel electrophoresis it is impossible to obtain
an exact mass, the protein sequence or to distinguish between apo and holo forms. Therefore,
instrumental analytics are also extensively applied in this field of research’*7¢. There are in general
two approaches for the identification and characterization of proteins: bottom-up and top-down.
For the bottom-up approach, proteins are digested by a proteolytic enzyme and the received
peptides are analyzed either by LC-MS or by MALDI-MS setups. Following this approach enables the
confirmation of wide sequence areas and additional posttranslational modifications (PTMs) if the
respective peptide fragment is detected””’8. While measurements based on LC-MS have the
advantage of a straightforward analysis with an additional separation step, MALDI is highly sensitive
towards peptides and offers a high-throughput approach due to the very short period of time per
measurement’®. Nowadays, MALDI-MS is further improved and can be combined with a previously
performed nano-LC separation which is however, rather time consuming and challenging to
handle®. A fundamental problem of the bottom-up approach is the required digestion of the
protein. On the one hand, a 100 % sequence coverage is hardly ever reached as not all of the
fragments can be detected. On the other hand, some modifications are labile and do not endure
the sample preparation. This is especially a problem for detailed analysis of PKS and NRPS based
biosynthesis as the formed thioester coupling of substrate and proteins is labile under digestion
condition®. This problem can be circumvented by applying the top-down approach. Thereby, the
proteins are measured intact without any previous proteolytic digestion. The advantage of such
analysis is the fast and reliable measurement as, for instance, in vitro assays can be measured
without any laborious sample preparation. Nevertheless, this method is limited in terms of maximal
detectable protein size. Depending on the behavior during the ESI process this limit varies from
200 kDa to 18 MDa®*®, Furthermore, as shown in this work, insufficient purity of proteoforms
hampers the measurements as chromatographically overlay of different species surpasses the
resolution power of the mass spectrometers. Owing to the progress in this field, the current limits
are likely overcome soon, thereby opening up new possibilities. For a more detailed overview of
the usage of instrumental analytics in metabolomics and proteomics the reader is referred to

respective review articles®%8485,
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1.4 Outline of this Work

This work covers several areas of natural product research and can be divided into three parts.
The first part deals with tomaymycin, a NRPS derived natural product initially isolated from
Streptomyces achromogenes in 1972. Tomaymycin provoked the interest of Arima et al., especially
because of the observed antibiotic, antiphage and antitumor activity®®. Subsequently performed
mode of action studies with PBDs indicated the formation of a complex with DNA, which could be
confirmed as covalent binding to the minor groove of the DNA in following studies®”~%. Based on
this knowledge the underlying structure activity relationship has been studied intensively and led
to a plethora of PBDs derivatives with increased antitumor activity®®3. Although tomaymycin has
been known since over four decades and first biosynthesis studies were performed in 2009 a
complete clarification of the biosynthetic pathway remained elusive®. Therefore, the aim of this
work was to elucidate the complete biosynthetic pathway of tomaymycin with respect to the timing
of the single biosynthetic steps. To address this topic, a full in vitro reconstitution of the biosynthesis
has been established alongside a reliable analytical method to visualize all chemical steps on an

intact protein level.

The second part of this work is about the natural product tilivalline. The compound has been
identified as the pathogenicity factor of the clinically relevant pathobiont Klebsiella oxytoca. The
biosynthesis of the tilivalline core structure has been assumed to be identical to the tomaymycin
and sibiromycin biosynthesis based on sequence data. The characteristic indole moiety of tilivalline
could, however, not be explained based on the data®®. The aim of this work was to confirm the
presence of tilivalline in a clinical isolate of Klebsiella oxytoca by activity guided isolation and to
compare the mode of action to tomaymycin as well as the elucidation of the tilivalline biosynthesis
and in particular the origin of the indole. Hence, the heterologous expression of the gene cluster
and the in vitro reconstitution of the underlying NRPS has been realized. In addition, a reliable in
vitro reconstitution system has become useful as a synthetic biology platform to generate
derivatives of tilivalline in a convenient approach. In a similar fashion, this platform served as an

assay to find potential pathoblocker by interfering with tilivalline’s biosynthesis.

The final part covers an approach to discover so far unknown secondary metabolites from
myxobacteria. The microbes of the order myxococcales are well known as promising source for
bioactive secondary metabolites and sequence data suggest that only a fraction of the compounds
has been discovered so far®. Besides the continuous development in instrumental analytics,
alternative approaches regarding cultivation should also be well suited to find so far unknown
metabolites. Screening approaches in myxobacterial research are hitherto merely based on

cultivation of vegetative cells in liquid media. This raised the question of how the metabolism will
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be changed by passing a specific life cycle stage that cannot be achieved in suspension cultures. As
myxobacteria are capable of fruiting body formation, the aim of the present thesis was to verify so
far unknown metabolites that are linked to the occurrence of such fruiting bodies. For this purpose,
a workflow has been established to identify such compounds and provide structure elucidation by
utilizing various state-of-the-art techniques in instrumental analytics. The model organism
Myxococcus xanthus DK 1622 is a fast growing member of the myxobacteria with reproducible
fruiting body formation and as such served as the candidate organism to run this proof of concept

study.
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2 Tomaymycin

2.1 Abstract

In vitro reconstitution and biochemical analysis of natural product biosynthetic pathways
remains a challenging endeavor, especially if megaenzymes of the nonribosomal peptide
synthetase (NRPS) type are involved. In theory, all biosynthetic steps may be deciphered using MS
based analyses of both the carrier protein-coupled intermediates and the free intermediates. We
here report the “total biosynthesis” of the pyrrolo[4,2]benzodiazepine scaffold tomaymycin using
an in vitro reconstituted NRPS system. Proteoforms were analyzed by LC-MS to decipher every step
of the biosynthesis on its respective megasynthetase with up to 170 kDa in size. To the best of our
knowledge, this is the first report of a comprehensive analysis of virtually all chemical steps involved
in the biosynthesis of nonribosomally synthesized natural products. The study includes experiments
to determine substrate specificities of the corresponding A-domains in competition assays by

analyzing the adenylation step as well as the transfer to the respective carrier protein domain.

2.2 Introduction

Natural products account for a large part of the known therapeutics and thus remain to be a
major topic of drug discoveryl. Understanding the underlying biosynthetic pathways for the
production of these compounds in Nature sheds light on their assembly, regulation and mode of
action and facilitates all further efforts towards their use as chemical tools or even in drug
development. Hence, the advancement, expansion and application of methods to analyze
biosynthetic pathways is still a crucial process ideally involving in vitro reconstitution and

(bio)chemical analysis of complex multistep reaction sequences.

Tomaymycin, a pyrrolo[4,2]benzodiazepine (PBD), is an antitumor antibiotic produced among
others by Streptomyces achromogenes?. PBD core structures are found in many natural products
and occur in a variety of substitution patterns®. Covalent bonding to the minor groove of the DNA
double helix in a sequence specific manner is enabled by the PBD imine. This gives rise to the
observed in vitro inhibition of the phage T7 RNA polymerase and antitumor activity*®. The
underlying structure activity relationship is well studied and has led to an array of synthetic PBDs
in pursuit of a potent antitumor drug®2. Previous biosynthesis studies on tomaymycin, sibiromycin
and anthramycin revealed common genes encoding a bi-modular nonribosomal peptide synthetase

(NRPS) as the basis of the biosynthetic pipeline for PBD production®™%,
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NRPSs are multimodular megasynthetases that connect single building blocks in a protein-
templated fashion to generate diverse groups of natural products. Independent of the ribosome,
NRPSs are not limited to proteinogenic amino acids and thus unusual modifications are often
incorporated, leading to highly diverse structural features. The minimal module for chain
elongation consists of three parts: the adenylation domain (A), responsible for activating the
substrate; the thiolation domain (T), onto which the amino acid is covalently tethered to the
terminal thiol of a 4’phosphopanthetein prosthetic group (PPant); and the condensation domain
(C) that catalyzes formation of the peptide bond between two adjacent T-bound moieties.
Additional domains can be present to facilitate a variety of chemical variations to the growing
peptide chain, such as methylation, hydroxylation, or epimerization!>. The majority of
nonribosomal peptides is released by the action of either a thioesterase (T) or a reductase domain

(Re)13'14.

Although a large number of NRPS systems have been identified based on sequencing results,
only a small portion is connected to their encoded small molecule products. Detailed studies were
described for a total of twelve NRPS systems that have been reconstituted in vitro*, including

1617 PF1022%81°%, pacidamycin®, antimycin?!, beauvericin?? and the siderophores

aureusimine
enterobactin?®, yersinibactin?®, pyochelin®, vibriobactin?®, myxochelin 28 and pseudomonine °,
Recently, the activity of the 652 kDa valinomycin NRPS could be fully restored in E. coli, proving the
capability of the host to express very large megasynthethases in a functional form?. Although
previously studied NRPS systems such as the one producing aureusemine AusA!®’ share some

features of domain architecture with tomaymycin, no in vitro reconstitution of a full PBD

biosynthetic pathway has been reported so far.

Detailed study of NRPS as well as PKS (polyketide synthase) in vitro systems on the molecular
level became mainly accessible in the last two decades by crucial developments in instrumental
analytics®®. The high sensitivity detection of small molecules (< 2000 Da) by LC-MS measurements
is the basis of most published NRPS in vitro studies. The detection of complete intact protein
complexes has been described up to a mass of 18 MDa3! under certain conditions and in general
with this approach it is feasible to identify the molecular weight or post-translational modifications
of proteins >100 kDa%?33. The interests in NRPS/PKS proteomics are centered on proteoform
analysis and thus especially on the PPant moiety, as it covalently binds the growing substrate chain

during the assembly of natural products.

We here provide a methodology to directly visualize each intermediate step on a NRPS
assembly line. All proteoforms (up to 170 kDa in size) constituting the cycle of tomaymycin

biosynthesis that includes substrate loading, dipeptide formation and product release, have been
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detected in a direct intact protein LC-MS experiment, thereby deciphering all chemical steps
involved. In conjunction with conventional LC-MS analysis as well as biochemical characterization
of the substrate specificity, we display a comprehensive monitoring of a full NRPS system.
Additionally, the methyltransferase TomG was characterized biochemically and structurally,

allowing insights in the timing of the tailoring reactions involved in tomaymycin biosynthesis.

2.3 Results and Discussion

2.3.1 Invitro Reconstitution of TomA and TomB

The two adjacent NRPS-encoding genes tomA and tomB were previously proposed to facilitate
the biosynthesis of the tomaymycin PBD core structure®*. However, until now the biochemical proof

for the proposed biochemistry of PBD formation has not been provided.

To examine the biosynthetic machinery in detail, both genes constituting the NRPS, tomA and
tomB, as well as the isolated TomA A-domain were heterologously expressed in E. coli BL21 (DE3)
together with a vector harboring the promiscuous PPant-transferase MtaA?’. An N-terminal, HRV3C
cleavable, 6xHis-MBP tag was used as it showed maximized yield and solubility. All proteins were
purified to homogeneity by a three-step protocol including nickel-affinity chromatography, a
reverse nickel-affinity chromatography step after HRV3C digestion to remove the tags and a

polishing gel filtration step.

Initially, the adenylation activity of the TomA A-domain was examined in vitro in a
hydroxamate methylthioguanosine (MesG) based assay, revealing a relaxed substrate specificity
(Figure 2.1). Hydroxylamine acts as surrogate acceptor molecule and mimics the missing PPant-arm,
releasing the tightly bond acyl-adenylate from the A-domain by hydroxamate formation.
Adenylation activity is finally quantified using the pyrophosphatase-purine nucleoside
phosphorylase coupling system®. Interestingly, the strongest adenylation activity was observed for
3-trifluormethyl and 3-bromo anthranilic acid, both non-natural derivatives. Within the
tomaymycin related substrates, the 5-hydroxy derivative shows faster adenylation rate followed by
4-hydroxy, 5-methoxy and 4,5-dihydroxy anthranilic acid. The adenylation of fully tailored 4-
hydroxy-5-methoxy anthranilic acid by the TomA A-domain is very slow, making the role as a natural
substrate implausible (Figure S 2.3). Due to the promiscuous substrate specificity, further
conclusions for the tomaymycin biosynthetic pathway by the examination of the excised A-domain

alone are not meaningful.
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Figure 2.1: Chemical structures of the fourteen tested anthranilic acid as well as the five tested proline
derivatives including a schematic overview of the applied methodology. Derivatives, which could serve as
potential substrates based on the results of the respective methods are highlighted with colored frames. Based
on in vitro loading assays with TomA and subsequent LC-MS measurements on intact protein level ten
derivatives would be conceivable (blue frames). Further reduction to five could be observed by performing in
vitro reconstitution assays with respective LC-MS measurements on small molecule level (yellow frames). In
vitro assays with TomG with respective small molecule analytics showed that only one derivative is processed
(purple frames).

Thus, the purified proteins TomA and TomB were used to reconstitute the NRPS activity in
vitro. Incubation of TomA and TomB with the corresponding anthranilic acid derivative, 4-
methylene-proline, ATP and NADPH, followed by LC-MS/MS analysis verified the presence of the
corresponding carbinolamine (Figure S 2.2). The lack of either cofactor, ATP or NADPH, abolished
product formation. TomB is able to use NADPH as well as NADH for the reductive release in
equivalent efficiency. The NRPS-released aldehyde immediately reacts to a circularized imine that
could be detected in trace amounts. The equilibrium of the imine and its corresponding
carbinolamine form in aqueous solution showed to be strongly in favor of the latter. In addition to
the observed tomaymycin derivatives, two by-products appeared and were identified as anthranilic
acid proline dimers. Isolated incubation showed that each module is solely responsible for the
formation of one dimer, probably by transesterification of the loaded cognate substrate to the
carboxylic acid group of the remaining free substrate (Figure S 2.4). The in vitro reconstituted NRPS

TomA/TomB readily assembled the corresponding carbinolamine for five out of fourteen tested
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anthranilic acid derivatives. Several analyzed derivatives of anthranilic acid, e.g. carrying
substituents with sterically demanding groups like -CF3, iodine, bromine, chlorine and various
hydroxyl and methoxy substitution patterns showed no incorporation (Figure 2.1). Incorporation of
4,5-dihydroxy anthranilic acid, previously hypothesized as a potential intermediate by Li et al., could
not be detected®. Further, incorporation of three proline derivatives to the corresponding
carbinolamine could be observed in trace amounts (Figure 2.1) whereas 3-difluoro and 2,3-dehydro
proline was not accepted by TomB. In summary, eight different tomaymycin derivatives were
generated in vitro. The tomaymycin NRPS is thus capable to generate PBDs of large chemical

diversity, making it a useful tool for synthetic biology approaches.

The adenylation domain, although responsible for the loading process itself, is not the only
instance in selecting the building block. Especially the condensation domain is known to influence
the final product, e.g. by combined epimerization-condensation reactions®®?’, formation of a R-
lactam rings>® or the recruitment of in trans acting tailoring enzymes3°. Additionally, it is long known
that the C-domain possesses substrate specificity and thus can act as additional gatekeeper beside
the A-domain®®*!, In the tomaymycin NRPS the broad substrate tolerance of the TomA adenylation
domain seems to be constrained by the condensation domain. Similar effects on the adenylation

specificity by a condensation domain have been shown in a recent study of the microcystin NRPS*,

2.3.2 Intact Protein MS of TomA and TomB

To address the intrinsically limited significance of experiments based on isolated domains,
intact protein MS analysis of TomA and TomB was conducted to examine the biosynthetic
machinery as a whole. Evidence based on MS data has become an important tool to elucidate
biochemical processes that are tethered to NRPS or PKS systems, but such experiments were mainly
performed by utilizing proteolysis prior to measurements rather than analyzing the intact protein
directly®*™*. In many of these studies, the PPant-ejection assay*® was used. Its applicability for large
multiple charged proteins is challenging due to a limited total energy deposition by the standard
collision-induced dissociation process (CID), resulting in low fragmentation efficiency®®>2,
Nevertheless, this approach led to the successful identification of several intermediates on the
fungal iterative polyketide synthases responsible for the biosynthesis of aflatoxin B1%. However,
the method requires an additional laborious sample preparation step. Up to now, only few studies
have reported intact protein measurements on megasynthases for proteins with a limited size
(<125 kDa) in combination with direct infusion (DI) experiments such as in the recent determination
of the kinetic profile of the gramicidin S synthetase A by quantifying the substrate tethered

proteoform>* or the visualization of inhibitor binding®®. Generally MS-based analysis of substrate

loading and processing of intact NRPS-proteins faces two major difficulties: the limited solubility of
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large proteins in salt-free solutions, which are mandatory for direct infusion experiments, as well
as the analytical difficulties connected to the occurring high charge states (up to z=200 for
m=170 kDa). In our study, an LC separation using a monolithic PS-DVB column was instrumental to
overcome the solubility issues in DI-MS experiments by providing desalting, separation and focusing
prior to data acquisition using a time of flight mass spectrometer (ToF-MS) and similar to bottom-
up proteomics, the addition of DMSO to the eluents (1-2 % (v/v)) resulted in an increase of
spectrum quality®®. This observation is based on narrowing down the wide charge state distribution
which leads to an increase of the remaining ion species intensity by approximately factor 3 (Figure
S 2.1). In summary, the described methodology provides significant advantages in its applicability
for larger sample numbers because it circumvents most laborious sample preparation techniques.
Although it leads to limited spectra accumulation in comparison to DI experiments, the
chromatographic focusing plus the addition of DMSO increases the spectra quality and as such
compensates sufficiently the drawbacks. Based on a substantial number of in-house experiments
we conclude that the developed workflow allows the detection of mass shifts of >100 Da for

proteins of 170 kDa with a typical mass accuracy of <10 ppm.

Deconvoluted mass spectra resulting from this method confirmed the presence of the holo-
form of both, TomA and TomB, as indicated by an observed mass shift of 340 Da relative to the

primary sequence-derived protein mass (Figure 2.4).

In vitro assay conditions were developed to perform a fast and reliable LC-MS based substrate
specificity testing for TomA. Fourteen different anthranilic acid derivatives were tested and the
resulting deconvoluted protein spectra analyzed for the envisaged mass shifts (Figure 2.2). In total,
10 out of 14 tested anthranilic acid derivatives were loaded onto the carrier domain. Notably, 4,5-
dihydroxy anthranilic acid is not processed by TomA. In contrast, only five derivatives were
completely processed in the above described in vitro reconstitution assays towards the respective
PBDs. For example, halogenated anthranilic acids were activated and loaded onto the carrier
protein but were not further processed (Figure 2.1 & Figure 2.2). This again indicates that
downstream domains restrict the tolerance of tomaymycin biosynthesis towards carrier protein

loaded anthranilic acid derivatives.
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To examine the relative substrate preference between two given derivatives, competition
assays were set up using equimolar amounts of two substrates with TomA simultaneously. 5-
hydroxy anthranilic acid was preferred by TomA over all other derivatives, followed by 4-hydroxy-
and 4-hydroxy-5-methoxy anthranilic acid (Figure 2.3). Remarkably, no mixed loading could be

observed in any experiment, emphasizing a clear preference in all tested scenarios.
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Figure 2.3: Approaches towards the analysis of substrate specificity of TomA by competitive loading assays

with pairs of anthranilic acid derivatives in equimolar ratio. Detected delta masses are related to holo TomA
and showed which substrate is preferred.

d

In addition to the comprehensive analysis of TomA by the described LC-MS method it was our
main goal to show the feasibility of this method for larger proteins and to monitor every single step
of the biosynthesis by means of MS detection. Indeed, we were able to apply this approach also for
TomB, despite the large size of approximately 170 kDa, and could detect the calculated mass shift
for the holo-form as well as the subsequent methylene proline loading (+110 Da) (Figure 2.4). To
achieve a comprehensive monitoring of the assembly of tomaymycin, an in trans assay was
developed. TomA and TomB were incubated with anthranilic acid, methylene proline, and ATP, but
without NADPH. Direct LC-MS analysis of the in vitro system lead to the identification of a signal
corresponding to the mass of the predicted anthranilic acid-proline dipeptidic intermediate
tethered to TomB (Figure 2.4). Upon addition of NADPH all signals corresponding to loaded forms
of TomB disappeared with only the holo-form remaining. Small molecule analysis by LCMS after
protein removal proved the presence of trace amounts of the respective tomaymycin derivative

and thus the completion of the biosynthetic pathway (Figure 2.4). However, significant amounts of
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hetero-dipeptides of the two substrates were detected and were shown to be formed by TomA or
TomB alone with slightly different retention times. The rapidly activated substrate is probably
transferred to the free amino group of the unactivated species, in case the correct protein partner
is missing (Figure S 2.4). It is not surprising that no full conversion from the proline-loaded TomB to
the dipeptide-loaded TomB species could be detected as substrate activation and loading might be
faster than the in trans condensation plus product release reactions (the latter may also be limited
due to suboptimal protein folding). Preferred formation of the dipeptide species in the in vitro assay
may be due to insufficient formation of a TomAB complex, which is likely required for efficient
substrate channeling. Such a complex is expected to be formed in the native producer. The reason
for the low efficiency of product formation currently remains unclear but obviously, the in vitro
assays do not perfectly mimick the in vivo situation in the producing actinomycete species.
Naturally, the resulting low amount of the species of interest complicates the detection with high

mass accuracy.
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Figure 2.4: Composed steps of the tomaymycin in vitro reconstitution including the respective deconvoluted
mass spectra for each protein species to confirm the substrate binding and thus monitoring the complete
biosynthesis. The observed mass deviation in case of the dipeptide-loaded TomB is attributable to overlapping
MS signals of the occurring species due to incomplete conversion. Hence, the limits of maximum entropy
deconvolution algorithm is reached leading to inaccurate mass detection.
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2.3.3 Invitro Reconstitution and Structural Analysis of TomG

The in vitro reconstitution of the tomaymycin NRPS revealed a high substrate tolerance for the
anthranilic acid activating module TomA. The question which anthranilic acid derivative is activated
and processed by the NRPS to produce tomaymycin could therefore not be answered
unambiguously by examining the isolated megasynthetase. We therefore additionally analyzed the
influence of the O-methyltransferase (OMT) TomG that has previously been speculated by Li et al.

to be responsible for the methylation of the 5-hydroxy position of the anthranilic acid derivative.

For this purpose, two TomG constructs were generated. For biochemical analysis, tomG was
cloned into pET28b, expressed in E. coli BL21 (DE3) and the respective 6xHis-tagged protein was
purified to homogeneity in a two-step protocol comprising nickel-affinity and size exclusion
chromatography. Additionally, for crystallization experiments, TomG was analogously expressed as
an N-terminal fusion protein with a 6xHis-T7-lysozyme-tag and purified to homogeneity by a three-
step protocol comprising two nickel-affinity chromatography steps and a polishing gel filtration

step.

The crystal structure of TomG was determined by molecular replacement and revealed the
Rossman-like fold of a homodimeric SAM-dependent class | OMT (Figure 2.5). Common features of
these OMTs are a conserved SAM binding site and a methyl group transfer from SAM to its substrate
via a Sn2 reaction. This mechanism involves an Mg?* ion which positions the respective target group
by coordinating the hydroxyl group(s) of the substrate®®°. In both chains of the TomG crystal
structure, additional electron density corresponding to SAM could be identified whereas no Mg?*

ion was detected in the active site.

A

- ]
7.0 KTle +7.0

Figure 2.5: A Overview of the dimeric crystal structure of TomG (monomer A: yellow and orange; monomer B:
blue) with the bound cofactor S-adenosyl methionine (SAM) (stick presentation in green); B Proposed binding
modes of 4,5-dihydroxy anthranilic acid (4,5-dihyd-AA; in light grey) and 4,5-dihydroxy-PBD (4,5-dihyd-PBD;
two binding modes in stick presentation in light and dark blue) to the TomG monomer (Mg?* ion shown as
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orange sphere; molecular surface colored by electrostatic potential); Figures were prepared using PYMOL (The
PyMOL Molecular Graphics System, Version 1.8.2.3 Schrédinger, LLC). Secondary structure elements were
assigned with the aid of the STRIDE webserver®'. Electrostatic potential was calculated using the APBS 2.1
plugin® under PYMOL and the PDB2PQR webserver (http://nbcr-222.ucsd.edu/pdb2pqr_2.0.0/; Dolinsky et
al. ®).

In LC-MS analysis SAM-dependent methylation of 4,5-dihydroxy anthranilic acid at the 5-
hydroxy position by TomG could be verified in vitro by and comparison with authentic standards.
In contrast, no activity on 5-hydroxy anthranilic acid could be observed (Figure 2.1), likely because
the missing second hydroxy group in ortho-position is essential for the reaction as also described
for OMTs in the catechol metabolism®%. 4-hydroxylation of the tomaymycin anthranilic acid
moiety is most likely accomplished by TomE and TomF as already supposed by Li et al.3* and the
high homology of these proteins to the 4-nitrophenol oxidation system from Rhodococcus sp.%®
supports this hypothesis. However, despite considerable efforts, both proteins could not be

reconstituted in vitro.

Given the clear substrate preference of TomA for 5-hydroxy anthranilic acid and the fact that
TomG activity requires two adjacent hydroxyl groups at the anthranilic acid moiety, two main
scenarios for the timing of the tailoring reactions are conceivable. Firstly, hydroxylation and
methylation could occur on-line, while 5-anthranilic acid is tethered covalently to the
megasynthetase, as it is reported for the anthranilate precursor in sibiromycin biosynthesis®’.
Secondly, the tailoring reactions could take place after product release with the PBD as substrate.
Possible on-line methylation and subsequent processing of 5-methoxy anthranilic acid without prior
hydroxylation of the 4-position can be excluded as incubation with TomA, TomB, and TomG alone

did not yield the respective 5-methoxy-PBD.

To evaluate the option of a possible post-NRPS methylation of the PBD core structure, the
corresponding tomaymycin analogs of 5-hydroxy and 4,5-dihydroxy anthranilic acid were
chemically synthesized. Retrosynthetic analysis revealed substituted 2-amino benzoic acids and L-
proline as suitable main building blocks. The first step of the synthesis involved a standard BOC
protection of the amino group of the benzoic acid followed by a peptide coupling between the
latter compound and L-proline methyl ester. The aldehyde was obtained by reducing the methyl
ester functional group with diisobutylaluminum hydride (DIBAL-H). Upon de-protection of the BOC
group of the dipeptide moiety, an intramolecular reductive amination took place forming the 1,4-
diazepin-2one-ring which is the core of tomaymycin. These synthetic tomaymycin derivatives were
used as substrate for TomG, but no methylation could be observed. These results hint towards an
on-line scenario, in which the covalently tethered 5-hydroxy anthranilic acid is first processed by

TomE and TomF to provide the required 4-hydroxylation before methylation proceeds by TomG.
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In this light, the availability of the crystal structure of TomG allowed us to examine the active
site for possible steric factors that could be accountable for the observed substrate specificity.
TomG shares highest structural similarity with an OMT from Bacillus cereus (BcOMT2, pdb code:
3duw, Z-score = 34.2, sequence identity = 48 %, Cho et al.®®, Figure S 2.6). BcOMT2 shows

promiscuous substrate tolerance for flavonoids®®®

, which have a size similar to PBDs. Accordingly,
both enzymes exhibit an solvent-exposed substrate binding pocket with the electronegative
bottom being formed by residues Lys210, Gly211 and Tyr212 (TomG numbering) (Figure 2.5).
However, in TomG, the walls of this pocket are composed of less flexible, nonpolar residues
(backbone atoms of Asp38 and side chain atoms of Pro37, Leu39, Leu169, and Gly170) (Figure 2.5B).
Thus, in TomG the hydrophobic substrate binding pocket is less narrow and more exposed to the
solvent compared to BcOMT2 and might therefore not be able to completely host flavonoid sized
molecules. Because no prominent steric factors were identified that could discriminate between
4,5-dihydroxy anthranilic acid and the corresponding 4,5-dihydroxy-PBD, additional in-silico
modeling on the basis of the binding mode of 3,5-dinitrocatechol (DNC) in human catechol-OMT
(COMT) (pdb code: 3bwm”, was performed. TomG and human COMT share a highly conserved
metal binding site and both enzymes methylate substrate(s) with similar scaffolds by the same

mechanism®%>71

. According to these calculations, the substrate binding site of TomG can
accommodate both 4,5-dihydroxy anthranilic acid and the corresponding 4,5-dihydroxy-PBD
without requiring distortion of the ligands (Figure 2.6). The benzyl ring of both compounds resides
in a narrow cleft, where it forms hydrophobic contacts with the protein and is oriented by polar
chelating interactions between the two hydroxyl groups and the Mg?* cation. The amino group of
4,5-dihydroxy anthranilic acid is surrounded by residues with electronegative potential. However,
these interactions seem rather weak such that this basic and the negatively charged carboxylate
group are largely solvent-exposed. Together, this indicates that the active site of TomG is perfectly
suited to interact with 4,5-dihydroxy anthranilic acid. Simultaneously, given the solvent-exposed
binding mode, productive binding of 4,5-dihydroxy anthranilic acid covalently linked to the PPant
moiety of TomA in the proposed on-line scenario is also feasible. The predicted binding mode of
the 4,5-dihydroxy-PBD, on the other hand, seems less plausible, since large parts of its more
hydrophobic pyrrolo moiety would be solvent-exposed (Figure 2.6), which may explain why TomG

does not methylate PBDs in vitro.
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Figure 2.6: Tomaymycin biosynthesis comprising hydroxylation of 5-OH anthranilic acid by TomE and TomF,
methylation by TomG and subsequent PBD assembly by TomAB. According to our data tailoring of anthranilic
acid likely takes place either on-line while tethered to TomA or prior NRPS assembly.

Based on our results presented above, a biosynthetic scenario for the anthranilate moiety with
on-line hydroxylation and subsequent methylation appears the most plausible one. The in vitro
reconstitution of the NRPS TomA and TomB and the intact protein MS experiments excluded 4,5-
dihydroxy anthranilic acid as NRPS substrate. Furthermore, methylation of a 5-hydroxy anthranilic
acid moiety without prior hydroxylation during the assembly or after product release could be
dismissed by a combined assay of TomA, TomB and TomG and the synthesis of the respective
tomaymycin derivatives for the utilization in the TomG in vitro assay, respectively (Figure 2.6).
However, since TomA also accepts 4-hydroxy-5-methoxy anthranilic acid as substrate, tailoring
prior to NRPS assembling cannot be completely ruled out. Thus, although the on-line scenario is in

best accordance with the experimental data, a mixture of both scenarios might be observed in vivo.

2.4 Significance

We were able to establish a generally applicable intact protein LC-MS approach, allowing the
direct detection of NRPS proteins with masses up to 170 kDa and high mass accuracy. Besides the
validation of the protein sizes and the presence of the PPant moiety, comprehensive substrate
loading experiments including competitive loading assays were performed. The results showed that
TomA is able to load ten out of fourteen anthranilic acid derivatives and prefers 5-hydroxy
anthranilic acid. In addition, TomB loading with methylene proline and subsequent transfer of
activated anthranilic acid from TomA to form the dipeptidic intermediate could be unambiguously
detected. We were thereby able to verify virtually all chemical steps involved in the biosynthesis of

the nonribosomally synthesized natural product tomaymycin by LC-MS measurements.

In vitro reconstitution and the X-ray structure of the OMT TomG combined with the extensive
analysis of the NRPS led to insights towards the timing of tailoring reactions in tomaymycin
biosynthesis. Previous reports postulated two possible methylation time points, either before or
after NRPS templated PBD assembly®. Completion of the tailoring reaction prior NRPS processing

could not be completely ruled out but seems unlikely due to poor activity on 4-hydroxy-5-methoxy
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anthranilic acid by TomA. Our results strongly favor the following reaction sequence: The starting
species 5-hydroxy anthranilic acid is loaded by TomA and firstly hydroxylated by TomE and TomF to
be subsequently methylated by TomG, before downstream processing by TomB and maturing of

tomaymycin takes place.
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2.5 Methods

2.5.1 Protein Preparation Procedure

2.5.1.1 Expression and Purification of TomA, TomB and TomA Adenylation domain

The respective gene was inserted into a pETM44 expression vector with an N-terminal 6xHis-
MBP tag using according primers (see Key Source Table). The construct was coexpressed with MtaA
in E. coli BL21 (DE3) cells (500 mL LB, 0.1 mM IPTG, 16°C, 16h). The cell pellet was resuspended in
lysis buffer (150 mM NaCl, 25 mM Tris, 40 mM Imidazole, pH 7.5), sonicated and centrifuged. The
supernatant was loaded onto a gravity flow column containing NiNTA loaded sepharose, washed
with lysis buffer and subsequently eluted in one step (250 mM Imidazole). The tag was cleaved off
using HRV3C protease during overnight dialysis against SEC buffer (150 NaCl, 25 Tris, pH 7.5) at 4
°C, and removed by a second Ni-NTA chromatography step. After passing through a Superdex 200
16/60 pg column (GE Healthcare Life Sciences) the protein was concentrated using a 30 kDa cutoff
filter and stored at -80°C in 10% glycerol. Protein purity was determined by SDS-PAGE. Protein
concentration was determined spectrophotometrically upon determining the respective extinction
coefficient from the amino acid sequence using the PROTPARAM webserver

(http://web.expasy.org/protparam/;Gasteiger et al. 7?)).

2.5.1.2 Expression and Purification of TomG for biochemical experiments

The respective gene was inserted into pET28b with an N-terminal 6xHis tag using according
primers (see Key Source Table). The construct was expressed in E. coli BL21 (DE3) (500 mL LB, 0.1
mM IPTG, 16°C, 16h). The cell pellet was resuspended in lysis buffer, sonicated and centrifuged.
The supernatant was loaded onto a gravity flow column containing Ni-NTA loaded sepharose,
washed with lysis buffer and subsequently eluted in one step (250 mM Imidazole). 6xHis-fusion
protein was passed through a Superdex 200 16/60 pg column in SEC buffer (150 mM NaCl, 25 mM
Tris, pH 7.5), concentrated using a 10 kDa cutoff filter and stored at -80°C in 10% glycerol. Protein
purity was determined by SDS-PAGE. Protein concentration was determined

spectrophotometrically as described above.

2.5.1.3 Expression and Purification of recombinant TomG for crystallization experiments

The respective gene was inserted into a modified pET-19b plasmid (Feiler & Blankenfeldt,
unpublished results) using according primers (see Key Source Table), yielding a fusion protein with
an N-terminal 6xHis-T7-lysozyme-tag and a HRV3C protease cleavage site. The fusion protein was
expressed in E. coli BL21 (DE3) (2xSOC-medium, 0.1 mM IPTG, 16 °C, 16 h) . The cell pellet was

resuspended in lysis buffer, homogenized and centrifuged. The supernatant was applied onto a 5
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mL HisTrap HP chelating column (GE Healthcare Life Sciences) loaded with nickel sulfate on an AKTA
protein purification system (GE Healthcare Life Sciences). Protein was eluted using 500 mM
imidazole and analogously to conditions described above, the N-terminal tag of TomG was cleaved
off using HRV3C protease. To remove the tag, a second nickel affinity chromatography step was
performed and the flow-through containing TomG was concentrated using a Vivaspin 6 10 kDa
cutoff concentrator (GE Healthcare Life Sciences). As a polishing step, the protein was passed
through a Superdex 75 16/60 pg column (GE Healthcare Life Sciences) and fractions containing
TomG were concentrated and dialyzed against 200 mM NaCl, 1 mM CaCl2, 10 % glycerol, 50 mM
bicine, pH 8.0. Protein purity was assessed by SDS-PAGE and protein concentration was determined

spectrophotometrically as described above.

2.5.2 Activity Assays

2.5.2.1 Hydroxamate-MesG Assay

Adenylation activity of TomA A-domain was tested using the hydroxymate-MesG assay as
described previously (Wilson and Aldrich, 2010). Assays in 100 pL reaction buffer (75 mM Tris-HCl,
150 mM NaCl, 10 mM MgCl,, 0.5 mM TCEP, pH 7.5) containing TomA A-domain (350 nM), 150 mM
hydroxylamine, 0.1 U nucleoside phosphorylase, 0.04 pyrophosphatase, 0.25 mM MesG and 0.08
mM of the respective substrate were incubated at 24 °C in a 96-well plate (Greiner). Cleavage of

MesG was monitored by measuring the absorption at 360 nm over 40 min.

2.5.2.2  Invitro Reconstitution Assay of TomA and TomB

TomA and TomB (0.5 uM each) were incubated with the respective cofactors (0.5 mM ATP,
0.25 mM NADPH) and substrates (0.25 mM 4-methylene proline, anthranilic acid derivate) in a total
of 100 pL reaction buffer (150 mM NaCl, 50 mM Tris, 5 mM MgCl,, pH 7.5) at 30°C for 12h. The
mixture was dried in a vacuum condenser and subsequently resuspended in 20 pL

water:acetonitrile (1:1), centrifuged and submitted to LC-MS analysis.

2.5.2.3 Invitro Reconstitution Assay of TomG

10 uM TomG was incubated with 1 mM SAM, 5 mM MgCl; and 1 mM substrate in a total of
30 uL reaction buffer for 2h at 37 °C. The mixture was dried in a vacuum condenser and
subsequently resuspended in 20 pL water:acetonitrile (1:1), centrifuged and submitted to LC-MS

analysis.
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2.5.3 MS-based Analysis

2.5.3.1 LC-MS of tomaymycin analogues

The measurements to detect all types of tomaymycin derivatives were performed on a Dionex
Ultimate 3000 RSLC system using a BEH C18, 50 x 2.1 mm, 1.7 um dp column (Waters, Germany).
Separation of 5 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 in 9 min to end up with a 2 min step at 95 % B
before reequilibration under initial conditions. UV spectra were recorded by a DAD in the range
from 200 to 600 nm. The LC flow was split to 75 pL/min before entering the solariX XR (7T) FT-ICR
mass spectrometer (Bruker Daltonics, Germany) using the Apollo Il ESI source. In the source region,
the temperature was set to 200 °C, the capillary voltage was 4500 V, the dry-gas flow was 4.0 L/min
and the nebulizer was set to 1.1 bar. After the generated ions passed the quadrupole with a low
cutoff at 150 m/z they were trapped in the collision cell for 500 ms, if applicable precursors
fragmented with 15V, and finally transferred within 0.9 ms through the hexapole into the ICR cell.
Captured ions were excited by applying a frequency sweep from 100 to 1000 m/z and detected in
broadband mode by acquiring a 122 ms transient. Transient length was intentionally low to ensure

a sufficient number of points per peak.

2.5.3.2 LC-MS of Anthranilic Acid Derivatives

Analysis to detect anthranilic acid derivatives were performed on a Dionex Ultimate 3000 RSLC
system using a Phenomenex Luna PFP, 100 x 2.0 mm, 3 um dp column. Separation of 1 pL sample
was achieved by a linear gradient with (A) H20 + 0.1 % FA to (B) ACN + 0.1 % FA at a flow rate of
600 uL/min and 45 °C. The gradient was initiated by a 1 min isocratic step at 2 % B, followed by an
increase to 95 % B in 9 min to end up with a 1.5 min step at 95 % B before reequilibration under the
initial conditions. UV spectra were recorded by a DAD in the range from 200 to 600 nm. The LC flow
was split to 75 pL/min before entering the solariX XR (7T) FT-ICR mass spectrometer (Bruker
Daltonics, Germany) using the Apollo ESI source. In the source region, the temperature was set to
200 °C, the capillary voltage was 4500 V, the dry-gas flow was 4.0 L/min and the nebulizer was set
to 1.1 bar. After the generated ions passed the quadrupole with a low cutoff at 150 m/z they were
trapped in the collision cell for 100 ms and finally transferred within 1.0 ms through the hexapole
into the ICR cell. Captured ions were excited by applying a frequency sweep from 100 to 1600 m/z

and detected in broadband mode by acquiring a 489 ms transient.
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2.5.3.3 LC-MS measurements on intact protein level

All ESI-MS-measurements of intact protein samples were performed on a Dionex Ultimate
3000 RSLC system using a ProSwift RP-4H (monolithic PS-DVB), 250 x 1 mm column (Thermo, USA).
Separation of 1 pL sample was achieved by a multistep gradient from (A) H20 + 0.1 % FA + 1 %
DMSO to (B) ACN + 0.1 % FA + 1 % DMSO at a flow rate of 200 pl/min and 45 °C. The gradient was
initiated by a 0.5 min isocratic step at 5 % B, followed by an increase to 65 % B in 18 min, followed
by an increase to 98 % in 0.5 min to end up with a 3 min step at 98 % B before reequilibration with
initial conditions. UV spectra were recorded by a DAD in the range from 200 to 600 nm. The LC flow
was split to 75 pl/min before entering the maXis 4G hr-ToF mass spectrometer (Bruker Daltonics,
Bremen, Germany) using the standard Bruker ESI source. In the source region, the temperature was
set to 180 °C, the capillary voltage was 4000 V, the dry-gas flow was 6.0 |/min and the nebulizer
was set to 1.1 bar. Mass spectra were acquired in positive ionization mode ranging from 600 — 1800
m/z at 2.5 Hz scan rate. Protein masses were deconvoluted by using the Maximum Entropy

algorithm (Copyright 1991-2004 Spectrum Square Associates, Inc.).

2.5.3.4 Loading Assays for LC-MS with TomA, TomB, TomA and TomB

Substrate loading assays for TomA and B were performed by incubating mixtures of protein
and substrate including the respective cofactors for 60 min at 30 °C. The 14 pL assay mixtures
contained 120 pmol of TomA or B, 500 pmol substrates, 500 pmol ATP and 200 nmol MgCl, in
reaction buffer. After incubation, mixtures were directly submitted for intact protein analyses. To
determine the intermediate on TomB during the assembly, TomA and TomB assay mixtures were
combined, also incubated for 60 min at 30 °C and submitted for LC-MS measurements. Reductive
product release was achieved by adding 10 nmol NADPH to the leftovers from the combined protein
assays and repeated incubation for 30 min. The resulted mixtures were measured on small

molecule as well as intact protein level.

2.5.4 Protein Structure Determination and Modeling

2.5.4.1 Crystallization, X-ray data collection and structure determination of TomG

Vapor diffusion trials were set up in a 96-well sitting drop format at 19 °C using a dispensing
robot (Zinsser Analytics). 0.1 ulL of the protein solution with a concentration of 5 mg/mL TomG
containing 0.6 mM of S-adenosyl methionine (SAM) were mixed with an equal amount of reservoir
solution to give concentrations listed in supplementary Table S1. The drops were equilibrated
against 70 pL of reservoir solution and crystals appeared after 5-8 days. Before flash cooling the

crystals in liquid nitrogen, 10 % (v/v) of (2R,3R)-(-)-2,3-butanediol was added as cryoprotectant.
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X-ray data collection was carried out at 100 K on beamline P11 of the PETRA Il Synchrotron
(DESY, Hamburg, Germany, Burkhardt et al. 7). The diffraction data were indexed, integrated and
scaled with XDS”* and AIMLESS” of the CCP4 suite’®.

The structure of TomG was solved by molecular replacement with PHASER”” by using the
coordinates of residues 44-220 of a methyltransferase from Cyanobacterium Synechocystis (pdb
entry: 3CBG; Kopycki et al.”® as search model (32 % sequence identity). The model was further
improved by iterative cycles of translation liberation screw-motion (TLS; Painter and Merritt”
refinement using PHENIX.REFINE® and manual rebuilding with COOT82. Final structure building and
interpretation was aided by MOLPROBITY®? as well as by feature enhanced maps calculated with
PHENIX2%8, Relevant crystallographic parameters of the structures are listed in Table S1. The DALI
webserver was used to analyze structural similarities and calculate Z-scores as well as sequence
similarities to other proteins®. Figures were prepared using PyMOL (The PyMOL Molecular

Graphics System, Version 1.8.2.3 Schrodinger, LLC).

2.5.4.2 In-silico Modelling

The software MOE (Molecular Operating Environment (MOE, 2013.08; Chemical Computing
Group Inc., 1010 Sherbooke St. West, Suite #910, Montreal, QC, Canada, H3A 2R7, 2017) was used
for in-silico modeling. Chain A of the TomG structure was superimposed on a model of human
catechol-OMT (HsCOMT; pdb code: 3bwm, ref: Rutherford et al.”® using only the metal-coordinating
residues with the program SUPERPOSE under CCP47%. Subsequently, coordinates of the ligand 3,5-
dinitrocatechol (DNC), the Mg?* ion as well as a coordinating water molecule were extracted and
added to the TomG model. To ensure reasonable distances for the metal-coordinating atoms
towards Mg, the coordinates of the active site residue Asp143 in TomG were further adjusted.
Using DNC as scaffold, the ligands 4,5-dihydroxy anthranilic acid and unmethylated tomaymycin
were built in low energy conformations that did not exhibit strong clashes with the protein. For
unmethylated tomaymycin, low energy conformations were determined using a conformational
search approach. For this purpose, ligand coordinates were extracted and the 4,5-dihyroxyphenyl
moiety was kept fixed during calculations. Charges were assigned using the MMFF94x force field.
Protons were added via the Protonate 3D option at pH 7.5, 310 K and a salt concentration of 0.15
M. A stochastic conformational search of the attached substituents was performed using default
parameters together with a RMS gradient of 0.0001, a rejection limit of 1000, a RMSD limit of 0.25,
and an energy window of 15. Planar systems were treated as rigid bodies. For the following energy
minimization processes, the structures were prepared as follows: except for the coordinating
water, all water molecules were excluded from the model and protons and charges were added as

described above. The ligand and protein residues within an 8 A sphere around the ligand were
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subjected to energy minimization in the MMFF94x force field. The atoms in the 8 A sphere were
restrained to their starting positions of the crystal structure. During minimization, the coordinates
of the metal-coordinating atoms, Mg?* and the hydroxyl oxygens of the ligands were kept fixed to

ensure a productive binding mode.

2.5.5 Synthesis

2.5.5.1 Synthesis of 2-Amino-4,5-dihydroxy-benzoic acid

MeO NH, HB,, (48%) HO NH,
MeO: : :COZH reflux, 3h HO:©:COZH
2-Amino-4,5-dihydroxy-benzoic acid was prepared by ether cleavage from commercially
available 2-amino-4,5-dimethoxy-benzoic acid under acidic conditions. A suspension of 2-amino-
4,5-dimethoxy-benzoic acid (5.0 g, 24.85 mmol) in aqueous hydro-bromic acid (48%, 127mL, 1.12
mol) was heated under reflux for 3h after which the mixture was concentrated under reduced
pressure. After being cooled to room temperature the residue was tritrated with diethyl ether. Ice-
cold water was added and the phases were separated. The aqueous phase was adjusted to pH5 by
addition of saturated agqueous NaHCO3 solution. The precipitate was filtered off, washed with
water and dried in vacuo to yield 2.38 g (57%) of 2-amino-4,5-dihydroxy-benzoic acid as a dark

brown solid.

'H NMR (600MHz, DMSO-d6) & 9.39 (s, 1H), 8.20 (s, 1H), 7.96 (br s, 3H), 7.06 (s, 1H), 6.12 (s,
1H); *C-NMR (150MHz, DMSO-d6): 6 169.08, 152.05, 146.87, 135.48, 116.28, 102.09, 100.72; MS
(ESI-) C;HgNO4 [M-H] calculated for 168.0, found 168.0.
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2.5.5.2 Synthesis of the tomaymycin derivatives

Scheme S 2.1: Synthesis of the tomaymycin derivatives
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= 2-N-boc-amino-5-methoxybenzoic acid (1):
?oc
NH
OH
O
| 1 O

To a stirred solution of 2-amino-5-methoxybenzoic acid (50 mg, 0.3 mmol) in acetonitrile (20
ml) at room temperature, a mixed solution of di-tert-butyl dicarbonate ( 98 mg, 0.45 mmol),
saturated solution of sodium bicarbonate (NaHCOs) (19.6 ml) and acetonitrile (10 ml) was added.
Following addition, the mixture left stirring for 15 h at room temperature. When no trace of starting
material remained (TLC: silica on alumina, UV, ninhydrin, hexane : ethyl acetate :: 1:1 R¢ 0.27),
solvent was removed under reduced pressure resulting in white sticky foam that was partitioned
between ethyl acetate (40 ml) and 0.1M HCI (30 ml). The organic layer was washed with 0.1M HCI
(30 ml) five times. The organic extract was then dried over sodium sulfate, filtered off, and
concentrated under reduced pressure to yield pale yellow oil (1). The compound was used without
any further purification. HRMS (ESI, +ve) CisHi7NOs [M+H]*calculated for 268.1179, found
268.1168.

= 2-N-boc-amino-5-hydroxybenzoic acid (2):
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I|300

NH
OH
HO
2 O
2-N-boc-amino-5-hydroxy benzoic acid (2) was prepared following the same protocol as for
compound (1) and was used without any further purification. HRMS (ESI, +ve) C12H1sNOs [M+H]*
calculated for 254.1023, found 254.1027.

= 2-N-boc-amino-4,5-dihydroxybenzoic acid (3):

IT%oc
HO NH
OH
HO
3 O

2-N-boc-amino-4,5-dihydroxybenzoic acid (3) was prepared following the same protocol as for
compound (1) and was used without any further purification. HRMS (ESI, +ve) C12H1sNOg [M+H]*
calculated for 270.0972, found 270.0967.

= 2-N-boc-amino-5-methoxybenzoyl- L-proline methyl ester (4):

—0O

2-N-boc-amino-5-methoxy benzoic acid (1) (50 mg, 0.18 mmol), HATU (68.4 mg, 0.18 mmol)
and HOBt (5 mg, 0.03 mmol) was dissolved in anhydrous DMF (1 ml) under nitrogen atmosphere.
DIPEA (61 pL, 0.36 mmol) was added to the mixture and the solution was left stirring at room
temperature for 5 minutes under nitrogen atmosphere. A mixture of L-proline methyl ester
hydrochloride (30 mg, 0.18 mmol) and DIPEA (61 uL, 0.36 mmol) in anhydrous DMF (1 ml) was
added to the latter solution and the reaction was left stirring for 16 hours under nitrogen
atmosphere at room temperature. The reaction mixture was then diluted in ethyl acetate (80 ml)
and 0.1M HCI (30 ml). The organic layer was washed with 0.1M HCI (30 ml) five times. The organic

extract was then dried over sodium sulfate, filtered off, concentrated under reduced pressure, and
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purified using flash chromatography (silica, ninhydrin/UV, hexane: ethyl acetate:: 4:1; 2:1) to afford

2-N-boc-amino-5-methoxy benzoyl- L-proline methyl ester (4) as a light yellow powder.

'H NMR (500 MHz, CDCls) & 8.51 (br, 1H), 7.77 (d, J = 7.9 Hz, 1H), 7.19 (d, J = 2.6 Hz, 1H), 7.08
(dd, J = 7.8, 2.5 Hz, 1H), 4.67 (dd, J = 8.5, 5.3 Hz, 1H), 3.79 (s, 3H), 3.72 (s, 3H), 3.61-3.49 (m, 2H),
2.37-2.28(m, 1H), 2.07-1.97 (m, 3H), 1.92-1.88(m, 1H), 1.52(s, 9H),; 3C NMR (126 MHz, CDCls)
6 172.4, 168.4, 155.5, 153.1, 135.5, 125.1, 122.9, 119.4, 113.2, 79.8, 68.3, 58.1, 55.1, 52.1, 31.7,
28.5, 24.2 ; HRMS (ESI, +ve) C15H26N206 [M+H]* calculated for 379.1864, found 379.1860.

= 2-N-boc-amino-5-hydroxybenzoyl- L-proline methyl ester (5):

IT%oc
NH
/[ I N
5 O
7Y

2-N-boc-amino-5-hydroxybenzoyl- L-proline methyl ester (5) was prepared following the same

protocol as for compound (4).

IH NMR (500 MHz, CDCls) & 9.20 (br, 1H), 8.48 (br, 1H), 7.81 (d, J = 8.3 Hz, 1H), 7.02 (d,
J=2.9Hz, 1H), 6.82 (dd, J = 8.2, 2.7 Hz, 1H), 4.66 (dd, J = 8.3, 5.2 Hz, 1H), 3.73 (s, 3H), 3.60-3.47 (m,
2H), 2.37-2.28(m, 1H), 2.09-1.94 (m, 3H), 1.92-1.88(m, 1H), 1.52(s, 9H),; *C NMR (126 MHz, CDCls)
6172.8,168.7,153.4,151.9,133.1,125.1,123.2, 122.4,118.2,79.2,68.6,57.8,52.4, 31.5,28.2,24.5
; HRMS (ESI, +ve) CigH24N20¢ [M+H]* calculated for 365.1707, found 365.1699.

= 2-N-boc-amino-4,5-dihydroxybenzoyl- L-proline methyl ester (6):

?00
HO NH
N
HO
(@]
6 o o
/

2-N-boc-amino-4,5-dihydroxybenzoyl- L-proline methyl ester (6) was prepared following the

same protocol as for compound (4).
IH NMR (500 MHz, CDCls) & 9.18 (br, 1H), 8.58 (br, 1H), 7.81 (s, 1H), 7.02 (s, 1H), 4.67 (dd,

J=8.6,5.3 Hz, 1H), 3.73 (s, 3H), 3.61-3.49 (m, 2H), 2.37-2.28(m, 1H), 2.07-1.97 (m, 3H), 1.92-1.88(m,
1H), 1.52(s, 9H); *C NMR (126 MHz, CDCl3) § 172.8, 168.7, 155.4, 151.9, 141.3, 133.1, 125.1, 122.4,
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118.2, 79.2, 68.6, 57.8, 52.4, 31.5, 28.2, 24.5 ; HRMS (ESI, +ve) CigH24N207 [M+H]* calculated for
381.1656, found 381.1652.

= S-1- (2’-N-boc-amino-5’-methoxybenzoyl)pyrrolidine-2-carbaldehyde (7):

I_I%oc

NH
N
I ; Oo ]

To a stirred solution of 2-N-boc-amino-5-methoxybenzoyl- L-proline methyl ester (4) (30 mg,
0.08 mmol) in anhydrous ether (10 ml) at -78 °C, a solution of 1 M DIBAL hydride in hexane (70 pl,
0.08 mmol) was added over a period of 1 h under an atmosphere of nitrogen. The mixture was left
stirring at -78 °C for 5 h under an atmosphere of nitrogen. When no trace of starting material
remained (TLC: silica, ninhydrin/UV, hexane : ethyl acetate:: 3:1, R¢ 0.45), the reaction was
guenched with cold methanol (1 ml). A white precipitate was formed. Reaction mixture was diluted
with ethyl acetate (50 ml) and washed with saturated solution of sodium bicarbonate (20 ml) three
times. The organic layer was then dried over sodium sulfate, filtered off, concentrated under
reduced pressure and purified using flash chromatography (silica, ninhydrin/UV, hexane: ethyl
acetate:: 5:1; 4:1) to afford S-1- (2’-N-boc-amino-5’-methoxybenzoyl)pyrrolidine-2-carbaldehyde
(7).

IH NMR (500 MHz, CDCls) § 9.62 (s, 1H), 8.50 (br, 1H), 7.78 (d, J = 8.1 Hz, 1H), 7.17 (d, J = 2.8 Hz,
1H), 7.10 (dd, J = 8.0, 2.7 Hz, 1H), 4.28 (m, 1H), 3.79 (s, 3H), 3.71-3.50 (m, 2H), 2.45-2.30(m, 1H),
2.25-2.1 (m, 3H), 2.04-1.95(m, 1H), 1.52(s, 9H),; 1*C NMR (126 MHz, CDCls) & 198.2, 168.6, 155.6,
153.4, 135.2, 124.9, 123.7, 119.1, 113.5, 80.1, 66.3, 55.6, 51.3, 31.9, 28.3, 24.2; HRMS (ESI, +ve)
calculated for Ci1sH24N20s m/z [M+H]*: 349.1758; found: 349.1746.

= S-1- (2’-N-boc-amino-5’-hydroxybenzoyl)pyrrolidine-2-carbaldehyde (8):

I_I%oc

NH

N
HO

80
O™ ™y

S-1-  (2’-N-boc-amino-5’-hydroxybenzoyl)pyrrolidine-2-carbaldehyde (8) was prepared

following the same protocol as for compound (7).
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'H NMR (500 MHz, CDCl3) & 9.64 (s, 1H), 9.22 (br, 1H), 8.51 (br, 1H), 7.79 (d, J = 8.0 Hz, 1H),
7.12 (d, J = 3.0 Hz, 1H), 6.85 (dd, J = 8.1, 3 Hz, 1H), 4.31 (m, 1H), 3.68-3.47 (m, 2H), 2.47-2.35(m,
1H), 2.29-2.11 (m, 3H), 2.01-1.91(m, 1H), 1.54(s, 9H),; 3C NMR (126 MHz, CDCls) & 198.7, 168.1,
154.1, 152.3, 132.5, 125.1,123.4, 122.2, 118.2, 80.0, 66.5, 52.4, 31.3, 28.1, 24.5 ; HRMS (ESI, +ve)
C17H22N,0s [M+H]* calculated for 335.1605, found 335.1609.

= S-1- (2’-N-boc-amino-4’,5’-dihydroxybenzoyl)pyrrolidine-2-carbaldehyde (9):

IT%oc
HO NH
N
HO
9 (@]
O™ ™H

S-1- (2’-N-boc-amino-4’,5’-dihydroxybenzoyl)pyrrolidine-2-carbaldehyde (9) was prepared

following the same protocol as for compound (7).

IH NMR (500 MHz, CDCls) 8 9.63 (s, 1H), 9.2 (br, 1H), 8.58 (br, 1H), 7.84 (s, 1H), 7.1 (s, 1H), 4.3
(m, 1H), 3.65-3.49 (m, 2H), 2.51-2.31(m, 1H), 2.28-1.88 (m, 4H), 1.52(s, 9H); 3C NMR (126 MHz,
CDCl3) 6 198.6, 168.3, 155.7, 152.1, 141.3, 136.1, 119.7, 115.4, 110.2, 80.1, 68.1, 52.4, 31.6, 26.2,
24.5 ; HRMS (ESI, +ve) C17H22N,06 [M+H]* calculated for 351.1551, found 351.1546.

= Carbinolamine from 5-methoxy anthranilic acid (10):

OH

10 O

S-1- (2’-N-boc-amino-5’-methoxybenzoyl)pyrrolidine-2-carbaldehyde (7) (10 mg, 0.03 mmol)
was dissolved in ethyl acetate (2 ml) and 1 M HCI (2 ml) was added while stirring vigorously. The
mixture was left stirring at high speed for 16 hours at room temperature. The reaction mixture was

then concentrated under reduced pressure and lyophilized to yield a yellow powder (10).

IH NMR (500 MHz, CDs0OD) & 7.33-7.21 (m, 1H), 6.93-6.91 (m, 2H), 4.95 (dd, J = 6.3, 2 Hz, 1H),
4.52-4.44 (m, 2H), 3.82 (s, 3H), 2.30-2.24(m, 1H), 2.15-2.06 (m, 1H), 1.95-1.88(m, 2H); 13C NMR (126
MHz, CDs0OD) 6 165.6, 154.3, 132.2, 124.1, 122.6, 119.1, 112.8, 84.1, 60.8, 53.6, 50.3, 33.9, 22.3;
HRMS (ESI, +ve) calculated for C13H16N,03 m/z [M+H]*: 249.1234; found: 249.1239.
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=  Carbinolamine from 5-hydroxy anthranilic acid (11):

OH

HO N
10

Carbinolamin X (11) was prepared following the same protocol as for compound (10).

'H NMR (500 MHz, CDs0D) 8 7.42-7.38 (m, 1H), 7.13-6.94 (m, 2H), 4.93 (dd, J = 6.7, 2.3 Hz, 1H),
4.54-4.45 (m, 2H), 2.32-2.26(m, 1H), 2.19-2.08 (m, 1H), 1.95-1.88(m, 2H); **C NMR (126 MHz,
CDs0D) 6 165.3, 152.3, 132.1, 122.9, 122.2, 118.7, 113.9, 84.9, 60.8, 50.3, 33.7, 22.2; HRMS (ESI,
+ve) calculated for C1,H14N20, m/z [M+H]*: 235.1077; found: 235.1080.

= Carbinolamine from 4,5-dihydroxy anthranilic acid (12):

H OH
HO N

HO N
120

Carbinolamin X (12) was prepared following the same protocol as for compound (10).

'H NMR (500 MHz, CD50D) 8 7.2 (s, 1H), 6.93 (s, 1H), 4.96 (dd, J = 6.7, 2.3 Hz, 1H), 4.56-4.49
(m, 2H), 2.33-2.24 (m, 1H), 2.19-2.08 (m, 1H), 1.95-1.86 (m, 2H); *C NMR (126 MHz, CD;0D)  165.6,
157.3, 140.5, 139.5, 118.5, 116.7, 103.3, 84.6, 61, 50.4, 33.9, 22.1; HRMS (ESI, +ve) calculated for
C12H14N204 m/z [M+H]*: 251.1026; found: 251.1018.

2.5.6 Data and Software Availability

The software used in this study is listed in the Key Source Table. Coordinates of the TomG-
SAM co-crystal structure are available at the PDB (http://rcsb.org/; Berman et al.®> under accession

code 5N5D.
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2.5.7 Key Source Table

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and Virus Strains

Escherichia coli BL21 (DE3) Agilent Technologies 200131
Escherichia coli Dh10b Thermo Scientific 18297010
Chemicals, Peptides, and Recombinant Proteins

TomA This study N/A

TomB This study N/A

TomA A-domain This study N/A

TomG This study N/A
TomG-crystal This study N/A
HRV3C Protease Thermo Scientific 88946
Kanamycin Sigma 60615
Chloramphenicol Sigma C0378
Ni-NTA Agarose Qiagen 30210
IPTG Sigma 10724815
TCEP Sigma C4706

ATP Thermo R0O441
NADPH ACROS AC328740010
Purine nucleoside phosphorylase Sigma 53113
Inorganic pyrophosphatase Thermo EF0221
MesG Sigma

Anthranilic acid Sigma A89855
5-hydroxy anthranilic acid Sanofi N/A
5-methoxy anthranilic acid Sanofi N/A
4-hydroxy-5-methoxy anthranilic acid Sanofi N/A
4-hydroxy anthranilic acid Sanofi N/A
3-bromo anthranilic acid Sanofi N/A
4,5-dimethoxy anthranilic acid Sanofi N/A
5-chloro anthranilic acid Sanofi N/A

3-CF3 anthranilic acid Sanofi N/A
3-amino anthranilic acid Sanofi N/A
4-methoxy-5-chloro anthranilic acid Sanofi N/A
4,5-dihydroxy anthranilic acid This study See Synthesis
3,5-diiodo anthranilic acid Sanofi N/A
4-carboxy-5-amino anthranilic acid Sanofi N/A
proline Sigma

3-methyl proline Sanofi N/A
3-methylene BOC-proline Sanofi N/A
2,3-dehydro proline Sanofi N/A
3-difluoro proline Sanofi N/A
(2R,3R)-(-)-2,3-Butanediol Sigma-Aldrich Cat#237639
S-adenosyl methionine (SAM) chloride . .

dihydrochloride Sigma-Aldrich Cat#A7007
See Chemical Synthesis for additional .

compounds This study N/A
Deposited Data

TomG-SAM co-crystal structure This paper ‘ PDB: 5N5D
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Experimental Models: Organisms/Strains

gDNA Streptomyces sp. FH6421 Lattemann et al.8¢ N/A
Oligonucleotides
TomA-FP
AAAAAAGCTTCTAGTGACCTTTCTTCGGATCGC Sigma N/A
G
TomA—-RP .
Sigma N/A
AAAAAAGCTTCTACTGGGTCTGTGCGGCG
TomA-RP .
Sigma N/A
AAAAAAGCTTCTACTGGGTCTGTGCGGCG
TomB-FP .
Sigma N/A
AAAAACATGTTAATGAACTCCCCCCTCCGAAC
TomB-RP .
Sigma N/A
AAAAAAGCTTTCAGTCGTCGGCCAGTTCTCC
TomG-FP .
Sigma N/A
AAAAAACATATGATGGAACAAGAGCGATGGAA
TomG-RP .
Sigma N/A
AAAAAAGGATCCCTAGCCGGTGACCAG
TomGcrystal-FP .
Sigma N/A
CGCCATATGATGGAACAAGAGCG
TomGcrystal-RP attctcgagCTAGCCGGTGACC Sigma N/A
Recombinant DNA
pET28b Novagen 69865
pETM44 Dummler et al. & N/A
pSU-MtaA Gaitatzis et al.88 N/A
pET-19b-6xHis-T7-Lysozyme-TomG This paper N/A
pET28b-TomG This paper N/A
pETM44-TomA This paper N/A
pETM44-TomA-A This paper N/A
pETM44-TomB This paper N/A
Software and Algorithms
OriginPro 2016 OriginLab Corporation N/A
ChemDraw Professional 15.1 Perkin ElImer N/A
DATAANALYSIS 4.4 Bruker N/A
Maximum Entropy Deconvolution Algorithm Bruker N/A
http://xds.mpimf-
XDS Kabsch74 .p // P
heidelberg.mpg.de/
http://www.ccp4.ac.uk/html/aimless
AIMLESS Evans and Murshudov’? p:// P / /
.html
CCP4 76 http://www.ccp4.ac.uk/
https://www2.mrc-
COOT 81 Imb.cam.ac.uk/personal/pemsley/co

ot/

ESPRIPT 3.0 webserver

89

http://espript.ibcp.fr/ESPript/ESPript
/

MOE, 2013.08; Chemical
Computing Group Inc.,

http://www.chemcomp.com/MOE-

MOE 1010 Sherbooke St. West, Molecular_Operating_Environment.h
Suite #910, Montreal, QC, tm
Canada, H3A 2R7, 2017
PHASER 77 http://phenix-online.org
PHENIX.REFINE 80 http://phenix-online.org
PHENIX 83,90 http://phenix-online.org
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PYMOL

The PyMOL Molecular
Graphics System, Version
1.8.2.3 Schrodinger, LLC

https://www.pymol.org/

DALI webserver

84

http://ekhidna.biocenter.helsinki.fi/d

ali_server/start

MOLPROBITY webserver

82

http://molprobity.biochem.duke.edu

/

Other

Pur-A-Lyzer™ Maxi Dialysis Kit

Sigma-Aldrich

PURX60100-1KT

HisTrap HP 5 mL column

GE Healthcare Life Sciences

Cat#17-5248-02

HiLoad 16/600 Superdex 75 pg column

GE Healthcare Life Sciences

Cat#28-9893-33

Vivaspin 6 MWCO 10 000

GE Healthcare Life Sciences

Cat#28-9322-96
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2.6 Supplemental Figures

A intens. A:H,0+0.1% FA
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Figure S 2.1: Comparative mass spectra of TomA show the influence on spectra quality owing to the addition
of DMSO (B) to the standard LC eluents (A). Reduction of charge state signals leads to an intensity increase
for the remaining signals by a factor of approx. 3.
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Figure S 2.2, related to Figure 2.1: A LC-MS data of tomaymycin derivatives derived from in vitro reconstitution
of TomA and TomB with different anthranilic acid derivatives combined with methylene proline. Overlaid EIC
traces of the respective derivatives with a m/z width of 0.002. B LC-MS data of tomaymycin derivatives derived
from in vitro reconstitution of TomA and TomB with different proline derivatives combined with 5-hydroxy
anthranilic acid. Overlaid EIC traces of the respective derivatives with a m/z width of 0.002.
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A 4,5-dihydroxy anthranilic acid w/o TomG
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Figure S 2.3, related to Figure 2.1: A EIC traces of 4-hydroxy-5-methoxy anthranilic acid (m/z 184.06043 +
0.002) to prove the functionality of TomG on 4,5-dihydroxy anthranilic acid. Substrate was incubated without
and with TomG. The observed signal was validated by measuring a reference of 4-hydroxy-5-methoxy
anthranilic acid. B Hydroxamate-MESG assay of TomA A-domain reveals relaxed substrate specificity while 5-
hydroxy anthranilic acid has the fastest adenylation rate within the possible natural substrates. Phosphate
production was quantified by measuring A360. Fold increase of absorption relative to control reaction
omitting TomA A-domain is displayed.
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TomA + TomB + Substrates

A I

TomA + Substrates w/o TomB

HO Al OH OH
o o | —
| | HoN HN— )
N || OH
HO NH / || (¢} o
HN NH
[ OH
[ [ HO Ho— H—(
[ [ (o] = [¢]
| \ [ \
/

TomB + Substrates w/o TomA

0.5 1.0 15 2.0 25 3.0 35 " Time [min]

I

9

ii%

T g

I
Intensity/125

‘*
*

Figure S 2.4: Overview of detected dimeric side products in the in vitro reconstitution assays. Overlaid EIC
traces of the hetero-dimeric peptides with proposed different linkage (m/z 263.10263 + 0.002), proposed
homo-dimeric side product conformers of two anthranilic acids (m/z 289.08190 + 0.002) and two prolines (m/z
237.12337 +0.002). A Assay with TomA and B including 5-hydroxy anthranilic acid, methylene proline and the
respective co-factors. B Same mixture but lacking TomB. C Same mixture as in A but lacking TomA.

A Ardormains
TomB M TomA M M Toms TomA
170 170 =
) =170 Nt
10 —
- 130 10
i —
w
- oo ..
S5 0
- —
W
4 -
- s s .
s g
- »

A280
)
3
x
>

Figure S 2.5: A SDS-PAGE analysis of SEC purified proteins TomA (65 kDa), TomB (167 kDa) and the TomA A-
domain (55 kDa). B SEC traces of TomA, TomA-A (A-domain) and TomB.



68 Tomaymycin - Supplemental Figures

ol o2 o3
TomG 0000000.000000000 000000 Q000 Q00
1 * 10 20 & Ak K30 40
TomG ....MEQERWNI[S. SISLILVIK. . EDEAMSKARAIQ . AHREFDLPD[LIAV SAP|Q
BeOMT2 = ..... XIETWTA.VDQYVSDVILIP..KDSTMEEV|LIQ. VNAAANLPAHDVS
SynOMT KGITGFD[PSLY[S. 5[, .|.AD. .DSFYMAQRRETAHL .PGAPMQ|T S|PEQ
HsCOMT = ...... GD TKE[QR/ILNHV LQHAEPGNAQSVMEA|ID|I|. YCE . QKEWAMN|V GD KK

consensus>70 ....... e.....Vv.gq.VS........ d..L........0c0.... md!s..

o4 B1 oS B2 a6
TomG 20000000000 —_— 2000000 TT = 0000000
59 * 69 79 8(_] 9(_!* *
TomG GHELIJHLLARLRQARRTIAAT[&TF|G] AR PPIDIGRLVT IEWERSF|AEIS A
BcOMT2 GHF|ILQLLVQIQGARN|INNAT[ETLG ARIGISIS|GIGRVVTLEASEKHAD|IA
SynOMT AQF|ILGILLI ST GAKQVIRNT[&VIF ALOMPPIDIGQITACDQDPNATIATA
HsCOMT GHKIVDAVIQEHQP SVILIRAL[EAY|C JRIPASPIGARLITIEINPDCRAAILT
consensus>70 gk.l1.11i....a..iLEiG.f.GYS.i.$Ar.L.p.gr.!t.#.e...a.ia
B3 o7 12 B4

TomG 000000 — 00000000 — Q0000Q

109 129* 139 149
TomG ASR[LAEK RALDILPTLD.R.PGTAP[FIEMVIFVISANISP D IP|EY
BcOMT2 RSN|I|ERE LALDSLQQIIE.N.EKYEP|FIsJF T}y T|s]ADI4QNN[P|AlY F
SynOMT KKYWQKEG EKI PALATLEQLTQG.KPLPEFML I} TISADIARN Y|P|/RY Y|
HsCOMT QRMVIDFEAGVIKDKV| ASQDITIPQLK . KKYDVD TILIsjM VI T.|W HWAD R Y|L{PD T|
consensus>70 ....e. .d.!'....G.ald.1l.gql......... fDm!FiDadK.n.p.yf

o8 5 3 a9

TomG L00Q..0 TT Q00000 QQQQ000QQQQQ00Q -

15(:) 16(.!* 199 Zﬂlf_J
TomG TWATL{. . KpSIIP(eA QGVIR HEMLAGRSDV|T
BcOMT2 EWAL. . KpSiEpP(e T, QGIR YELIIAAEPRV|S
SynOMT EIGI{. . NpALIZ G QVILIQOIINRDLAQDERVIR
HsCOMT LLLEECGMLIK[ET PGAPDIYLAHVRGSSCEIE
consensus>70 ..1...L.R.G.v.v.DNVv..g.v.d....d...qg...F....a....v.

pé B7
TomG —— TT —e—
219 * *229

TomG ATISIIQTIVG. . TKGY|MeF T L T.G. .
BcOMT2 ATAILOTIVG . . SKGY|MeEE T X KX...
SynOMT ISVIIPL....... GiJeM T L KKX. ..
HsCOMT CTHYQSFLEYREVVPELEK] YK .GPX
consensus>70 .t..q......... DG...A..k....

Figure S 2.6: Multiple structural alignment and consensus sequence of diverse OMTs. Secondary structure
assignment and sequence numbering corresponds to the structure of TomG. Sequences were aligned using
the DALl webserver . The alignment was manually edited and visualized using the ESPript 3.0 webserver .
Abbrevations used: BcOMT2 - O-methyltransferase from Bacillus cereus; SynOMT - O-methyltransferase from
Cyanobacterium synechocystis; HSCOMT - catechol-O-methyltransferase from Homo sapiens.
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2.7 Supplemental Tables

Table S 2.1: Details of the crystal structure analysis, 1values in parenthesis correspond to highest resolution

shell

TomG

Crystallization and data
Collection

Crystallization buffer

Crystallization drop

2.1 M NH4(SO4), 0.1 M Li>S04, 0.1 M Hepes pH 7.3

0.1 pL crystallization buffer + 0.1 uL 5 mg/mL protein in 50
mM Bicine pH 8.0, 200 mM NaCl, 1 mM CaCl,, 10 % Glycerol,
0.6 mM S-Adenosyl methionine

Wavelength (A)
Resolution range (A)?
Space group

Unit cell parameters a, b, c (A),

a,B,v(°)

Total reflections?

Unique reflections?

1.033
50.47 —1.55 ( 1.58— 1.55)

P212124

67.597, 75.877,86.784, 90.00 90.00 90.00

859146 (40703)

65091 (3142)

Multiplicity? 13.2 (13.0)
Completeness (%)?! 99.6 (98.7)
Mean I/sigma(l) ! 22.9(1.7)
R-meas? 0.079 (1.691)
R-pim? 0.021 (0.464)
CC1/2t 1.000 (0.783)
cc*1 1.000 (0.937)
Wilson B-factor (A2) 11.53
Monomers/asymmetric unit 2
PSB12282

Refinement
Resolution range (A)?
R-work?
R-free!
Protein residues
Number of non-hydrogen atoms
Total
Protein

Ligands

50.47 — 1.55 ( 1.60— 1.55)
0.1482 (0.2791)
0.1661 (0.2889)

447

4198
3577

127
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Water 494
Rmsd

Bonds (A) 0.004

Angles (°) 0.715

Ramachandran statistics

Favored (%) 97.07
Allowed (%) 2.93
Outliers (%) 0.00

B-factor (A2)

Average 22.77
Protein 20.96
Ligands 33.39

Water 33.15
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3 Tilivalline

3.1 Abstract

Tilvalline is a pyrrolo[4,2]benzodiazepine derivative produced by the pathobiont Klebsiella
oxy-toca and the causative toxin in antibiotic associated hemorrhagic colitis (AAHC). Heterologous
expression of the tilivalline biosynthetic gene cluster along with in vitro reconstitution of the
respective NRPS (NpsA, ThdA, NpsB) was employed to reveal a non-enzymatic indole incorporation
via a spontaneous Friedel-Crafts-like alkylation reaction. Cytotoxicity screening of tilivalline and its
carbinolamine precursor both derived from total synthesis, revealed tilivalline to be the more active
species and thus the actual toxin. Furthermore, the heterologous system was used to generate
novel tilivalline derivatives by supplementation of respective anthranilate and indole precursors.
Finally it could be shown that salicylic and acetylsalicylic acid inhibit the biosynthesis of tilivalline in
K. oxytoca liquid culture, presumably by blocking the peptide carrier protein ThdA, pointing towards

a potential application as anti-virulence drug for AAHC.

3.2 Introduction

Tilivalline, a pyrrolo[4,2]benzodiazepine (PBD) derivative, is produced by Klebsiella oxytoca*
and has been identified as the causative virulence factor in antibiotic associated hemorrhagic colitis

(AAHC)2.

PBDs are a common class of natural products produced by Streptomyces species and occur
with various substitution patterns. Compounds like anthramycin, sibiromycin or tomaymycin can
bind covalently to the minor grove of double stranded DNA and hence exhibit a potent
antineoplastic activity. In the past a considerable effort to produce novel synthetic PBD derivatives
has been expended, resulting in PBD conjugates like DSB-120 and SJG-136, dimeric compounds with

strong antitumor activity?.

Tilivalline likewise shows activity against mouse leukemia L1210 cells* and has been identified
to be causative for the cytotoxic effects of K. oxytoca extracts which have been initially described
in 19895, Recently, tilivalline has been reported to be fundamental for the course of AAHC caused
by K. oxytoca®’. AAHC is triggered by antibiotic treatment and a resulting enterobacterial K. oxytoca
overgrowth in the colon that is inherently resistant to amino and carboxy penicillins. Such a
dysbiotic population is dominated by the pathobiont K. oxytoca and causes bloody diarrhea and

abdominal cramps®2°,
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The biosynthetic gene cluster of tilivalline reported by Schneditz et al.? contains a bi-modular
non ribosomal peptide synthetase (NRPS) that is thought to synthesize the PBD core from an
anthranilate and a pyrrolo precursor. This assumption is based on the finding that the tilivalline
cluster has the same module organization as the sibiromycin and tomaymycin gene clusters'*2,
NRPSs are multimodular megasynthetases that produce a diverse group of natural products by
catalyzing peptide bonds between monomeric building blocks. Owing to the independence from
the ribosome, NRPS building blocks are not limited to the proteinogenic amino acids. Hence,
unusual blocks with diverse modifications are often incorporated. The minimal module for the chain
elongation process consists of three domains: The adenylation domain (A) activates the substrate
that subsequently is covalently tethered to the terminal thiol 4’phosphopanthein prosthetic group
(PPant) on the thiolation domain (T). The condensation domain (C) catalyzes the peptide bond
between two adjacent T domain tethered substrates. The last module usually contains a
thioesterase (TE) or reductase (R) domain that releases the substrate chain from the enzyme®*14,
In addition, optional domains included in distinct modules can facilitate a variety of modifications

such as epimerization, hydroxylation or methylation and thus increase the diversity of structural

elements in natural products®.

Here we present the elucidation of the tilivalline biosynthesis using heterologous expression
of the gene cluster and the in vitro reconstitution of the underlying NRPS NpsA, ThdA, and NpsB.
Our data show a non-enzymatic incorporation of the tilivalline indole moiety by a Friedel-Crafts-like
alkylation. Furthermore, the heterologous system was used to generate novel tilivalline derivatives
in a convenient 96-well plate based synthetic biology platform. In addition, we identified
competitive inhibitors to block the tilivalline NRPS in the natural producer K. oxytoca and thus
prevented toxin production in liquid culture. This finding is especially intriguing as tilivalline

biosynthesis inhibition could serve as a valuable pathoblocker strategy in colitis treatment.

3.3 Results

3.3.1 Clinical Isolates of K. oxytoca Produces Tilivalline

K. oxytoca isolate #6 was isolated from stool sample at the University Hospital Homburg Saar,
Germany. The presence of the tilivalline biosynthetic gene cluster was confirmed by colony PCR
using primers for NpsA. An initial small-scale culture of the respective isolate in liquid medium was
extracted with ethyl acetate and fractionated into 96 well plates while a split flow was used to
acquire LC-MS data. Eventually, the fractions were screened towards cytotoxicity against KB-3.1
human cervix carcinoma cells. The combined screening effort revealed one active fraction

containing primarily a compound with 334.1550 m/z. Comparison with an authentic standard
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obtained by total synthesis revealed the detected compound as tilivalline, which was finally

confirmed by purification using preparative HPLC and subsequent NMR analysis (Figure 3.1).
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Figure 3.1: A Biosynthetic gene cluster of tilivalline from K. oxytoca isolate #6 spans 17 kb. It contains ten open
reading frames constituting a two modular NRPS (black), the putative 3-hydroxylase (dark grey), genes for
providing anthranilic acid (white) and regulators (light grey).B UV (200-600 nm) trace of the ethyl acetate
extract of an K. oxytoca isolate #6 fermentation. The asterisk indicates the cytotoxic fraction harboring
tilivalline. C Proposed biosynthesis of tilivalline: The NRPS (NpsA,ThdA,NpsB) generates the tilivalline
backbone from 3-hydroxy anthranilic acid and proline. The biochemistry of the subsequent indole
incorporation was elusive.

To gain further insights into the genome of K. oxytoca isolate #6 the lllumina sequencing
technology was used for sequencing and the gene data were analyzed towards similarity to the
already reported tilivalline biosynthetic gene cluster. The tilivalline biosynthetic gene cluster was
identified using Antismash 2.0'® and revealed an identical locus organization as the one reported
by Schneditz et al.2. The DNA sequence identity of the two clusters spanning 16.264 bp is striking
99.4%. The lowest observed identity on protein level is 96.7% for UvrX (Table S 3.1).

The three genes npsA, thdA and npsB encode a two-modular NRPS including a reductive
release domain. They share identical domain organization with the already described PBD
producing synthetase of tomaymycin from Streptomyces®!. Similar to the tomaymycin cluster,
copies of shikimate pathway genes and other housekeeping enzymes are present to provide the
anthranilic acid precursor for the biosynthesis of the core structure. The homologue of the 4-
nitrophenol-2-monoxygenase NphAl, HmoX, is putatively responsible for the hydroxylation at
position 3 of the anthranilic acid. Other NphA1 homologues can be found in the biosynthetic gene
clusters of tomaymycin or sibiromycin, which both harbor a hydroxylated anthranilic acid moiety?’.
The comparison with the tomaymycin biosynthesis further indicated a release of the formed
dipeptide as an aldehyde followed by an immediate circularization to an imine which reacts
spontaneously to the respective carbinolamine by hydratation. The nature of the indole
incorporation remained elusive as no candidate genes for the indole incorporation could be

identified in the tilivalline biosynthetic gene cluster (Figure 3.1).
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3.3.2 Heterologous Expression of the Tilivalline Biosynthetic Gene Cluster Reveals

Non-Enzymatic Indole Incorporation

To generate a heterologous expression construct a TAR-based assembly of PCR amplified DNA
fragments was employed (see methods section for details). The two operons containing the NRPS,
the tailoring, and the precursor biosynthetic genes were PCR amplified from the K. oxytoca isolate
#6 genomic DNA. The promoter cassette sequences for Pt and Pgap as well as the vector backbone
were PCR amplified while suitable homologous regions at the 5’-end of the primers were
introduced?®. The resulting five fragments were assembled by TAR in Saccharomyces cerevisiae to
the plasmid pCly-Til. Plasmids exhibiting the correct restriction pattern were verified by employing

Illumina sequencing technology (Figure 3.2).
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Figure 3.2: A Schematic display of the TAR assembly of the five PCR generated DNA fragments to yield the
heterologous expression construct pCLY-Til. B Two different heterologous expression systems for tilivalline in
E. coli BL21 (DE3) have been generated. Simultaneous expression of pCLY-Til and pet28b-tnaA or indole
supplementation led to successful restoration of tilivalline production. Expression of the construct pet28b-
NRPS while supplementation of all three precursors indole, 3-hydroxy anthranilic acid, and L-proline restored
tilivalline production as well. C LC-MS analysis of the different heterologous systems shows the successful
production of tilivalline in M9 minimal media. E. coli BL21 (DE3) pCly-Til-24 produces tilivalline when indole is
either produced in the cell by the tryptophanase construct pet28b-tnaA (1) or supplemented in the culture
media (ll). E. coli BL21 (DE3) pet28b-NRPS produces tilivalline when the substrates are supplemented (lll).
Synthesized (V) and purified tilivalline from K. oxytoca isolate #6 (IV) were used as standard.
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Upon induction of E. coli BL21 (DE3) pCLY-Til-24 in M9 minimal medium containing tetracycline
and L-arabinose, tilivalline was not detectable in the supernatant. However, trace amounts of the
carbinolamine derived from 3-hydroxy anthranilic acid and L-proline were identified by LC-MS. The
heterologous system apparently lacked the required indole source and/or enzyme for tilivalline
production. Since no indole formation related genes are present in the tilivalline gene cluster and
the E. coli tryptophan degradation pathway is repressed in minimal media’®, indole was
supplemented to the medium by feeding 5 mM indole. Repeatedly performed LC-MS analysis of
the corresponding cultures then indeed confirmed the presence of tilivalline indicating a non-
enzymatic mechanism for tilivalline formation from the imine. To facilitate indole generation in vivo
the gene of the wild type tryptophanase TnaA of K. oxytoca was cloned tag-free into the pet28b
expression vector. Upon induction of an E. coli transformant harboring both constructs, pCLY-Til-24

and pet28b-tnaA, tilivalline production was observed without any addition of indole (Figure 3.2).

To circumvent the poor growth and low yields in E. coli transformants harboring two plasmids
with a combined size of over 20 kb and two resistance markers, a second approach was established.
The operon containing the core NRPS NpsA, ThdA, and NpsB was cloned entirely and tag-free into
pet28b, which yielded a 10-fold increased tilivalline production in M9 minimal media supplemented
with 3-hydroxy anthranilic acid, indole, and L-proline. To prove the non-enzymatic nature of the
indole incorporation, all enzymes in the supernatant of an E. coli pet28b-Til-NRPS transformant
grown without supplementation of indole were inactivated by three different methods. The
supernatant containing the carbinolamine was either heat inactivated at 100°C for 5 minutes or
supplemented with SDS or methanol to final concentrations of 1% and 20%, respectively.
Subsequently performed incubation with indole confirmed the tilivalline formation in all three
scenarios and thus manifested the probability of a spontaneous reaction of the NRPS produced

carbinolamine with free indole (Figure 3.3).
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Figure 3.3: A Formation of tilivalline and epi-tilivalline can be detected upon incubation of indole with the
purified PBD precursor in the carbinolamine form (I). PBD-precursor was purified from the in vitro
reconstitution of NpsA, ThdA and NpsB without indole supplementation (). Synthesized tilivalline was used
as a standard (1ll). EIC traces for tilivalline (black, 334.1500 + 0.002 m/z) and carbinolamine (grey, 235.10772
+0.002 m/z) are shown. B LC-MS derived EICs prove formation of tilivalline in the supernatant of induced E.
coli BL21 (DE3) pet28b-NRPS cultures in M9 minimal media (1V) upon addition of indole (). Inactivation of
enzymes by heat (Hl) (Il) or methanol (1) did not impair product formation. Synthesized tilivalline was used
as standard (V) C Theoretical reaction mechanism for indole incorporation include the iminium transition state
stabilized by the acidic phenolic hydrogen in ortho-position. Tilivalline is formed after Friedel-Crafts-like
alkylation of nucleophilic indole at the carbeniumion takes place. Non-enzymatic incorporation leads to loss
of stereochemical control and both epimers, tilivalline and epi-tilivalline are formed, while the latter proved
instable and degrades over time.

3.3.3 Invitro Reconstitution of the Tilivalline NRPS

The three genes constituting the tilivalline NRPS, npsA, thdA, and npsB and the K. oxytoca
tryptophanase tnaA were heterologously expressed in E. coli BL21 (DE3). For the NRPS enzymes a
N-terminal, HRV3C cleavable, 6xHis-MBP tag was used as it showed to enhance the yields and
solubility. The obtained NRPS proteins were purified to homogeneity by a three-step protocol using
nickel-affinity chromatography, a reverse nickel-affinity chromatography step upon HRV-3C
digestion to remove the tags, and a polishing gel filtration step (Figure S 3.3). TnaA was enriched by
affinity chromatography using an N-terminal 6xHis-tag and purified to homogeneity by a final gel

filtration step without removing the tag (Figure S 3.4).

The purified proteins NpsA, ThdA, and NpsB were used to reconstitute the biosynthesis of
tilivalline in vitro. Upon incubation of the NRPS proteins with the substrates 3-hydroxy anthranilic
acid, L-proline, and indole together with the cofactors ATP and NADPH, tilivalline formation could
be observed by LC-MS. The addition of TnaA, tryptophan and the cofactor PLP instead of indole also
restored production. The activity of TnaA was previously reconstituted in vitro® (Figure S 3.4). Trace

amounts of the carbinolamine could be detected in all assays but it was further accumulated once
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the indole source was omitted. To prove the non-enzymatic nature of the indole incorporation, the
carbinolamine was purified from the in vitro reconstitution assay in an analytical scale. In vitro
reaction with indole yielded tilivalline and a second, isobaric compound with a slightly different
retention time (Figure 3.3). This additional signal is most likely owing to the formation epi-tilivalline,
the diastereomer of tilivalline, during indole addition, since no enzyme controls the
stereochemistry. In contrast to tilivalline, the signal of epi-tilivalline decreased in aqueous solution
over time, indicating degradation. Instability of epi-tilivalline also explains its absence in K. oxytoca

extracts and in the heterologous system.

3.3.4 Tilivalline and not the Carbinolamine is the Active Species

Schneditz et al.? reported an ICsp of 10 uM for tilivalline against Hep2 cells. This weak
cytotoxicity and the non-enzymatic indole incorporation raised the question if tilivalline or rather
the carbinolamine or even the imine precursor is the actual virulence factor. The carbinolamine
precursor of tilivalline was synthesized (see synthetic procedures for details) and an ICso value for
KB-3.1 human cervix carcinoma cells of 23.65 uM was determined for the synthetic material. Thus,
it is 20-fold less active compared to tilivalline with a determined ICsovalue of 1.63 UM in our system.
Consequently, the indole moiety seems to be essential for the virulence of K. oxytoca. The imine
that must be formed first could not be detected in any assay and could neither be synthesized,
presumably because of the high reactivity. However, the carbinolamine and tilivalline are
magnitudes less active than the imine tomaymycin that exhibits an ICso value of 0.041 uM. We
speculate that the substitution pattern found in tomaymycin allows for stability of the imine which
is not the case in the hypothetical tilivalline precursor. In addition to the cytotoxicity assays, we
investigated portential tilivalline-DNA interaction which is the known mode of action of many PBDs,
for instance anthramycin. Accordingly performed DNA displacement assays with tilivalline and
ethidium bromide showed no activity while when using Hoechst33342 a slight displacement at high
concentrations of > 6.7 uM was observed. This suggested that no DNA intercalation takes place and
only a low affinity to the minor groove of the DNA exists (Figure 3.4). Consequently, the mode of

action of tilivalline remains elusive.
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Figure 3.4: Tilivalline does not displace ethidium bromide but displaces Hoechst33342 at concentrations higher
than 6.7 uM. This indicates a weak binding of tilivalline to the minor groove of the DNA but excludes an
intercalation.

3.3.5 Tilivalline NRPS as Heterologous Synthetic Biology Platform

A heterologous expression system was utilized to set up a 96-well plate based platform for a
precursor directed mutasynthesis approach (Table 3.1). Twelve different halogenated,
hydroxylated, or nitrated indole derivatives were supplemented with 3-hydroxy anthranilic acid and
L-proline and supernatants were subsequently analyzed by LC-MS (Figure S 3.1). Fluoro- and
hydroxyl substituted indoles were incorporated with comparable efficiencies to the native,
unsubstituted indole. Although nitro- and bromo derivatives were also accepted, the signal
intensities were one magnitude lower. The incorporation of 5-iodo indole was extremely inefficient
and only trace amounts of the respective tilivalline derivative could be detected. Furthermore, the
tilivalline NRPS accepts twelve different anthranilic acid derivatives including halogen-, hydroxy-,
methoxy-, and trifluoromethyl substituted ones (Figure S 3.2). The halogenated as well as the
hydroxylated and methoxylated anthranilic acid derivatives were readily accepted with product
signal intensities comparable to the native tilivalline. The substitution of the 3-hydroxy group with
the sterically demanding trifluoromethyl led to a nearly complete abolishment of production and
only trace amounts of the respective derivative could be detected. All anthranilic acid derivatives
were supplemented together with indole and L-proline. For all tilivalline derivatives, the emergence
of a second signal with an approximately 100-fold lower intensity compared to the main product
signal was observed. This indicates the formation of both epimers during indole addition and the

subsequent degradation of the epi-tilivalline derivative, as already observed for tilivalline.
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Table 3.1: Mutasynthesis of tilivalline derivatives by supplementing E. coli BL21 (DE3) pet28b-NRPS
fermentations with anthranilic acid or indole derivatives. Incorporation efficiency was estimated by comparing
LC-MS derived EIC signal intensities compared to tilivalline production: similar production (+++), one
magnitude less (++), little (+) and trace amount (tr).

anthranilic acid indole
Derivative Production Derivative  Production

AA =+ 4-OH +H+
4-OH ARnS 5-OH +H+
3-Me ++ 6-OH +H+
3-OMe +++ 4-NO2 +
5-OMe ++ 3-NO2 1+
3-F ++ 6-NO2 +
>-F +++ 7-NO2 +
3-Cl ++ 8-F +H+
4-Cl ARnS 9-F b
5-Cl +++ 10-F +H+
5-Br + 5-Br +
3-CF3 ir. 5-1 tr.

3.3.6 Salicylic Acid Based Compounds Inhibit Tilivalline Production in K. oxytoca

Tilivalline production in K. oxytoca isolate #6 was evaluated for different fermentation
conditions (see table), whereby incubation for 16 h at 37 °C turned out to be most reliable. Tilivalline
production in presence of different potential inhibitors were subsequently quantified relative to
each other by LC-MS. As could be predicted rationally from the biosynthetic route, benzoic acid
derivatives lacking the amino group might be loaded to the NRPS and act as inhibitors of the overall
reaction. Indeed, salicylic acid inhibited production completely in two steps with 1Cso values of 0.3
KM and 43 uM. Acetylsalicylic acid showed an ICso value of 10 uM for the reduction of tilivalline

production to a final level of 15% (Figure 3.5).
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Figure 3.5: Salicylic acid and acetylsalicylic acid inhibit tilivalline biosynthesis in K. oxytoca isolate #6 liquid
culture. Experiments were carried out in triplicates. Mean values and standard deviations are given. A two-
step and one-step dose-response model was used to fit salicylic acid and acetylsalicylic acid data, respectively.

3.4 Discussion

Antibiotic resistant pathogens are an increasing threat to public health. Consequently, the
development of alternative antibacterial strategies has become vital. Virulence of pathogens is
often dependent on distinct natural products that act as toxins or siderophores %124, Hence, the
underlying biosynthetic machinery has emerged as a promising antibacterial target®>2®. Substances
that are capable to block secondary metabolite pathways have less impact on the overall fitness of
the pathogen compared to antibiotics, which usually target vital cell functions. This is thought to
reduce the probability of resistance development and the problematic side effects associated with
an antibiotic regime?’. K. oxytoca is a human intestinal pathobiont prevalent in 2-10% of healthy
individuals. The toxin producing K. oxytoca has been identified to cause AAHC by overgrowing the
colon as a consequence to penicillin treatment®92%, A causative link between the NRPS-produced
PBD tilivalline and AAHC was recently established, making the underlying biosynthesis a viable
target for drug design efforts?. Here, we present the elucidation of tilivalline biosynthesis and the
setup of a synthetic biology platform to produce a variety of derivatives, which eventually opens
up the possibility to inhibit the toxin biosynthesis in K. oxytoca liquid culture using competitive

inhibitors.

The structural backbone of tilivalline is produced by a two-modular NRPS, similar to the ones
found in PBD producing actinomycetes. Interestingly, tilivalline harbors an indole moiety that is
incorporated by a non-enzymatic process, as we show in this paper. The reaction occurs
spontaneously when incubating the respective PBD with indole in aqueous solution. It can be
assumed that the positive resonance effect of the ortho-hydroxyl group increases the basicity of
the imine. A five-membered ring transition state including the phenolic hydrogen and the imine

nitrogen presumably promotes iminium formation. The resulting mesomeric carbeniumion
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undergoes a Friedel-Crafts like alkylation with the electron rich indole-carbon. Since K. oxytoca is

indole-positive the required free indole is provided by degrading tryptophan®.

Other PBDs like tomaymycin, sibiromycin, and anthramycine show promising cytotoxic
activities and thus has been further developed towards antitumor agents®%31, The underlying mode-
of-action is the covalent bond formation between the imine carbon of the PBD with an amino group
of a guanidine in the minor groove of the DNA32, Apparently, an analogous mode-of-action for
tilivalline is not realistic since the imine-carbon of the PBD is already occupied by the indole, what
raised the question whether tilivalline or rather the PBD precursor is the actual virulence factor.
The synthesized PBD carbinolamine precursor of tilivalline surprisingly exhibited significantly lower
cytotoxic activity compared to tilivalline. Furthermore, isolation of the imine form of the PBD
precursor during total synthesis proved impossible due to instant and quantitative conversion to
the carbinolamine form in aqueous solution, probably a result of the different substitution pattern
on the aromatic moiety compared to the PBD compounds from actinomycetes. Existence of the
imine form in vivo is therefore improbable and although bacterial secretion systems that inject
toxins directly into the host cell exist****, the high instability of the imine makes a participation in
K. oxytoca virulence unlikely. Our findings provide evidence that tilivalline indeed is the bioactive
species and the underlying mode-of-action differs from the one described for other PBDs such as
tomaymycin. Furthermore, tilivalline is a prominent biomarker and thus valuable for the
development for a rapid screening method for the detection of AAHC associated K. oxytoca
infections. Although the molecular details of tilivalline-induced apoptosis remain elusive, the

respective NRPS constitutes a promising target for anti-virulence strategies.

NRPS assembly lines use adenylation domains to activate the amino acid substrates as acyl-
AMP that remains tightly bound to the active site for downstream processing. Therefore, non-
hydrolyzable acyl-AMP mimics like the acyl-sulfamoyl-adenosine (acyl-AMS) scaffold have been
commonly used for selective inhibition of adenylating enzymes®. Despite the established
application in in vitro experiments, the application in liquid culture is hampered due to poor cell-
permeability®. Nevertheless, inhibition of the biosynthesis of salicyl-capped non-ribosomal-
peptide-polyketide siderophores in M. tuberculosis and Y. pestis using salicyl-AMS has been
reported where successful inhibition impaired bacterial growth under iron-limiting conditions®’.
Along those lines we here present an alternative inhibition approach for the NRPS produced toxin
tilivalline. The relaxed substrate specificity of NpsA, the first A-domain of the tilivalline assembly
line, became obvious in the presented synthetic biology platform and inspired us to test salicylic
acid as competitive inhibitor. Activation and transfer of salicylic acid, that misses the amino group
compared to the native substrate 3-hydroxy anthranilic acid, blocks the PCP-domain to be no longer

available for tilivalline biosynthesis. Our work provides first evidence that salicylic and acetylsalicylic
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acid inhibits tilivalline biosynthesis in K. oxytoca liquid cultures. Acetylsalicylic acid has been shown
to hydrolyze to salicylic acid in aqueous solution and thus probably acts as a prodrug3®. The low
cytotoxicity values of tilivalline and the high production titer in liquid culture indicate a high
occurrence of the toxin in the colon as well. Consequently, reduction of this pathogenicity factor is
a promising approach to cure AAHC. The observed inhibition of its biosynthesis by salicylic acid, a
well-established drug of such long-standing history, poses a remarkable opportunity for future

treatments.
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3.5 Experimental Procedures

3.5.1 Sequencing of Strain K. oxytoca Isolate #6

The strain K. oxytoca isolate #6 was obtained from Dr. Alexander Halfmann, Saarland
University Hospital, Homburg, Germany. Prior sequencing, presence of the tilivalline gene cluster
was confirmed by successfully amplifying npsA using the primer pair NpsA-FP/NpsA-RP designed
for protein purification. Draft genome sequence of Klebsiella oxytoca isolate #6 was obtained using
Illumina sequencing technology in cooperation with the Genome Analytics group at the Helmholtz
Centre for Infection Research (Braunschweig, Germany). Raw sequencing data obtained from the
MiSeq platform comprised 2,849,072 paired-end reads with the length of 250 bp each. This raw
data was assembled into contigs with Abyss-pe assembler software3, version 1.9.0. The resulting
192 contiguous sequences (contigs) were mapped to the reference sequence of a close relative
genome of Klebsiella oxytoca MGH 28 (GenBank accession code: KI535631) in Geneious software*,
verision 9.0.5. The resulting draft genome circular scaffold of 5,720,468 bp was used for the

downstream analysis.

3.5.2 Isolation of Tilivalline

Preparative HPLC was performed with a Waters Autopurifier System (APS) equipped with a
Waters XBridge C18 150 x 4.6 mm, 5 um dp analytical column for method development at 1.0
mL/min flow rate. Preparative separations were performed with a XBridge C18 150 x 19 mm, 5 um
dp column at 25 mL/min flow rate. Both used (A) water + 0.1 % FA and (B) acetonitrile + 0.1 % FA
as solvent system. Elution of an 800 pL sample injection started with a 3 min isocratic step at 5 %
B, a linear increase to 40 % B within 25 min, a steep increase to 95 % B in 2 min, followed by a 3 min
plateau at 95 % prior to reequilibration to initial conditions. The overall run time was 34 min while
40 fractions were collected in a period from 19 to 22 min. Fractions were combined based on MS

data and yielded tilivalline in high purity without any further purification efforts.

3.5.3 TAR Assembly of the Tilivalline Biosynthetic Gene Cluster

PCR fragments of the vector backbone, promoter cassettes, tilivalline NRPS and tailoring
operon were amplified using primers with suitable 40bp 5’overhangs (Table S 3.2). TAR assembly in
S. cerevisiae was conducted as described previously!®. Colony PCR targeting fragment borders was
used to preselect yeast colonies (Table S 3.2). Positive clones were grown in selective leucine
deficient media overnight and subsequently the plasmid DNA was isolated. Plasmid isolation by
alkaline lysis from E. coli Gbred transformants and subsequent restriction digest was used to
identify correct constructs. Isolation attempts with E. coli Dh10b or HS916 cells yielded low DNA

concentration. Plasmids were subsequently verified by lllumina sequencing.
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3.5.4 Heterologous Expression of the Tilivalline Biosynthetic Gene Cluster

E. coliBL21 (DE3) pCly-Til-24 (or 28) cells were grown overnight in LB media at 30°C. Expression
in 10 mL M9 minimal media with 2% glycerol as sole carbon source at 30°C for 16 h was induced by
addition of 2% (w/v) arabinose and 5 ng/mL tetracycline after cell density reached ODgyo=0.6.
Subsequently the filtrated supernatant was forwarded to LCMS analysis. TnaA was coexpressed in
pet28b using the same protocol but with additional induction with 0.1 mM IPTG. Supplementation

with indole was carried out simultaneously with induction with a final concentration of 1ImM.

3.5.5 Heterologous Expression of the Tilivalline NRPS

The operon harboring the tilivalline NRPS was cloned into pet28b using suitable primers
allowing for tag-free expression. E. coli BL21 (DE3) pet28b-NRPS cells were grown overnight in LB
media at 30°C. Expression in M9 minimal media with 2% glucose as sole carbon source at 30°C was
induced by addition of 0.1 mM IPTG, 1mM indole, 1mM 3-hydroxy anthranilic acid and 1mM L-
proline after cell density reached ODgoo=0.6. After incubation for 16h the filtrated supernatant was
forwarded to LCMS analysis. Synthetic biology studies were carried out by substituting indole or 3-
hydroxy anthranilic acid with the respective derivative. Initial fermentation was carried out in 10

mL volume. Feeding studies were carried out in 150 uL volume using a 96-well flat bottom plate.

3.5.6 Protein Purification of NpsA, ThdA, and NpsB

The respective gene was inserted into a petM44 expression vector with an N-terminal 6xHis-

MBP tag using according primers (restriction site in bold):
NpsA-FP  AAAAACCATGGCAACGCATTCAGCATA
NpsA -RP  AAAAAAAGCTTTTACACCTGCTCCAGTAAAGAATIT
ThdA-FP  AAAAACCATGGCAGACAACGTTGAGCAA
ThdA -RP AAAAAAAAGCTTTTAGAGCTTTTGCCGTTGCC
NpsB-FP  AAAAACCATGGCACCATCATTCAATAGCG
NpsB-RP  AAAAAGGATCCCTAGACAATTTCTTTCTGCCGCT

The respective construct was expressed in E. coli BL21 (DE3) cells (500 mL LB, 0.1 mM IPTG,
16°C, 16h). The cell pellet was resuspended in lysis buffer (150 mM NaCl, 25 mM Tris, 40 mM
Imidazole, 1 mM TCEP, pH 7.5), sonicated and centrifuged. The supernatant was loaded onto a
gravity flow column containing Ni-NTA loaded sepharose, washed with lysis buffer, and
subsequently eluted in one step (250 mM Imidazole). The tag was cleaved using HRV3C protease

during overnight dialysis against SEC buffer (150 NaCl, 25 Tris, pH 7.5) at 4 °C, and removed by a
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second Ni-NTA chromatography step. After passing through a Superdex 200 16/60 pg column (GE
Healthcare Life Sciences) the protein was concentrated using a 30 kDa (NpsA and NpsB) or 10 kDa
(ThdA) cutoff filter and stored at -80 °C in 10% glycerol. Protein purity was determined by SDS-
PAGE. Protein concentration was determined spectrophotometrically upon determining the
respective extinction coefficient from the amino acid sequence using the PROTPARAM webserver

(http://web.expasy.org/protparam/; Gasteiger et al.**.

3.5.7 Purification of TnaA

The respective gene was inserted into pet28b with an N-terminal 6xHis tag for purification and

without tag for heterologous expression using according primers (restriction site in bold):
TnaA-noHis-FP AAAAAACCATGGCACGTATCCCTGAGCCGT
TnaA-RP AAAAAAGGATCCTTATTTCACCGGTTTCAGTCTG
TnaA-FP AAAAAAGCTAGCATGAAACGTATCCCTGAGC

The construct was expressed in E. coli BL21 (DE3) (500 mL LB, 0.1 mM IPTG, 16°C, 16h). The
cell pellet was resuspended in lysis buffer, sonicated and centrifuged. The supernatant was loaded
onto a gravity flow column containing Ni-NTA loaded sepharose, washed with lysis buffer and
subsequently eluted in one step (250 mM Imidazole). 6xHis-fusion protein was passed through a
Superdex 200 16/60 pg column in SEC buffer (150 mM NaCl, 25 mM Tris, pH 7.5), concentrated
using a 10 kDa cutoff filter and stored at -80 °C in 10% glycerol. Protein purity was determined by

SDS-PAGE. Protein concentration was determined spectrophotometrically as described above.

3.5.8 Invitro Reconstitution of Tilivalline NRPS

NpsA, ThdA and NpsB (0.4 uM each) were incubated with the respective cofactors (1 mM ATP,
0.5 mM NADPH) and substrates (0.5 mM Proline, 3-OH-anthranilic acid, indole) in reaction buffer
(150 mM NaCl, 10 mM MgCl;, 50 mM Tris-HCI, pH 7.5) in a total volume of 20 pL at room
temperature for 4h. The mixture was dried in a vacuum condenser and subsequently resuspended

in 20 pL water:acetonitrile (1:1), centrifuged and submitted to LC-MS analysis.

3.5.9 Invitro Reconstitution of TnaA

4 uM TnaA was incubated with 0.5 mM tryptophan and 0.1 mM (or 1.0 mM) PLP in reaction
buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.5) in a total volume of 20 uL for 2h at 37°C. The mixture
was dried in a vacuum condenser and subsequently resuspended in 20 uL water:acetonitrile (1:1),
centrifuged and submitted to LC analysis. Equimolar standards of indole and tryptophan were used

to identify the UV-peaks.
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3.5.10 Invitro Reconstitution of Tilivalline NRPS and TnaA

2 UM TnaA and 0.4 uM each of NpsA, ThdA and NpsB were incubated with the respective
cofactors (0.1 mM PLP, 1 mM ATP, 0.5 mM NADPH) and substrates (0.5 mM Prolin, 3-OH-anthranilic
acid and tryptophan) in reaction buffer (150 mM NaCl, 10 mM MgCl;, 50 mM Tris-HCl, pH 7.5) in a
total volume of 20 pL at 37°C for 2.5h. The mixture was dried in a vacuum condenser and
subsequently resuspended in 20 pL water:acetonitrile (1:1), centrifuged and submitted to LC-HRMS

analysis.

3.5.11 DNA Displacement Assays

DNA displacement assays using either ethidium bromide or Hoechst33342 was conducted as

described previously*.

3.5.12 Inhibition of Tilivalline Production in K. oxytoca Isolate #6

Cryo-cultures of K. oxytoca isolate #6 were streaked out on TSA-S plates and incubated at 37 °C
overnight and subsequently stored at 4°C until use. Inhibition of tilivalline production was screened
in 8 mL TSB media inoculated from single colonies in flasks without baffles. The inhibitor was added
to its final concentration using DMSO stock solutions. Cultures were incubated for 16 hat 37 °C and
100 rpm. 10 mL ethyl acetate was added and shaking was continued for additional 30 minutes. 1 mL
of the organic phase was dried and resuspended in 40 uL acetonitrile:water (1:1), centrifuged and

submitted to LCMS analysis. Experiments were carried out in triplicates.

3.5.13 Analytical Methods

All measurements regarding the tilivalline inhibition test were performed on a Dionex Ultimate
3000 RSLC system using a Waters BEH C18, 50 x 2.1 mm, 1.7 um dp column. Separation of 4 plL
sample was achieved by a linear gradient with (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 initiated by a 1 min isocratic step at 5 % B, followed
by an increase to 95 % B in 6 min to end up with a 1.5 min step at 95 % B before reequilibration
under the initial conditions. 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 solariX XR (7T) FT-ICR mass spectrometer
(Bruker Daltonics, Germany) using the Apollo ESI source. In the source region, the temperature was
set to 200 °C, the capillary voltage was 4500 V, the dry-gas flow was 4.0 L/min and the nebulizer
was set to 1.1 bar. After the generated ions passed the quadrupole with a low cutoff at 150 m/z
they were trapped in the collision cell for 100 ms and finally transferred within 1.0 ms through the
hexapole into the ICR cell. Captured ions were excited by applying a frequency sweep from 100 to

1600 m/z and detected in broadband mode by acquiring a 489 ms transient.
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All other measurements were performed on the same setup using a Phenomenex Luna PFP,
100 x 2.0 mm, 3 um dp column and applying the following gradient: The gradient was initiated by
a 1 min isocratic step at 2 % B, followed by an increase to 95 % B in 9 min to end up with a 1.5 min

step at 95 % B before reequilibration under the initial conditions.
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3.6 Supplemental Information

Table S 3.1: Sequence homologies of tilivalline biosynthetic gene cluster found in K. oxytoca isolate #6
compared to the Schneditz et al%. cluster and conferred from BLAST.

Identity* . . Size Identity BLAST
Gene Putative Function Homolog
/% / bp /%
E-value Score
Uncharacterized MFS-type
mfsX 100.0 410 | ydgK 34 1,00E-69 590
transporter
uvrX 96.7 UvrABC system protein A 740 uvrA 39 2,00E-137 1117
4-nitrophenol-monooxygenase,
hmoX | 99.8 505 NphA1l 62 0 654
oxy. component
Anthranilate synthase, phenazine
adsX 98.8 . 649 | phzE 42 1,00E-149 1169
specific
. 2,3 dihydro-2,3
icmX 100.0 210 | phzD 50 1,00E-63 515

dihydroxybenzoate synthase
2,3-dihydro-2,3-

dhbX 100.0 dihydroxybenzoate 261 | dhbA 46 6,00E-68 533
dehydrogenase
phospho-2-dehydro-3-

aroX 99.5 389 phzC 42 5,00E-90 725
deoxyheptonate aldolase

npsA | 98.8 NRPS [A] 506 99

thdA 97.4 NRPS [T] 76 97

145
npsB 99.5 NRPS [C-A-T-R] 6 99

* Pairwise identity with Schneditz et al. Cluster
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Table S 3.2: Primer sequence for TAR-assembly of the tilivalline biosynthetic gene cluster from K. oxytoca

isolate #6 and colony PCR.

Primer

Sequence

TAR Fragments

TILTAR-capture-Para-RP
TILTAR-NRPS -RP
TILTAR-NRPS-FP
TILTAR-Para-FP
TILTAR-Para-OL-NRPS-RP
TILTAR-Para-RP
TILTAR-Ptet-FP
TILTAR-Ptet-OL-NRPS-FP
TILTAR-Ptet-OL-Tail-RP
TILTAR-Ptet-RP
TILTAR-Tail-noP-FP
TILTAR-Tail-RP

Colony PCR

AAAATCATACCTGACCTCCATAGCAGAAAGTCAAAAGCCTTCGCCCTTTGACGTTGGAGT
CCAGCTTATCCGATGACTTC

ATGACGCATTCAGCATATGT

AGGCTTTTGACTTTCTGCTA
GGACAGCCTTTAACTGATAGACATATGCTGAATGCGTCATGGGTATATCTCCTTCTTAAA
GGGTATATCTCCTTCTTAAA

TACGAACGGTATTAAGACCC
TATATTTCGGCAGTGATGGAGAAGTCATCGGATAAGCTGGTACGAACGGTATTAAGACCC
GCTGTTGCCAGTTGGACTTATTGCCAGGAAATGATGTCATTTAGTGCCTCTTCTCTATCA
TTAGTGCCTCTTCTCTATCA

ATGACATCATTTCCTGGCAA

TTATTCGTCTAAAGGCCAGT

Check-KProm-ara-NRPS-FP
Check-KProm-ara-NRPS-FP
Check-KProm-Ende-FP
Check-KProm-Ende-RP
Check-KProm-Start-FP
Check-KProm-Start-RP
Check-KProm-Tet-Tail-FP
Check-KProm-Tet-Tail-RP

TTGCATCAGACATTGCCGTCAC
AATTCCCGCTTCTTTGTTGCGT
TTCGCATGCCAAAGATTTCGCT
TTTCGCCACCACTGATTTGAGC
ACGATACCTGAGTATTCCCACAGT
GCTGCTGGCGATAAATCTGCTT
AGCACATCTAAAACTTTTAGCGT
CTTCGGGCCGGTTGACTGAATC
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Figure S 3.1: LC-MS/MS data of tilivalline derivatives derived by supplementing indole derivatives to the
heterologous expression system. A Listed EICs of the expected [M+H]*-ions with a m/z width of 0.005 to prove
the incorporation of the respective indole derivatives. B Exemplary fragmentation spectra of tilivalline
derivatives containing a hydroxy-, nitro-, fluoro-, and bromo-substituent on the indole respectively. All spectra
show two characteristic fragments caused by neutral losses of 18 and 135 Da. C Chemical structure of
tilivalline derivatives with the proposed main fragmentation pathway.
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Figure S 3.2: LC-MS/MS data of tilivalline derivatives derived by supplementing anthranilic acid derivatives to
the heterologous expression system. A Listed EICs of the expected [M+H]+-ions with a m/z width of 0.005 to
prove the incorporation of the respective anthranilic acid derivatives. B Exemplary fragmentation spectra of
tilivalline derivatives which incorporated anthranilic acids without substituent, or with a hydroxy-, methyl-,
methoxy-, fluoro-, chloro-, and bromo-substituent respectively. All spectra show two characteristic fragments
at 197 and 199 m/z and at least one fragment caused by a neutral loss of 18 Da. C Chemical structure of
tilivalline derivatives with the proposed main fragmentation pathway.
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Figure S 3.3: A SDS-PAGE analysis of NpsA (163 kDa) and NpsB (56 kDa). B PBD-precursor formation can be
detected in the in vitro reconstitution of NpsA, ThdA and NpsB when indole is omitted. Low amounts can also
be detected in the K. oxytoca isolate #6 extract and the E. coli BL21 (DE3) pet28b-NRPS fermentation in M9
minimal media without indole.
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Figure S 3.4: A In vitro conversion of L-tryptophane to indole by the K. oxytoca isolate #6 tryptonphanase TnaA
is indicated by LC analysis (200-600nm). L-Tryptophane and indole were used as a standard.
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Figure S 3.5: Comparison of *H NMR (500 MHz, DMSO) shifts of synthetic and isolated tilivalline to confirm the
stereochemistry.
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3.6.1 Synthetic Procedures

= 2-N-boc-amino-3-hydroxybenzoic acid (1):

OH I|3oc
NH
OH
1 0

To a stirred solution of 2-amino-3-hydroxybenzoic acid (50 mg, 0.3 mmol) in acetonitrile (20
ml) at room temperature, a mixed solution of di-tert-butyl dicarbonate ( 98 mg, 0.45 mmol),
saturated solution of sodium bicarbonate (NaHCOs) (19.6 ml) and acetonitrile (10 ml) was added.
Following addition, the mixture left stirring for 15 h at room temperature. When no trace of starting
material remained (TLC: silica on alumina, UV, ninhydrin, hexane : ethyl acetate : formic
acid :: 1:1:0.1 Rf 0.17), solvent was removed under reduced pressure resulting in white sticky foam
that was partitioned between ethyl acetate (40 ml) and 0.1M HCI (30 ml). The organic layer was
washed with 0.1M HCI (30 ml) five times. The organic extract was then dried over sodium sulfate,
filtered off, and concentrated under reduced pressure to yield pale yellow oil (1). The compound
was used without any further purification. HRMS (ESI, +ve) Ci;H1sNOs [M+H]*calculated for

254.1023, found 254.1027..

= 2-N-boc-amino-3-hydroxybenzoyl- L-proline methyl ester (4):

OH I|300
NH
N
(0]
2%

—0O

2-N-boc-amino-3-hydroxybenzoic acid (1) (50 mg, 0.18 mmol), HATU (68.4 mg, 0.18 mmol)
and HOBt (5 mg, 0.03 mmol) was dissolved in anhydrous DMF (1 ml) under nitrogen atmosphere.
DIPEA (61 uL, 0.36 mmol) was added to the mixture and the solution was left stirring at room
temperature for 5 minutes under nitrogen atmosphere. A mixture of L-proline methyl ester
hydrochloride (30 mg, 0.18 mmol) and DIPEA (61 uL, 0.36 mmol) in anhydrous DMF (1 ml) was
added to the latter solution and the reaction was left stirring for 16 hours under nitrogen
atmosphere at room temperature. The reaction mixture was then diluted in ethyl acetate (80 ml)
and 0.1M HCI (30 ml). The organic layer was washed with 0.1M HCI (30 ml) five times. The organic

extract was then dried over sodium sulfate, filtered off, concentrated under reduced pressure, and
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purified using flash chromatography (silica, ninhydrin/UV, hexane: ethyl acetate:: 4:1; 2:1) to afford

2-N-boc-amino-3-hydroxy benzoyl- L-proline methyl ester (2) as a light yellow powder.

'H NMR (500 MHz, CDCls) 8 9.14 (br, 1H), 8.58 (br, 1H), 7.09 (d, J = 8.3 Hz, 1H), 7.08 (m, 1H),
6.95 (m, 1H), 4.56 (dd, J = 8.5, 5.3 Hz, 1H), 3.73 (s, 3H), 3.57-3.48 (m, 2H), 2.37-2.28(m, 1H), 2.09-
1.94 (m, 3H), 1.92-1.88(m, 1H), 1.52(s, 9H),; *C NMR (126 MHz, CDCl3) § 172.4, 169.0, 153.2, 149.9,
124.4,122.2,119.4,122.4,118.2,82.5, 68.6,57.8,52.4, 31.5, 28.2, 24.5; HRMS (ESI, +ve) C15H2aN,0¢
[M+H]* calculated for 365.1707, found 365.1699.

= S-1- (2’-N-boc-amino-3’-hydroxybenzoyl)pyrrolidine-2-carbaldehyde (7):

OH I|30c
NH

N
3 95 y

To a stirred solution of 2-N-boc-amino-3-hydroxybenzoyl- L-proline methyl ester (4) (30 mg,
0.08 mmol) in anhydrous ether (10 ml) at -78 °C, a solution of 1 M DIBAL hydride in hexane (70 pl,
0.08 mmol) was added over a period of 1 h under an atmosphere of nitrogen. The mixture was left
stirring at -78 °C for 5 h under an atmosphere of nitrogen. When no trace of starting material
remained (TLC: silica, ninhydrin/UV, hexane : ethyl acetate:: 3:1, R¢ 0.45), the reaction was
guenched with cold methanol (1 ml). A white precipitate was formed. Reaction mixture was diluted
with ethyl acetate (50 ml) and washed with saturated solution of sodium bicarbonate (20 ml) three
times. The organic layer was then dried over sodium sulfate, filtered off, concentrated under
reduced pressure and purified using flash chromatography (silica, ninhydrin/UV, hexane: ethyl
acetate:: 5:1; 4:1) to afford S-1- (2’-N-boc-amino-3’-hydroxybenzoyl)pyrrolidine-2-carbaldehyde
(7).

'H NMR (500 MHz, CDCl3) 8 9.68 (s, 1H), 9.22 (br, 1H), 8.50 (br, 1H), 7.78 (m, 1H), 7.17 (m, 1H),
7.10 (m, 1H), 4.28 (dd, J =8.5, 5.3 Hz, 1H), (m, 1H), 3.71-3.50 (m, 2H), 2.45-2.30(m, 1H), 2.25-2.1
(m, 3H), 2.04-1.95(m, 1H), 1.52(s, 9H),; *C NMR (126 MHz, CDCls) & 198.2, 168.6, 155.6, 153.4,
135.2,124.9,123.7,119.1,113.5, 80.1, 66.3, 55.6, 51.3, 31.9, 28.3, 24.2; HRMS (ESI, +ve) calculated
for C17H22N,0s [M+H]* calculated for 335.1605, found 335.1609.
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= Carbinolamine X (11):

S-1- (2’-N-boc-amino-3’-hydroxybenzoyl)pyrrolidine-2-carbaldehyde (10 mg, 0.03 mmol) was
dissolved in ethyl acetate (2 ml) and 1 M HCI (2 ml) was added while stirring vigorously. The mixture
was left stirring at high speed for 16 hours at room temperature. The reaction mixture was then
concentrated under reduced pressure and lyophilized to yield a yellow powder (11). Compound
was used without any further purification. HRMS (ESI, +ve) calculated for Ci7H2:N20s [M+H]*
calculated for 235.10775, found 235.10774.

= Tillivaline:

A mixture of carbinolamine X and indole were dissolved in anhydrous THF and TMS-Cl was

added in the presence of 1 % formic acid.

Reaction mixture was refluxed for under nitrogen for 16 hours. Then compound was purified

by peparative HPLC (same method as for initial purification; see methods chapter).

HRMS (ESI, +ve) calculated for CxoH20N30, [M+H]* calculated for 334.1550, found 334.15493
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4 Fruiting Bodies

4.1 Abstract

The fascinating ability of myxobacteria to form multicellular spore filled fruiting bodies under
starvation condition was widely studied as a model for cooperative microbial behavior. The
potential of a life cycle induced changes of secondary metabolism as a means to discover novel
natural compounds remains largely underexplored. We therefore studied the model organism
Myxococcus xanthus DK1622 under submersed and solid cultivation conditions to find putatively
life-cycle related compounds by applying statistical analysis on analytical data. Utilizing the
advantageous characteristics of LC-MS, LC-MS/MS and MALDI-MSI allowed identifying compounds
unambiguously associated to myxobacterial fruiting bodies. Our screening effort resulted in the
purification and structure elucidation of a novel compound from cultures that had undergone
sporulation. A combination of molecular networking and targeted LC-MS/MS in conjunction with
our in-house metabolomics database subsequently revealed alternative producers of the
respective compound as well as a number of compounds belonging to the same structural class.
Three further members of this compound class were isolated from an alternative producer and
structurally elucidated by NMR. Insights into the biosynthesis of this novel compound class was

gained by feeding of isotopically labeled substrates.

4.2 Introduction

Microbial secondary metabolism is a long-standing source of novel structural scaffolds used in
medicinal drug discovery, especially concerning antibiotic agentsl. Among microbes, Myxobacteria
are remarkably well suited to provide a variety of secondary metabolites?. Details concerning these
outstanding characteristics can be found in the literature®. Briefly, myxobacteria have an
exceptional biosynthetic potential due to their large genomes harboring dozens of secondary
metabolite encoding gene clusters®. The advances in genome sequencing technologies and
bioinformatics tools allowed to assign biosynthetic gene clusters in a large number of complete
genome sequences>’ and the number of these clusters is often contrasted by a far lower quantitiy
of known secondary metabolites®®. A common explanation for the “absence” of secondary
metabolites is that gene clusters might be tightly regulated under laboratory growth conditions
leading to low or zero basal expression levels due to missing environmental signals required for
activation. A pronounced change in secondary metabolism in response to culturing conditions could
be shown for a range of marine actinomycetes in terms of detected molecular networks®. For the

myxbacterial model species Myxococcus xanthus DK1622, 5 compound families and 18 presumed
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PKS/NRPS biosynthetic gene clusters are known, but combined transcriptomics and proteomics
efforts indicated that 17 out of the 18 clusters were transcriptionally active. Detection of
transcription of these clusters with unknown products (on the transcriptome level) is another clear
indication, that the tight regulation of BGCs require a stimulus to raise the otherwise low basal
levels of transcripts'®. Even though a gene cluster might be functionally expressed, the detection
and identification of the corresponding metabolite remains challenging. It is common sense and
well documented in the literature, that instrumental setup as well as sample preparation have a
major impact on the coverage of compounds®!*!2, To harness the biosynthetic potential of bacteria,
it is thus mandatory to have a sound analytical platform that allows identifying target compounds
from metabolome data with the important additional demand of dereplication to avoid re-
discovery of known compounds. More information regarding dereplication of metabolome data
can be found in recent reviews'*'’. As argued above, discovery of novel natural products essentially
requires an easy and reliable cultivation method. Over the course of the past decades, cultivation
processes in shaking flask using liquid media with added adsorbents has become the method of
choice for myxobacteria. It remains a matter of debate, though, whether this cultivation approach
is ideal for soil-dwelling bacteria, which pass through various life cycle stages in their natural
environment®®, This is supported by the fact that many isolated myxobacterial species could not yet
been successfully cultivated in liquid media. It can easily be imagined, that external stimuli required
to activate certain biosynthetic gene clusters (e.g. interspecies cell-cell interaction) are missing in
shake flask cultivation. Only limited data of studies aiming at the comparison of liquid and solid
cultivation on a larger scale is available. It could be shown however, that a substantial difference
between submerged and solid cultivation can be observed for a range of 30 actinomycetes, with
only a minimal overlap of 6.8 %°. It is thus clear, that any study aiming to gain insights into the
fruiting body formation on a metabolome level, requires an analysis technique that connects
phenotypic changes to the metabolome to avoid false positive hits caused by differences in
cultivation. Hence, we applied mass spectrometry imaging (MSI) as a tool to correlate the
appearance of fruiting body specific metabolites for cultures grown on agar in a time dependent
manner. In particular, we were interested in changes in metabolism during fruiting body formation
to find presently unknown natural products as a follow-up study that addressed semi-quantitative
changes of known metabolites®. We decided to use the well-studied M. xanthus DK1622 which
shows favorably fast growth alongside reproducible fruiting body formation. We studied changes
in the metabolome based on extracts of cultures after fruiting body formation grown on agar and
cultures grown in suspension. Imaging mass spectrometry served as a tool to correlate the
appearance of fruiting body specific metabolites for cultures grown on agar in a time dependent

manner, to filter out false positives.
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4.3 Results and Discussion

Fruiting body formation in myxobacteria was extensively studied on genome and
transcriptome level, to gain a better understanding of the underlying regulatory and signaling
mechanisms leading to cell aggregation and sporulation?®23, Effects of fruiting body formation on
the metabolome level to increase the structural diversity of experimentally accessible structures
however is underexplored. We thus designed an experiment to assess the prospects of fruiting body
formation for the discovery of novel secondary metabolites. As a first hypothesis-generating step,
cultures grown in suspension were compared to sporulated cultures grown on a solid medium.
Possible novel target compounds putatively connected to the myxobacterial life cycle were
obtained by statistical comparison of five biological replicates grown in liquid medium and five
biological replicates grown on agar (each biological replicate consisted of five agar plates). The
resulting distinguishing features can be both attributed to the growth condition as well as to the
life cycle, since the presence of vegetative cells on the extracted agar plates cannot be fully
excluded. A MALDI mass spectrometry imaging (MALDI-MSI) approach allows achieving this
distinction by correlation of putative candidate m/z-values with fruiting body formation observed
on light microscopic images over a time course covering the development from vegetative cells to

fruiting body formation.

4.3.1 Comparative Analysis of Submersed Cultures and Fruiting Bodies Grown on Agar

Comparison of both cultivation conditions first required a methodology for extraction of
cultures grown on agar plates. Submersed cultures were treated following the well-established
approach of cultivation in presence of an adsorber resin?2%, To promote fruiting body formation,
M. xanthus DK1622 was cultivated on a minimal agar medium as well as on cellulose membranes
placed on top of agar plates containing minimal medium. Liquid cultures used to inoculate plates
were washed with minimal medium prior to inoculation. Cultivation on membranes placed on the
agar surface was dropped at an early stage due to poor growth characteristics and the lack of
fruiting body formation. The presence of adsorber resin randomly spread over agar plates to
increase the production of secondary metabolites to avoid feedback inhibition of production and
self-toxicity was found to be non-beneficial. Small amounts of XAD16 beads on the agar surface
favored the extraction of media compounds while signals related to bacterial growth were
underrepresented as compared to plates without adsorber resin (Figure S 4.1). Apparently,
production and extraction efficiency of secondary metabolites cannot be improved for solid
cultivation by this approach. The workup of solid cultures was performed by scraping off cells and

fruiting bodies using a glass microscope slide (Figure 4.1). Extraction of complete cultures including
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agar media turned out to be inadequate, as the concentration of extracted media compounds is

orders of magnitude higher than the compounds related to bacterial growth (data not shown).

Scraping culture
from agarsurface

Cutting a piece
of agar

Matrix
preparation

pulsed

/ laser beam
"ﬂ e L

LC-MS

Chromatographic Spatially
resolved resolved
MS data MS data

Figure 4.1: Overview of the two workflows applied for detection and verification of fruiting body related
metabolites. To obtain chromatographic resolved MS data vegetative cells and fruiting bodies were scraped
from the agar surface using a microscope slide, extracted with methanol, and measured using LC-MS. Spatially
resolved MS data were received by following a MALDI-IMS approach. An agar piece including cells and fruiting
bodies were transferred to a MALDI target, dried, matrix applied, and measured using by MALDI-ToF MS.

Extracts obtained from five biological replicates for both conditions (solid and submersed)
were subsequently screened as two technical replicates by LC-MS to generate a set of m/z values
that is putatively connected to changes in metabolism. The highly reduced background observed
for extracts from agar plates allowed to highlight many signals exclusive to fruiting body samples
by mere visual comparison of the base peak chromatograms (BPC) (Figure 4.2). A statistically sound
list of candidates was generated using principal component analysis (PCA) in conjunction with t-
tests to reveal significant differences in the metabolic profiles. Compounds found in at least 4 out
of 5 biological replicates were considered as a significant hit, when no appearance could be
detected in media blanks. A total of 62 discriminating molecular features (RT, m/z, intensity) were

detected by this means (Figure 4.3).
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Culture on agar

=

Suspension culture
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Figure 4.2: Comparative base peak chromatograms (150-2500 m/z) of an extract derived from M. xanthus
DK1622 cultivation on agar plate (blue) and one derived from cultivation in liquid medium with adsorber resin
(red). Time range with predominantly media component is marked in grey (based on Figure S 4.2).

Although cultivation of M. xanthus DK1622 on minimal agar over 5-7 days mainly results in the
formation of fruiting bodies, the presence of vegetative cells cannot be excluded?’. A comparison
to vegetative cells grown on agar would be required to further specify the obtained data, which can
hardly be achieved using minimal medium, as the presence of fruiting bodies can also not be fully
excluded. We thus regarded the set of 62 features as a hypothetical dataset that needed to be

tested by a suitable additional analysis technique.

Cultivation LC-MS & feature finding Bucketing & PCA analysis T-test & dereplication

pc2 Value Count
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Figure 4.3: Workflow towards the detection of discriminating compounds, which are verifiably due to
cultivation on solid media, possibly also fruiting body formation. Five replicates of culture as well as 5
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replicates of blanks were prepared for both cultivation methods. Subsequently, all extracts were injected into
the LC-MS twice and the molecular features are determined. Based on the molecular features a principle
component analysis and a t-test was performed to reveal the discriminating peaks for cultures grown on agar.
Dereplication of these data led to 62 compounds, which are directly related to cultivation on agar.

4.3.2 MALDI-MSI of M. xanthus DK1622 Grown on Minimal Medium

Mass spectrometry imaging of bacterial cultures became well accepted by the research
community due to its inherent strength to provide complementary information to other well
established molecular analysis workflows?®?°. Imaging mass spectrometry excels at providing
spatially resolved molecular information in combination with light microscopic images allowing to
correlate spatially resolved m/z values with visually observed phenotypic changes. MALDI-MSI was
thus the method of choice to relate the 62 features obtained from LC-MS measurements with the
development of fruiting bodies. The applied workflow is illustrated in Figure 4.1 while details

regarding the method can be found in the literature®.

Four time points covering different stages of the life cycle, including the fruiting body
formation of Myxococcus xanthus DK1622 were analyzed for the presence of the 62 features in
guestion. Mass spectral images were analyzed towards the presence of the 62 features as [M+H]*,
[M+Na]*, [M+NH,4]*, and [M+K]* ions. Surprisingly, only two out of the 62 features could be detected
in mass spectral images as sodium and potassium adducts. One of the substances was specifically
found in areas covered by fruiting bodies (590.4669 m/z) while the other was characteristic for the
surrounding cells (724.3979 m/z). The mass spectral image of m/z 724.3979 shown in Figure 4.4
illustrates the necessity of an analysis technique that connects phenotypic changes and molecular
information, as this compound is clearly specific for vegetative cells grown on agar. The sodiated
species with m/z 590.4669 corresponds to the compound eluting at 15.9 min with a mass to charge
ratio of 552.5104 (Cmp-552) in LC-MS runs. The predominance of cationization observed for these
two compounds is likely owed to the presence of salts in the agar medium — a phenomenon that is
well known for biological samples of all sorts3132, Possible causes for the inability to detect the
remaining 60 compounds found by LC-MS are numerous but can only be speculated about. Some
of the analytes might simply be present in amounts below the detection limit, which can be
additionally impaired by ion suppression as often encountered in MALDI measurements of
biological samples®*34. Another important influence on the outcome of MALDI-MSI is the efficiency
of analyte extraction, as low efficiency results in a lack of analyte-doped matrix crystals. Several of
the distinguishing m/z values found by LC-MS are likely specific for fruiting bodies as well, since they
share similar MS/MS patterns and belong to the same molecular network (for details see below).

Uanambiguous evidence, however, could not be obtained in these cases.
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Cmp-552 Cmp-724

Figure 4.4: MALDI-MSI data of Cmp-552 and Cmp-686 (both detected as [M+K]*) in dependency of cultivation
time. The picture in the middle shows the respective samples on a MALDI target prior to matrix application.

Correlation of the MALDI images of m/z 590.4669 and the respective light microscopic images
revealed that the biosynthesis of Cmp-552 starts at a later stage of fruiting body formation since
the signal intensity was the highest after 116 hours cultivation although fruiting bodies could
already be observed after 44 hours (Figure 4.4). We next set out to purify Cmp-552 as the only

fruiting body specific compound that could be confirmed by MALDI-imaging.

4.3.3 Structure Elucidation of Cmp-552 and Identification of Related Compounds

Purification and structure elucidation of microbial compounds discovered by imaging mass
spectrometry is a challenging task. Only one metabolite obtained from MSI data of solid cultivation
could be successfully purified and structurally confirmed by NMR?3536, Owing to the limited
biomass per agar plate, a substantial amount of petri dishes was necessary to provide sufficient

crude extract for subsequent purification attempts.

We could isolate 300 pug of Cmp-552 by semi-preparative LC from a methanolic extract of
fruiting bodies of Myxococcus xanthus DK1622 grown on roughly 500 Petri dishes. The structure of
Cmp-552 was elucidated by NMR and turned out as a sym-homospermidine core structure with
fatty acyl residues attached to the secondary and the two primary amine groups (Figure 4.5). Since
the compound reminds of a lipid, it was named as homospermidine lipid 552. As a descriptive
shorthand notation based on the lipidmaps nomenclature the following form is suggested:
HS(is05:0/5:0/is015:0), where HS stands for homospermidine and the three substituents are given
as fatty acyl moieties on the two primary amines of sym-homospermidine followed by the
substituent on the secondary amine. According to the lipidmaps classification system, the

compound belongs to the subclass of N-acyl amines (FA0802)%.
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Figure 4.5: Chemical structures of the homospermidine lipids (HS). Compounds were named based on the
lipidmaps guidelines.

Use of our in-house metabolome database allowed to identify Myxococcus MCy9290 as a
strain that seemed to form the homospermidine lipid in liquid cultures*. Since the results shown
above proof the relation between the biosynthesis of Cmp-552 and the fruiting body formation of
M. xanthus DK1622, we assume that fundamental differences in regulation lead to an activation of
the respective gene cluster during cultivation of MCy9290 in liquid medium, especially as no other
strain belongig to the genus Myxococcus was identified as producer in liquid culture. The lipid like
structure of HS(is05:0/5:0/is015:0) led us to the expectation, that further derivatives might be
found among the 64 putatively fruiting body related compounds as well as in extracts of MCy9290.
A powerful and very well received tool to identify such structurally related compounds based on
MS/MS similarity is the molecular networking workflow provided within the Global Natural Product
Social Molecular Networking (GNPS) platform3, Molecular networking is perfectly suited to identify

compound classes and is increasingly implemented in dereplication and discovery campains®.

Extracts of five biological replicates of MCy9290 and fruiting bodies of M. xanthus DK1622
were obtained from liquid and solid cultivation, respectively. Each sample was measured twice and
results were subjected to PCA analysis with subsequent t-tests as described above. The resulting
culture specific features were used for the acquisition of targeted MS/MS data as an input for

spectral networking. The resulting MS/MS networks are shown in Figure 4.6.
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As liquid cultures are more accessible to prepare larger amounts of extract, we cultivated
Myxococcus MCy9290 in a larger scale to isolate further derivatives of the novel compound class.
We were able to isolate three additional derivatives differing mainly by alkyl chain length while

showing the same bioactivities (Figure 4.5 & Table 4.1).
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Figure 4.6: A Precursor directed MS/MS based on PCA and t-test results exemplified by the 62 discriminating
unknown compounds in agar grown cultures. B Cmp-552 including MS/MS networks derived from extracts of
Myxococcus MCy9290 (grown in suspension) and Myxococcus xanthus DK1622 (grown on agar). Red coloured
nodes indicating derivatives, which were isolated, and structures elucidated. Nodes bordered in red marking
derivatives of Cmp-552 which were also found in extracts of Myxococcus xanthus DK1622.

4.3.4 Bioactivity and Biosynthesis of Homospermidine-Lipids

Testing compounds 2-4 for bioactivity against a panel of microorganisms and cell lines
revealed cytotoxicity values in the range of 20 UM and moderate activity against some Gram-
positive bacteria ranging from 14-116 uM) (Table 4.1). The purpose of fruiting body formation is to
endure times of low nutrient supply and it seems reasonable that the organism tries to defend the
fruiting body against any competitors or potential threats and by that increases chances of survival.

Lipids might also serve as carbon storage and additional potential biological functions are possible.
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Table 4.1: Minimum inhibitory concentration of homospermindine lipids 1-4. As observed activities do not
differ for the individual derivatives, values are not listed separately.

Test organism MIC / ICso
Staphylococcus aureus 16 pg/ml
Bacillus subtilis 16 pg/ml
Micrococcus luteus 8 pg/ml
Mucor hiemalis 64 ug/mi
Chinese hamster ovary CHO-K1 | 10-15 pg/ml

The biosynthesis of the homospermidine lipids was elucidated based on the assumption that
the homospermidine-lipids derive from sym-homospermidine and thereby originate from
putrescine and arginine, respectively (Figure S 4.8). (Kuttan and Radhakrishnan, 1972) For this
reason, [*3Cs,*°N4]-L-arginine was fed to a liquid culture of Myxococcus MCy9290 and the obtained
extracts were checked for the corresponding mass shift of the compounds. LC-MS analysis
confirmed the incorporation of two arginine moieties, substantiating the homospermidine origin of
this substance class (Figure S 4.6). Since the genomic sequence data for M. xanthus DK1622 is
available, we searched for the responsible biosynthetic gene cluster. A genetic island containing the
homospermidine synthase, a N-acyltransferase and a fatty acid acyltransferase was identified by
searching for known homospermidine synthases using BLAST. (Altschul, 1990) More details

regarding the potential biosynthesis can be found in the supplementary material.

4.4 Conclusion

In this work we present the first secondary metabolomics study devoted to the influence of
fruiting body formation in a myxobacterium. Application of a broad scope of measurement and
analysis techniques allowed to unambiguously identify, purify and structurally elucidate a novel
compound that is directly connected with fruiting body formation of M. xanthus DK1622. We
present one of the very few cases, where imaging mass spectrometry leads to the isolation of a
compound obtained from cultures grown on solid medium. The data obtained from mass spectral
images impressively show the necessity of applying a molecular imaging technique that allows to
connect spatial information with visually observed phenotypic changes to establish a clear-cut
evidence for the localization of a candidate m/z value on fruiting bodies of M. xanthus DK1622.
Further database and spectral networking based analysis resulted in the identification of a new
compound family and allowed us to isolate three more derivatives from an alternative and
deregulated producer capable to form homospermidine lipids in liquid culture. Data obtained from
spectral networking indicates that other members related to HS(is05:0/5:0/is015:0) are also
specific for fruiting bodies, but confirmation by MALDI MSI was not possible due to the inability to

detect the respective m/z values.
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Owing to the observed cytotoxicity and activity against several Gram-positive bacteria these
compounds might be part of the defense strategy of the bacterium or play a role in carbon storage.
As the activities of the compounds were rather nonselective, it can be assumed that they are part
of a more general defense against competitors. We believe that we have shown a very promising
workflow that will not only lead to the identification of novel natural compounds but also offers
unique opportunities to gain fundamental insights into molecular processes taking place during

fruiting body formation.
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4.5 Methods

4.5.1 Cultivation and Extract Preparation

4.5.1.1 Cultures grown in suspension

Pre-cultures of Myxococcus xanthus DK1622 and Myxococcus MCy9290 were grown at 30 °C
for 3 days in 25-50 mL CTT medium (2 g/L MgSO4x 7H,0, 10 g/L casitone, 1.2 g/L TRIS, 136 mg/L
K2HPO4; pH 7.6) and VY/2 medium (5 g/L bakers yeast, 50 mg/L CaCl,x 2H,0, 1.2 g/L HEPES, 10 g/L
starch; pH 7.0), respectively. Main cultures were inoculated by the well-grown pre-cultures (2 %)
and cultivated at 30 °C for 7 days. Two days after inoculation, XAD-16 absorber resin was added to
the culture (1 %). Extracts were prepared by extracting the resin including cells with methanol,
evaporation of solvent and re-dissolving in methanol. 1 uL of crude extract was analyzed by LC-
hrMS. For purification purposes of Myxococcus MCy9290, a total of 7.5 L suspension culture

including XAD-16 was grown and extracted in accordance to the method described above.

4.5.1.2 Cultures grown on agar

All cultures were cultivated in standard Petri dishes on HS agar medium (1 g/L MgS0O4x 7H-0,
1g/L KNOs, 1.5g/L casiton, 2 g/L TRIS, 4 g/L Glucose, 8 mg/L Fe-EDTA, 75 mg/L CaCl,x 2H,0,
6.25 mg/L K,HPO4, 2 % agar; pH 7.2) at 30 °C for 7 days. Pre-cultures, cultivated in liquid CTT
medium, were washed with CF medium (2 g/L MgS04x 7H,0, 150 mg/L casitone, 1.2 g/L TRIS,
174 mg/L K;3HPO,4, 0.2 mg/L (NH4)SO4, 1 g/L sodium pyruvate, 2 g/L sodium citrate; pH 7.6) and 10-
fold concentrated. Petri dishes were inoculated with 150 uL/plate of the concentrated pre-culture.
Extracts were prepared by scraping off the cells and fruiting bodies from the agar surface, extraction

with methanol, evaporation and re-dissolving in methanol.

In total, approximately 500 Petri dishes were prepared, harvested, and extracted to obtain

sufficient amounts of Cmp-552.

4.,5.2 LC-hrMS Methods

All measurements of crude extracts were performed on a Dionex Ultimate 3000 RSLC
comprising a high pressure gradient pump (HPG-3400RS) with a 150 pl mixing chamber. All LC
connections are realized by 0.13 um stainless steel capillaries before the column. The method is
based on separation with BEH C18, 100 x 2.1 mm, 1.7 um dp column (Waters, Eschborn, Germany).
One ul sample is separated by a linear gradient from (A) H,O + 0.1 % FA to (B) ACN + 0.1 % FA at a
flow rate of 600 uL/min and 45 °C. The gradient is 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. UV spectra are recorded by a DAD in the range from
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200 to 600 nm with 2 nm width. The LC flow is split to 75 puL/min before entering the maXis 4G hr-
ToF mass spectrometer (Bruker Daltonics, Germany) using the Apollo ESI source. A fused silica (f.s.)
capillary (20 cm, 100 um ID, 360 um OD) coming from the mass spectrometer’s switching valve is
connected to an Upchurch PEEK microtight T-junction. Another f.s. capillary of 20 cm and 75 um ID
is connected to the inlet of the mass spectrometer whereas an f.s. capillary of 10 cm and 100 um
ID is directed to waste. The split is approximately 1:8 based solely on the f.s. capillary ratio. The real
split is even more than 1:8 as the effect of the ESI needle is not taken into account here. The ion
source parameters are: capillary, 4000 V; endplate offset, -500 V; nebulizer, 1 bar; dry gas, 5 L/min;
dry gas temperature, 200 °C. lon transfer parameters were: funnelRF, 350 Vpp; multipoleRF,
400 Vpp; quadrupole ion energy, 5 eV @ low m/z 120. Collision cell is set to 5 eV with a collisionRF
of 1100 Vpp; transfer time, 110 us; pre puls storage, 5 us in full scan mode. Mass spectra are
acquired in centroid mode ranging from 150 — 2500 m/z at a 2 Hz scan rate in full scan positive ESI
mode. Each measurement is started with the injection of a 20 uL plug of basic sodium formate
solution, which is introduced by a loop that is connected to the system’s 6-port switching valve. The
resulting peak is used for automatic internal m/z calibration. In addition, three lock masses (622,

922,1222 m/z) are present in the ion source all the time and allows recalibration of each spectrum.

Fractions obtained by semi-preparative purification were measured on the same setup using
a 50 mm instead of a 100 mm column of the same series. Hence, only the gradient was slightly
adjusted. Initiation by a 1 min isocratic step at 5 % B, followed by an increase to 95 % B in 6 min to

end up with a 1.5 min step at 95 % B before reequilibration under the initial conditions.

Statistical evaluation of the data was performed using ProfileAnalysis V2.1 (Bruker Daltonics,

Germany)

4.5.3 MALDI-MSI Method

Experimental details regarding strain cultivations, sample preparation, and instrumental
parameters can be found in literature®. All MS imaging data were evaluated and visualized with

SCilS Lab 2015 (Bruker Daltonics, Germany).

4.5.4 MS» Experiments and Molecular Networking

All LC-MS/MS measurements were based on the already described 18 min gradient separation
using the U3000-maXis 4G setup. Fragmentation spectra were achieved either by auto-MS/MS
measurements or by targeted precursor selection. Selected precursor list (SPL) were generated by
taking into account the dereplication and PCA results respectively. Fixed MS/MS parameters were
an my/z-adjusted precursor isolation width and fragmentation energy. Values are interpolated in

between the set points [300 m/z /4 m/z / 30 eV], [600 m/z / 6 m/z / 35 eV], [1000 m/z / 8 m/z [ 45
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eV], and [2000 m/z / 10 m/z / 55 eV]. The precursor intensity threshold is always set to 5000. All
methods are set up with an active precursor exclusion, which puts precursors after two spectra on

an exclusion list. Each precursor m/z remains there for 0.2 minutes.

Molecular networking was performed using the GNPS (Global Natural Products Social

Molecular Networking) portal and data were visualized with Cytoscape V 3.5.03%,

MS" fragmentation experiments were conducted by direct infusion MS using a solariX XR (7T)
FT-ICR mass spectrometer (Bruker Daltonics, Germany) equipped with an Apollo ESI source. In the
source region, the temperature was set to 200 °C, the capillary voltage was 4500 V, the dry-gas flow
was 4.0 L/min and the nebulizer was set to 1.1 bar. While MS/MS spectra were obtained by
collision-induced dissociation (CID) in the collision cell, all further fragmentations were obtained by
isolating the respective precursor in the ICR cell and applying sustained off resonance irradiation

(SORI) CID. Parameters were individually adjusted for each measurement.

4.5.5 LC Method for Semi-Preparative Purification

4.5.5.1 Homospermidine-lipid HS(is05:0/5:0/is015:0) - Myxococcus xanthus DK1622

Purification was carried out on a Thermo Dionex (Germering, Germany) Ultimate 3000 low
pressure gradient system, equipped with SR3000 solvent rack, LPG-3400SD pump module, WPS-
3000TSL autosampler, Knauer (Berlin, Germany) Jetstream column oven, DAD-3000 photodiode
array detector with a cell volume of 10 pL and an AFC 3000 fraction collector. LC separations were
performed using 50 uL injections on a Phenomenex Kinetex Biphenyl column (10 x 250 mm, 5 um)
at 40°C and a flow rate of 5 mL min? with the following gradient conditions: 0-55 min, 5-95 % B;
55-59 min, 95 % B; 59-59.5 min, 95-5 % B; 59.5-70 min, 5 % B. Mobile phases were (A) water + 0.1 %
formic acid and (B) acetonitrile + 0.1 % formic acid. Fractions of 18 s width were collected from 20-
55 min. The resulting fractions were combined, evaporated to dryness and reconstituted in 1 mL of

methanol.

4.5.5.2 Homospermidine-lipid-derivatives - Myxococcus MCy9290

First separation was done on a Sephadex LH20 gravitation column and follow-up separation
was done on Waters preparative HPLC using a Waters X-Bridge C-18, 150 x 19 mm, 5 um dp column.
Separation was performed using (A) water + 0.1% formic acid and (B) acetonitrile + 0.1% formic acid
and a flow rate of 5 mL min? with the following gradient: 0-3 min, 5 % B; 3-7 min, 5-55 % B; 7-
32 min, 55-98 % B; 32-35 min, 98 % B; 35-36 min, 98-5 % B; 36-40 min, 5 % B.

Residual impurities were removed by an additional semi-preparative chromatography step on

a Phenomenex Synergi Fusion-RP, 250 x 10 mm, 4 um dp column. Separation was performed using
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the same eluent as described above and a flow rate of 5 mL min by using the following gradient:
0-3 min, 5 % B; 3-7 min, 5-65 % B; 7-27 min, 55-85 % B; 27-28 min, 85-98 % B; 28-31 min, 98 % B;
31-32 min, 98-5 % B; 32-36 min, 5 % B.

4.5.6 Bioactivity testing

4.5.6.1 Antimicrobial Assay

All microorganisms were handled according to standard procedures and were obtained from
the German Collection of Microorganisms and Cell Cultures (Deutsche Sammlung fiir
Mikroorganismen und Zellkulturen, DSMZ) or were part of our internal strain collection. For
microdilution assays, overnight cultures of Gram-positive bacteria in Miller-Hinton broth (0.2 %
beef infusion, 0.15 % corn starch, 1.75 % casein peptone; pH 7.4) were diluted in the growth
medium to achieve a final inoculum of ca. 10° cfu/ml. Serial dilutions of homospermidine lipids were
prepared from MeOH stocks in sterile 96-well plates. The cell suspension was added and
microorganisms were grown on a microplate shaker (750 rpm, 37°C, 16 h). Growth inhibition was
assessed by visual inspection and given MIC (minimum inhibitory concentration) values are the

lowest concentration of antibiotic at which no visible growth was observed.

4.5.6.2 Cytotoxic activity

Cell lines were obtained from the German Collection of Microorganisms and Cell Cultures
(Deutsche Sammlung fiur Mikroorganismen und Zellkulturen, DSMZ) or were part of our internal
collection and were cultured under conditions recommended by the depositor. Cells were seeded
at 6x103 cells per well of 96-well plates in 180 pl complete medium and treated with
homospermidine lipids in serial dilution after 2 h of equilibration. Each compound was tested in
duplicate as well as the internal solvent control. After 5d incubation, 20 ul of 5 mg/ml MTT
(thiazolyl blue tetrazolium bromide) in PBS was added per well and it was further incubated for 2 h
at 37°C. The medium was then discarded and cells were washed with 100 pul PBS before adding
100 pl 2-propanol/10 N HCI (250:1) in order to dissolve formazan granules. The absorbance at 570
nm was measured using a microplate reader (Tecan Infinite M200Pro), and cell viability was
expressed as percentage relative to the respective methanol control. ICso values were determined

by sigmoidal curve fitting.
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4.6 Supplemental Figures & Tables
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Figure S 4.1: Base peak chromatograms (150-2500 m/z) showing the effect of XAD addition regarding the
cultivations on agar.
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Figure S 4.2: Comparative base peak chromatograms (150 — 2500 m/z) of a M. xanthus DK1622 extract
originating from suspension culture in CTT medium and the respective blank.
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Figure S 4.3: MS fragmentation tree of Cmp-552 based on MS" experiments performed on FT-ICR.
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Figure S 4.4: Overlaid base peak chromatogram and extracted ion chromatogram (552.50986 +0.005 m/z) of
the Cmp-552 containing fraction indicated sufficient purity for NMR analysis. The respective fraction was
received by semi-preparative isolation effort of M. xanthus DK1622 extracts from cultivation on agar.
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Figure S 4.5: Bucket statistic for Cmp-552 containing bucket. Color code is explained in figure 2
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Figure S 4.6: MS spectrum of feeding experiment with L-Arginine-*3Cs,">N4 confirms the incorporation of up to
two arginine building blocks in Cmp-552.
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Table S 4.1: Table of all open reading frames (orfs) belonging to the putative homospermidine lipid
biosynthesis cluster with proposed function and closest homologue according to a blastp search against the
non-redundant protein database and the position of the orfs on the published M. xanthus DK1622 genome
(NCBI reference sequence NC_008095.1)

Identity [%] X Locus tag
Accession of
Length Proposed and length of on the
Name i Closest homologue ) closest
[bp] function alignment DK1622
homologue
[AA] genome
o Homospermidine
Homospermidin MXAN_16
hslA 1023 . synthase (Myxococcus 98,5/339 SDF06447
e synthesis . 78
virescens)
fatty acyl chain oxidase — FAD/FMN VIXAN 16
hsIB 1896 dehydrogenatio | dependent (Myxococcus 97,2 /631 WP_043712221 26 -
n fulvus)
lycerol-3-phosphate acyl
fatty acyl chain ad phosp Y MXAN_16
hsIC 2607 transferase (Myxococcus 99.5 /868 SDF06388
transfer . 75
virescens)
NAD dependent
. MXAN_16
hsID 990 unknown epimerase 98.5/329 SDF06360 4 -
(Myxococcus virescens)
hypothetical adventurous
" - . MXAN_16
hslE 1542 unknown gliding motility protein N 98.8 /344 AA066306 73 -
(Myxococcus xanthus)
hypothetical Protein MXAN_16
hsIF 1005 unknown . . 71.6 /334 WP_075004684
(Stigmatella aurantiaca) 87
N-acylation of
Acetyltransferase GNAT
the , MXAN_16
hslG 897 o family (Myxococcus 93.6 /298 SDF06648
homospemidine . 86
. virescens)
moiety
hypothetical protein MXAN_16
hsIH 174 unknown . 92.9/56 SDF06632
(Myxococcus virescens) 85
. histidine kinase MXAN_16
hsll 558 regulation 75.9/191 WP_013938788
(Myxococcus fulvus) 84
Dipeptidyl
p_ phicy ) MXAN_16
hsIK 2280 unknown aminopeptidase 98.3 /747 SDF06517 8 -
(Myxococcus virescens)
Dienelactone hydrolase MXAN_16
hslL 798 unknown . 97.7 / 265 SDF06504
(Myxococcus virescens) 81
. DNA binding response MXAN_16
hslM 675 regulation 99.6 /224 SDF06483
regulator 80
. signal transduction MXAN_16
hsIN 1167 regulation o . 96.6 /338 SDF06456
histidine kinase 79
compound tonB like protein MXAN_16
hslO 2610 . . 96.8/ 869 SDF06711
sensing (Myxococcus virescens) 88
hypothetical protein MXAN_16
hslP 1269 unknown vp p. 98.7 /422 SDF06729 -
(Myxococcus virescens) 89
esterase (Myxococcus MXAN_16
hslQ 945 unknown 79.9/313 WP_013935160
fulvus) 90
. TetR family regulator MXAN_16
hsIR1 525 regulation i 99.4 /174 SDF06422
(Myxococcus virescens) 77
. LysR family regulator MXAN_16
hsIR2 906 regulation ] 99.3/301 SDF06540
(Myxococcus virescens) 83
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Figure S 4.7: Gene organization of the putative homospermidine lipid biosynthesis cluster. Biosynthesis genes
depicted in blue; regulatory elements depicted in red; genes of unknown function or genes not involved in

homospermidine lipid biosynthesis depicted in gray.
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Figure S 4.8: Putative biosynthesis of the homospermidine lipids according to in silico analysis
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Figure S 4.9: Chemical structures of homospermidine-lipid derivatives with numbered carbon atoms
corresponding to the NMR-data tables (Table S 4.2Table S 4.5)



Fruiting Bodies - Supplemental Figures & Tables

133

Table S 4.2: NMR data for Cmp-552, 1; HS(is05:0/5:0/is015:0); (*° HSQC signals overlapping)

Carbon 6H Multiplicity, J [Hz] and 6 13¢C COSY correlations HMBC correlations
number [ppm] proton number [ppm] [ppm] [ppm]

1/2 0.84 d, 6.73,6 23.0 3 1/2,3,4

32 1.49 - 28.2 1/2,4 1/2,4

4b 1.13 - 394 3,5,6 1/2,4,5,6

5/6/7¢ 1.23 - 30.1 4,8/9/10 4,8/9/10

8/9/10° 1.58 - 26.0 5/6/7, 8/9/10, 11/12 5/6/7, 8/9/10, 11/12
11/12¢ 1.29 - 30.1 8/9/10, 13 8/9/10, 11/12, 13, 14
13 1.59 - 26.1 12,14 11,12, 14,15

14 2.25 t,7.59,2 33.6 12,13 12,13,15

15 - - 173.5 - 14, 16, 25

16 3.30 - 45.5 17 15,17,25

172 1.52 - 251 17,18 16, 18, 19

182 1.47 - 26.7 17,19 16,17,19

19 3.27 - 39.0 18 17,18, 20

20 - - 177.7 - 19, 21, 22

21 2.35 m 33.8 22 22,23/24

22 2.35 36.0 21,23/24 20, 21, 23/24
23/24b 1.13 t, 6.69, 6 20.0 21,22 20, 21, 22, 23/24
25 3.23 t,7.59,2 48.0 26 15, 16, 26/27
26/272 1.54 - 26.1 25,27 25,26/27, 28

28 3.27 - 39.0 26/27 25, 26/27, 29

29 - - 173.7 - 28, 30, 31

30 2.14 t,7.64,2 39.1 31 31,32,33

31 1.64 m 19.5 30,32,33 30, 32, 33

32¢ 1.29 - 25.9 31,33 30, 31, 33

33 m - 14.3 31,32 31,33
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Table S 4.3: NMR data for Cmp-564, 2; HS(5:0/is05:0/is015:0(6E))

Carbon 61H Multiplicity, J [Hz] and 6 13C COSY correlations HMBC correlations
number [ppm] proton number [ppm] [ppm] [ppm]

1+2 0.91 d 6.7 Hz 2H 23.58 1.55 29.50, 40,69

3 1.55 m 1H 29.7 0.91,1.21 23.57,40.32

4 1.21 m 2H 40 1.55, 1.31 23.4,29.6,32.0
5 131 m 2H 32 12,13 31.0, 30

6 cal3 m ca. 30 cals ca. 30

7 cals3 m ca. 30 call3 ca. 30

8 cal3 m ca. 30 cals ca. 30

9 1.37 m 2H 30.9 2.0,1.34 132.0,33.8

10 2 m 2H 33.8 1.37,5.43 132.0, 30.9

11 5.43 m 1H 132 2.0,5.37 -

12 5.37 m 1H 131.1 2.07,5.43 28.8

13 2.07 m 2H 28.8 1.42,5.34 131.1,31.3

14 1.42 m 2H 31.3 2.07,1,65 131.1, 33.4, 26.8, 28.1
15 1.62 m 2H 26.9 1.42,2.26 31.3,175.0

16 2.27 t2H 36.9 1.62 26.9,31.3,179.5
17 - - 176.5 - -

18 3.34 m 2H 48.07 1.58,3.2 26.5,176.5

19 1.58 m 2H 26.5 1.508, 3,34 48.1,28.5

20 1.508 m 2H 28.5 1.58,3.34 26.5,40.3

21 3.21 t2H 7.19 Hz 40.3 1.51,1.58 28.5,180.3

22 180.3

23 2.454 dqg 1H 36.9 1.133 20.3,180.3
24+25 1.133 CH3 2 mal? 20.36 2.467 36.9, 20.28, 180.0
26 3.35 m 2H 47.26 1.58,3.20 26.5,176.5

27 1.58 m 2H 26.5 1.51,3.35 47.3,28.5

28 1.507 m 2H 28.5 1.58,3.20 26.5,36.9

29 3.22 t2H 7.19 Hz 36.9 1.50, 1.58 28.5,176

30 175.93

31 2.378 t2H 34.45 1.6442, 26.7,30.9

32 1.6442 m 2H 26.7 1.347,3,36

33 1.35 m 2H 30.1

34 0.934 13H6.7 Hz 14.8 1.347
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Table S 4.4: NMR data for Cmp-578, 3; HS(5:0/5:0/iso17:0(6E))

Carbon 6H Multiplicity, J [Hz] and 6 13¢C COSY correlations HMBC correlations
number [ppm] proton number [ppm] [ppm] [ppm]

1+2 0.9 d 6.7 Hz 6H 23.67 1.54 29.08, 40.8

3 1.55 m 1H 29.67 0.9, 1.2 23.37,28.11, 40.71
4 1.2 m 2H 40.72 1.54 23.6, 29.6, 33.75
5 1.31 m 2H 33.75 1.2,13 40.7,~30

6 cal3 m ca. 30 cal3 ca. 30

7 cals3 m ca. 30 cals3 ca. 30

8 cal3 m ca. 30 cal3 ca. 30

9 1.38 m 2H 30.3 1.3,2.0 34.1,132.0

10 2 m 2H 341 1.38,5.45, 5,34 30.3,131.1, 132.0
11 5.45 m 1H 132 2.0,5,34,2.07 34.1,132.0,33

12 5.375 m 1H 131.1 2.07,2.2,5.45 31.0,131.1,132.0
13 2.07 m 2H 31 1.42,5.375 30.9, 131.5, 132.0
14 1.42 m 2H 30.9 2.07,1.62, 131.1, 31, 26.89, 33.78
15 1.6 m 2H 26.8 1.42,2.31 30.9, 33.68,176.3
16 2.375 t, 2H, 7.2Hz 33.7 1.63 26.8,31.0,176.3
17 - - 176.3 - -

18 3.36 m 2H 47.04 1.58, 3.2 26.6,176.5

19 1.57 m 2H 26.65 1.508, 3,34 47.0,28.4

20 1.5 m 2H 28.38 1.58,3.34 26.7,40.2

21 3.21 t2H 7.19 Hz 40.19 1.51,1.58 28.3,178.5

22 178.3

23 2.3 t2H 35.62 1.62 28.8,31,178.5
24 1.62 26.8 1.34 35.46

25 1.34 334 0.93 35.4,14.7

26 0.93 14.7 1.34 334

27 3.36 m 2H 47.04 1.58, 3.20 26.6,176.5

28 1.57 m 2H 26.65 1.51,3.35 47.0,28.4

29 1.5 m 2H 28.38 1.58, 3.20 26.7,40.2

30 3.21 t2H 7.19 Hz 40.19 1.50, 1.58 28.3,178.5

31 178.3

32 2.3 t2H 35.62 1.62 28.8,31,178.5

33 1.62 m 2H 26.8 1.34 35.46

34 1.34 m 2H 334 0.93 35.4,14.7

35 0.93 13H 14.7 1.34 334
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Table S 4.5: NMR data for Cmp-522, 4; HS(2:0/2:0/is019:0(6E))

Carbon 8 1H Multiplicity, J [Hz] and 6 13C COSY correlations HMBC correlations

number [ppm] proton number [ppm] [ppm] [ppm]

1+2 0.88 d, 6.7 Hz, 6H 22.9 1.51 29.0,39.8

3 1.51 m, 1H 29 0.88,1.18 39.8,22.9,28.3

4 1.18 m, 2H 39.8 1.29,1.51 22.9,29.0,28.3

5 1.29 m, 2H 28.3 1.18,1.3 30, 39.8

6 ca.1.3 m, 2H ca. 30 ca.1.3 ca. 30

7 ca.1.3 m, 2H ca. 30 ca.1.3 ca. 30

8 ca.1.3 m, 2H ca. 30 ca.1.3 ca. 30

9 ca.1.3 m, 2H ca. 30 ca.1.3 ca. 30

10 ca.1.3 m, 2H ca. 30 ca.1.3 ca. 30

11 1.35 m, 2H 30.4 1.98, ca.1.30 131.6, 33.3, 30

12 1.98 m, 2H 33.3 1.35,5.45,5.39 30.4,131.6,130.6

13 5.45 m, 1H 131.6 1.98,2.01,5.39 30.4, 33.3,130.6

14 5.39 m, 1H 130.6 2.01,1.98,5.45 33.0, 30.0, 131.6

15 2.01 m, 2H 33 1.40, 5.39 30-2,33.3,130.6,
131.6

16 1.4 m, 2H 30.2 1.59, 2.35, 2.01 33.0, 26.0

17 1.59 m, 2H 26 1.40, 2.35 33.7,30.2175.2

18 2.35 t, 7.6 Hz, 2H 33.7 1.59, 1.40, 3.32 30.2, 26.0, 175.2

19 - - 175.2 - -

20 3.32 m, 2H 46.3 1.56, 3.35, 2.35 25.9,48.5,175.2

21 1.56 m, 2H 25.9 3.32,1.48 46.3,27.1

22 1.48 m, 2H 27.1 3.17,1.56 25.9,46.3,39.6

23 3.17 t,6.2 Hz, 2H 39.6 1.48,1.92 27.1,25.9,173.3

24 - - 173.3 - -

25 1.92 s, 3H 22.1 3.17 39.6,173.3

26 3.35 m, 2H 48.5 1.59,3.32,2.35 27.0,46.3,175.2

27 1.59 m, 2H 27 3.35,1.52 48.5,27.5

28 1.52 m, 2H 27.5 3.20, 1.59 48.5,27.0,39.4

29 3.2 t, 6.2 Hz, 2H 39.4 1.52,1.94 27.5,27.0,173.5

30 - - 173.5 - -

31 1.94 s, 3H 22.1 3.2 39.4,173.5
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5 Discussion

In summary, the work presented in the previous chapters covers several aspects of natural
product research. The second and third chapter are dealing with two similar natural products,
tomaymycin and tilivalline. These chapters are describing comprehensive analysis and elucidation
of biosynthetic pathways, successfully performed in vitro reconstitutions as well as the
development of an advanced LC-MS method to study the relevant biosynthetic proteins involved in
biosynthesis of the respective compounds. Chapter four describes a novel approach to discover
new myxobacterial secondary metabolites. As an alternative to the standardized approach based
on cultivation in liquid media, the here introduced workflow covers the metabolomics changes due

to fruiting body formation.

In detail, in chapter two the timing possibilities of the tomaymycin biosynthesis has been
finally narrowed down to two scenarios by combining results from various different experiments.
It was possible to reconstitute detectable amounts tomaymycin by full in vitro reconstitution and
to observe first mutasynthesis products by using this system. The LC-MS method developed to
analyze intact proteins with masses up to 200 kDa allowed comprehensive insights into the
individual steps of the NRPS derived biosynthesis of tomaymycin. The usage of this method enabled
to study substrate specificities but also to track each individual step on the assembly line. Finally,
the inconsistency of results derived from different methodologies revealed also the risk of
hypotheses, which are based on results from a single analytical method. Combinatory conclusion

of various results led to the final elucidation of the synthetic pathway of tomaymycin.

Chapter three is about tilivalline, which was identified unambiguously in a clinical isolate of
Klebsiella oxytoca. Despite similarity of the biosynthetic gene clusters of tomaymycin and tilivalline,
the origin of the indole moiety remained obscure. Heterologous expression as well as a functional
in vitro reconstitution yielded a truncated tilivalline structure lacking the indole moiety. It finally
turned out, that the indole attachment results from a spontaneous Friedel-Craft-like alkylation of
free indole and the respective carbinolamine derived from the assembly line. The established
heterologous expression system was subsequently used as synthetic biology platform to obtain
several derivatives. In addition, it served as a screening platform to find potential tilivalline
production inhibitors. These experiments revealed that salicylic acid based compounds seem to
inhibit the production of tilivalline. Consequently, efforts towards this project will be intensified to

confirm these promising results in a mouse model.

Chapter four covers yet another aspect of natural product research. The respective work

represents an alternative approach towards detection and isolation of yet unknown myxobacterial
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metabolites. In this context, the attempts were focused on the metabolism of the unique
myxobacterial fruiting bodies of the model strain Myxococcus xanthus DK1622. In order to explore
the metabolomic potential of this myxobacterial vegetative state, different analytical workflows
aiming to gain high quality data with optimized information content and to track down yet unknown
compound classes. Finally, a new compound class with antibiotic activity has been identified and
its production could undoubtedly be linked to the fruiting body formation of Myxococcus xanthus
DK1622. The metabolome mining studies performed in this context facilitated the isolation of
additional derivatives from a related myxobacterial strain Myxococcus MCy9290. This clearly
demonstrated the potential of this novel workflow, which can serve as another helpful tool when

searching for novel myxobacterial metabolites with promising chemical scaffolds and bioactivities.
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5.1 Tomaymycin and Tilivalline

5.1.1 Pyrrolobenzodiazepines

Tomaymycin and tilivalline are both representatives of the compound class of
pyrrolobenzodiazepines (PBDs). Despite the identical core structure of the compounds, their origin,
and characteristics in terms of bioactivity are fundamentally different. While tomaymycin is a
compound produced by Streptomyces achromogenes showing antibacterial as well as good
antineoplastic activity by selective DNA alkylation, tilivalline is synthesized by Klebsiella oxytoca and

has been identified as a pathogenicity factor in antibiotic associated hemorrhagic colitis'™.
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Streptomyces achromogenes Klebsiella oxytoca

Figure 5.1: Chemical structures of tomaymycin and tilivalline. Identical core structure is highlighted in red.

PBD-related research efforts mainly focused on their optimization towards potential drugs for
cancer treatment®. Nevertheless, there is still a need to perform in vitro experiments to elucidate
biosynthetic pathways, to test mutasynthesis approaches and to reveal substrate specificities of
involved enzymes. The elucidation of the underlying biosynthesis is of special interest with respect
to virulence factors as it enables the development of inhibition strategies but operational in vitro
systems in general can be utilized as synthetic biology platform providing an easy access to new
derivatives. In addition to already performed biosynthesis studies about tomaymycin, anthramycin
or sibiromycin, knowledge regarding the mode of action and the influence of distinct moieties was
gained by synthesizing roughly 60 not naturally occurring PBDs in the last decades. As a result,
potential lead structures could be further improved by increasing specificity, bioavailability and
decreasing side effects®. In contrast to research projects supporting drug development based on
tomaymycin and similar molecules the role of tilivalline in human diseases has been widely
neglected. Instead of optimizing the tilivalline structure towards maximum bioactivity, the
inhibition of biosynthesis and the mode of action was of high interest in this work. Heterologous
expression system and in vitro reconstitution platform allowed searching for compounds, which
lead to an inhibitory effect of the tilivalline production by blocking the assembly line. The inability

of tilivalline to intercalate into DNA could finally be explained by the missing imine substructure,
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and indicated a different mode of action causing the toxicity. Considering the similar structures of
tomaymycin and tilivalline, it is astonishing that they obviously do not share the same mode of
action. While the results of the individual projects were already extensively discussed in the
respective chapters, this section is generally dealing with the usage of in vitro assays in research

and industry.

5.1.2 In Vitro Reconstitutions: Benefits and Obstacles

Despite tremendous technical developments and increasing knowledge in the field of
biochemistry, complete in vitro reconstitutions of biosynthetic pathways remain challenging. In
particular, the reconstitution of complex biosynthetic pathways comprising multimodular enzyme
systems like NRPS or PKS is extremely difficult. However, there is a continued effort towards in vitro
reconstitution of biosynthetic pathways, as these platforms allow for improved insights in how
nature generates this plethora of different chemical structures. This valuable knowledge can further
contribute to the in-depth investigation of natural products and can support, for instance, the
modification of complex chemical scaffold or can inspire the development of biomimetic

chemistry’.

A major benefit of using in vitro but also in vivo reconstitution is the possibility to produce
complex natural products from simple precursors without complex multistage total syntheses
approaches. Especially, structures with various stereocenters are often highly problematic and
difficult to access by chemical synthesis. An example for this challenge were the attempts to obtain
the antibiotic erythromycin, which was initially isolated from Saccharopolyspora erythraea, by total
synthesis approaches. It took three decades after the discovery to establish a total synthesis route
that finally yielded the correct stereochemistry for the 10 stereospecific carbons as well as for the
distinct substitutions®°. Formation of the erythromycin precursor 6-deoxyerythronolide, including
most of the stereocenters represented the most difficult step in this approach. The chemical
synthesis of the 14-membered macrolide already requires at least 20 steps and thus associated with
a highly intensified workload®. In contrast to that, production of erythromycin by fermentation is
preferred due to outcompeting efficiency!. Khosla et al. managed, however, to reconstitute this
precursor completely in vitro with turnover rates above 1 min! by incubating the five biosynthetic
proteins involved, with the required precursor molecules propionyl-CoA, methylmalonyl-CoA, and
NADPH. After two decades of research a system with acceptable production efficiency has been
achieved and paved the way for further improvements towards efficient in vitro reconstitutions of
complex natural products®?. In line with an efficient production by in vitro reconstitution would be
the availability of inexpensive precursors and the possibility to recycle co-factors as shown by

|13

Greunke et al.”>. While the full reconstitution of erythromycin was not achievable in vitro, the most
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difficult part of the synthesis could be managed and missing substituents subsequently attached by
a semi-synthetic approach. A similar success story is the full reconstitution of norsolorinic acid, a

precursor of aflatoxin B1%4.
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Figure 5.2: Comparison of two methods to obtain 6-deoxyerythronolide B, an erythromycin precursor. While
the precursor can be achieved in a single step by a complete in vitro reconstitution, the respective total
synthesis approach needs at least 20 steps.

Besides the synthesis itself, the relatively simple reaction mixtures of in vitro reconstitutions
in comparison to organic synthesis and heterologous production systems are a big advantage, in
particular with regard to analyzing and subsequent product isolation. Frequently used LC-MS
analyses can be performed either on the crude incubation mixture or after removal of the enzymes,
depending on the proteins sizes. Also in terms of compound isolation, in vitro production systems
excel classic organic synthesis, since the sought product can easily be separated from the enzymes,
precursors and co-factors used. This is by far less time consuming than the purification cascades

usually followed after organic synthesis.

In vitro systems are hitherto mainly been used for biosynthesis studies because of the low
efficiency but thereby already promote the optimization of in vivo production systems. Efficient in
vitro assays would, however, be a powerful tool providing an easy way to obtain derivatives of
interesting natural products, and thereby a possibility of optimization by means of medicinal

chemistry. In the best case, such derivatives can be produced by simply supplementing non-natural
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precursors®. If the intended modification is not directly achievable, there is still a chance to
introduce more readily accessible moieties for semi-synthetic follow-up work!®. The spectrum of
derivatives that could principally be obtained can be determined through preliminary small scale
testing as described in this work for tomaymycin and tilivalline. Therefore, the investigations about
substrate specificity presented here are key factors regarding such workflows. If an efficiently
working in vitro assay can be set up, it can allow for production of a plethora of non-naturally
observed derivatives that could be synthesized in a well-plate format and immediately tested for
bioactivity, solubility, or other features of interest. In contrast, a total synthesis approach is, in most
cases, rather elaborate regarding time consumption and resources but also flexibility of such
systems is usually very limited when it comes to exchange of educts'®. Consequently, this field of
research should be further supported and investigated as it represents a great potential for natural

product based drug developments.

Another application for in vitro experiments is a detailed analysis of reaction kinetics. Not only
single enzymes but also the complete biosynthetic assembly lines can be studied towards kinetic
parameters like turnover rates. Limiting factors can be ascertained and corresponding incubation
temperature, enzyme, substrate, or co-factor concentrations are adjusted to increase the product
titers'’. However, experiments with opposite intentions can also be performed as using functioning
in vitro systems enables to test inhibitors which shall decrease the natural product formation®1°,
The major advantage of these in vitro approaches is the isolated analysis of the system. The
analytical results of such experiments will not be distorted due to the occurrence of secondary
effects like possible metabolization or formation of substrates via other biochemical routes. This is
a clear advantage compared to in vivo studies and underlines in vitro experiments as an excellent
test platform for preliminary screenings and pre-selection of potential inhibitors. Cell-free

experiments do also contribute to an easier analysis and more reliable data sets compared to very

complex mixtures derived from in vivo studies.

In vitro reconstitutions represent not least the method of choice to elucidate the biosynthetic
pathway of a natural product in detail’. Experiments with the isolated biosynthesis proteins are
often more reliable to get better insights in the functionality of NRPS/PKS megaenzymes compared
to well established to well established DNA modifications that block distinct protein functions.
While gene inactivation experiments represent a solid method to associate distinct biosynthetic
gene clusters with the production of a natural product, this method does not allow for detailed
analysis of certain enzymatic reactions?®'. Reasons are again the commonly emerging secondary
effects by in vivo studies, which hamper the analysis. From the above discussions, one can be
concluded that in vitro experiments are the method of choice for comprehensive studies regarding

biosynthesis. Therefore, this approach was also followed in case of tomaymycin and tilivalline. The
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application of in vitro experiments under defined conditions with pure proteins and subsequently
performed analysis finally resulted in the full elucidation of the tomaymycin and tilivalline

biosynthesis.

Despite all advantages of in vitro experiments in biochemistry, it cannot be neglected that the
establishment of a functional and robust systems involves a lot of work. In particular, natural
products derived by PKS/NRPS assembly lines are very difficult to reconstitute artificially. This fact
is also reflected in the very limited number of successfully established full reconstitutions of natural
products. In the last decades only a dozen publications reported fully functional systems that were
able to achieve detectable amounts of product’. The reasons for this are attributable to various
problems. As already indicated by the designation, megasynthetases and megasynthases are often
characterized by the size of the enzyme complex. The largest known PKS (17019 aa) has nine
modules which can be divided into 47 domains. The largest NRPS (16367 aa) shows a similar size
with 15 modules constituting 46 domains whereas the largest hybrid thereof (14274 aa) was found
with 2 modules consisting of 39 domains?2. Although these values represent the maxima, it is not
surprising that the size of such protein complexes frequently exceeds several hundred kDa?. These
enormous sizes often hamper protein expression in heterologous hosts like Escherichia coli as they
typically surpass the size of their own proteins. The largest known E. coli protein is roughly 170 kDa
in size and already significantly smaller than the comparably small two modular NRPSs synthesizing
tomaymycin and tilivalline?*. Hence, heterologous hosts face difficulties with the complete
biosynthesis of large proteins, which frequently lead to truncated proteins. Even if a complete
expression in sufficient amount could be achieved, the handling of large sized proteins is
challenging. Poor solubility, effects like agglomeration or biochemical inactivity due to mis-folded
proteins are common issues when working with large protein complexes?. Consequently, protein
complexes are often divided into the respective modules and expressed separately. That way, the
expression is often more efficient and in addition issues regarding protein folding and solubility can
be circumvented. However, other complications may occur because of the resulting interruptions
of the assembly line. To ensure the complete assembly of a natural product it is required that the
particular modules form a complex in proper orientation which enables a channeling of the growing
substrate until it is finally released from the assembly line. Presumably, these properly aligned
modules are difficult to achieve by simply mixing separately expressed and purified proteins and
therefore obstruct high product titers. Another point that can complicate the successful
implementation of an in vitro reconstitution is the lack of required co-factors or co-enzymes. It is
not always obvious, which additional compounds or proteins in what ratio are needed to obtain a
functional in vitro system. In some instances, biosynthetic proteins even have to be co-expressed

with partner proteins, which are evidently lacking any enzymatic function, to enable their own
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functionality or solubility in an assay. Such observations are known for MbtH-like proteins and were
also found during comprehensive in vitro studies about HHQ and PQS, two Pseudomonas
geruginosa quorum-sensing molecules (unpublished date)?®?’. In view of the mentioned obstacles
that can appear during working on in vitro systems the low number of known full in vitro
reconstitutions seems comprehensible. It is furthermore not surprising that most of the functional

systems known so far are synthesizing comparatively small natural products’.

5.1.3 The Role of Instrumental Analytics in in vitro Experiments

Modern analytical chemistry is an integral and indispensable part of comprehensive natural
product biosynthesis studies in vitro. Fast and reliable analytical methods help scientists to interpret
experiments and enable to acquire a deeper understanding and knowledge regarding complex
biosynthesis processes?®. Analysis can be subdivided into two main fields: the analysis of small
molecules (< 2000 Da) to which usually the educts, by-products, as well as products belong and the
analysis of large molecules (> 2000 Da) like the involved proteins or protein complexes. While the
analysis of large molecules is often still based on rather unprecise techniques like SDS-PAGE, small
molecules are usually analyzed on highly sensitive and accurate LC-MS or GC-MS setups®>3°. The
difference is certainly caused by the fact that analyzing large molecules is much more difficult
compared to small molecules. However, measurements of in vitro experiments on small molecule
level do initially provide a wealth of information, which can already answer many unresolved issues

about a biosynthesis.

First, the analysis of an in vitro reconstitution assay towards the expected product give clear
indication for the functionality of the system. Even a very low product titer can be unambiguously
detected as shown for tomaymycin in this work. Targeted search for by-products or truncated
products additionally offer first insights into the biosynthesis route or, for instance, reveal that
some tailoring enzymes are missing. Once a biosynthesis hypothesis is proposed based on
comprehensive analysis of genetic data and observed side products, it is required to prove the
assumptions. Analysis of feeding experiments with isotopically labeled precursors or building blocks
is a well established approach providing evidence for the single steps of a biosynthetic pathway3!
33, Although such feeding experiments are mainly used in in vivo systems, they can also be helpful
in in vitro systems, especially to elucidate the biosynthesis of unusual substructures. In this context,
there are some reasons in terms of analytics why these experiments should preferably be
performed in vitro, provided a functional system is available. Exclusive incorporation of the labeled
precursor will only take place if the natural precursor will not be supplemented. As no mixtures of
unlabeled and labeled product will occur, the obtained products are analytically easier to interpret.

In an in vivo setting, this is nearly impossible since building blocks like amino acids are already found
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in the media components or derived by the primary metabolism and can thus not be prevented. To
obtain sufficient incorporation and enable determination including MS/MS experiments, the added
qguantity of labelled precursor has to be increased. Another problem are the other metabolic
pathways of an organism, which can hamper the analysis. Nature uses only a few building block to
produce a plethora of compounds®*. Hence, there is a high chance that the added labelled precursor
is also consumed by many other pathways, which again requires an increased addition of labelled
compound. These issues can easily be circumvented by using an in vitro test platform for feeding
studies. Concerning possible mutasynthesis approaches, the same limitations apply, but in addition,
there is a certain chance that the tested precursors are not able to pass the cell membranes. In this
case, no incorporation of the respective precursor can be observed which could lead to wrong
conclusions. Instrumental analytics are also important tools to study kinetics in vitro®’. In
particular, for quantification purposes, in vitro experiments facilitate the analysis significantly.
Laborious sample preparation becomes unnecessary since only proteins are removed prior to the
measurements and furthermore, matrix effects due to growth media as well as other substances
derived from the organism are negligible compared to in vivo experiments. Another conceivable
application of operational in vitro systems is the access to isotopically labeled standards of high
isotopic purity for analytical purposes that would otherwise require complex organic synthesis. The
challenges regarding in vitro system should, however, not be underestimated. As the proteins for
such systems are usually overexpressed in heterologous hosts it can be assumed that the proteins
are partly misfolded and consequently not functional. It is also necessary to ensure that possible
post translational modification by the native producer are not required to obtain fully operational

proteins.

Besides the analysis on small molecule level, the analysis on protein level, the so called “top
down proteomics”, is of increased interest in natural product research®. Such measurements are
more complicated compared to the standard measurements applied for small molecules but have
nevertheless an important role for basic research. Even though they are partly applicable for in vivo
studies, samples derived from in vitro studies are preferred®®. Based on such experiments,
hypotheses about the detailed process of biosynthesis by NRPS or PKS can be evaluated because it
is, for example, possible to confirm substrate or intermediate species attached to the assembly
line*®4, Intact protein analysis can also be used to test substrate specificities of distinct modules or
domains and help to reveal the bottlenecks of biosynthetic assembly lines. Combined results based
on analyzing in vitro experiments on small molecule as well as on intact protein level help to shed
light on the complex process of natural product biosynthesis. The development of a fast and reliable

analytical method allowed to address such questions and is one major aspect of this work.
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Many publications from the last decade deal with intact protein measurements from in vitro
assays, whereby these analyses frequently reach the limits of modern analytical setups*. Despite
the availability of FT-ICR mass spectrometers with resolving powers of several millions, which
theoretically should allow for detection of large NRPS/PKS proteins complexes, this cannot be
accomplished easily*®. Even with an ideal sample, these resolving values are challenging due to
physical processes in the ICR-cell. The immense number of different ion species that are
simultaneously present in the cell, results in mutual interference of the cyclotron motion and thus
to a loss of resolution by signal broadening*. In addition, the missing solubility in buffer free
solvents and inhomogeneity of the enzymes are some of the major reasons that hamper a
straightforward detection of large NRPS/PKS enzymes by such setups. Proteins are generally
obtained in several proteoforms, differing only in slight structural changes. These changes can be
caused by diverse posttranslational modifications, holo/apo forms, translation dysfunction
resulting in amino acid exchanges, or incomplete substrate loading®. The resulting number of
different species with minor mass shifts does not only result in very close MS-signals for the distinct
charge states but also in a loss of intensities because the determined protein concentration is
actually distributed to many different proteoforms. Furthermore, under these circumstances the
above-mentioned dephasing effect of ions in the ICR-cell is further compounded. Sufficient
chromatographic separation prior to MS detection can circumvent the simultaneous analysis of
several proteoforms and help to exploit the full potential of high resolution MS. However, taking
into account that the obtained modifications are negligible regarding the sizes of the enzymes, a
chromatographic separation is a challenging endeavor requiring tremendous effort. This may be
partly caused by the predominantly underlying on-off mechanism of large proteins on RP-
columns®. Separations by capillary electrophoresis (CE) are a promising alternative to RP-LC and
seem to be more suitable, but especially the required coupling to a mass spectrometer remains

challenging in everyday laboratory practice®®*’.
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Figure 5.3: Overlaid total ion chromatograms of PqsBC loading experiments with different acyl-CoAs (C2-C14)
showing shifted retention times for PqsC and the unchanged retention times for PqsB. Deconvoluted MS
spectra confirmed the respective loaded species of PqsC.

Interestingly, in some cases even minimal modification appear to be sufficient for significant
changes in retention times on RP-columns. The biosynthesis enzyme PgsC, which is involved in the
previously mentioned HHQ and PQS synthesis, can load acyl moieties with different alkyl chain
lengths. Loading experiments with a series of acyl-CoAs (C2-C14) revealed significantly increasing
retention times with increasing chain length. While only one such case of shifting retention times
is known at our institute so far it emphasizes that required separation effort is an individual task
depending on the target protein. Regarding the analysis of tomaymycin and tilivalline biosynthesis
proteins, the chromatographic separation of both modules was achievable, whereas it was not
possible to sufficiently separate loaded and unloaded protein. It is thus comprehensible that
difficulties will increase tremendously by dealing with in vitro systems containing more than just
two modules including different loading stages. However, this work revealed the potential of
comprehensive intact protein analysis in in vitro studies towards the elucidation of biosynthetic

pathways.

5.1.4 Industrial Usage of in vitro Platforms

Considering the above-mentioned advantages of in vitro systems, large-scale application of
these systems is also of high interest for industrial biotechnology. Fundamentally, enzymes are
macromolecular biocatalysts, which are able to perform a plethora of chemical reactions. More
precisely, Mother Nature outcompetes even the most skilled organic chemists when it comes to
distinct substrate-, chemo-, regio-, and stereoselectivity*®. Even seemingly easy intentions like
targeted introduction of stereo centers, the addition of distinct groups, the reduction at specific
positions, or separation of a racemate is a challenging task for synthesis chemists*. Consequently,
not only in academia but also in industry, scientists are trying to take advantage of the tools

provided by nature. Two methods can be followed for this purpose: either an in vivo or an in vitro
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approach whereas both methods have their pros and cons. But in both cases, the variety of
publications addressing this topic reveal that most of the known applications are limited to single
biotransformations so far*®. Industry uses, for instances, enzymatic oxygenation reactions to
convert cheap raw materials, usually derived from petroleum industry, into more valuable
products. Typical examples are the conversion of p-xylene to terephthalic acid, ethylene to ethylene
oxide, ethylene to acetaldehyde, and ethylene/acetic acid to vinyl acetate*®. Another application in
industry is based on immobilized enzymes, which can be used in flow-through reactors to obtain
diverse biotransformations. The most prominent example of such processes is probably the
isomerization of glucose to fructose by the enzyme class of glucose isomerases. Thus, high fructose
corn syrup is obtained from corn syrup in a product scale of 107 tons per year®. Beside such fully
established systems the jet fuel farnesene, could be a promising candidate for the first application
of large-scale in vitro reconstitution. Zhu et al. managed to reconstitute farnesene from acetyl-CoA
in decent amounts, after optimizing the ratios of proteins, substrates, and co-factors®?.
Nevertheless, the real potential of Mother Nature’s synthesis skills is widely underexploited. It is
conceivable that in the future, complete synthesis of natural products or derivatives thereof will be
performed in bioreactors. Complex precursors or substructures will be presumably achieved first
by in vitro reconstitutions and will help to facilitate semi-synthetic approaches. Hence, the supply
of complicated chemical structures for various applications will be improved. Unfortunately,
despite the promising perspectives it is still a long road ahead until such full in vitro reconstitution
systems can be applied easily for large-scale purposes. The work presented here and the related
publications describe the immense potential of in vitro reconstitution systems whilst also taking
into account the upcoming challenges when such systems shall be established. It is highly
complicated to obtain sufficient amounts of pure proteins, to preserve the functionality, to
regenerate activated substrates or co-factors, and to realize high turnover rates for the proteins,
just to mention a few obstacles. A large-scale application in industry will remain in the distant future
as long as these problems cannot be addressed and the efforts regarding this are costlier compared

to classical synthetic or isolation approaches.
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5.2 Alternative Approaches towards the Isolation of Unknown

Metabolites

Myxobacteria already confirmed their potential as source for new natural products in the last
decades. Since the first research efforts by Héfle et al. and Reichenbach et al. in the 1980s5°27%,
these distinct bacteria were investigated systematically, which led to the discovery of many
previously unknown natural products and, in particular, bioactive compounds®. An extensive
screening project was initiated where an increasing number of myxobacterial strains were isolated,
cultivated and subsequently analyzed towards bioactive secondary metabolites. Over the years,
this screening approach yielded roughly 900 new compounds out of 140 compound classes, which
were isolated and characterized. Considering that only a rather small number of < 12 000 strains
has been screened, the number of isolated compounds is substantial (data from in-house
database). However, it is noteworthy that the success of this approach is certainly attributed to the
tremendous development in the field of analytical chemistry. Increasing sensitivity, resolution,
mass accuracy, and separation efficiency allowed for improved analyses of the highly complex crude
extracts, which frequently contain up to 3000 individual compounds. Nevertheless, it is easily
comprehensible that besides the discovery of new compounds, the identification and especially the

purification of one single compound out of a mixture of thousands remains a challenging endeavor.

Despite the continuous development of methods and instrumentation, the isolation of new
compounds from myxobacterial extracts is getting more challenging. For most of the myxobacterial
families, the highly abundant compounds are already elucidated and many others are repeatedly
detected within the extracts of one genus. Even if the increasing number of sequenced strains still
reveals the yet unexploited biosynthetic potential which can be deduced from the number of
unassigned biosynthetic gene clusters, the corresponding compounds remain undiscovered®’=°, It
is certainly conceivable that some of the missing secondary metabolites are just produced in trace
amounts and therefore escape the detection by standardized measurements. While the limit of
detection can be addressed by extremely sensitive MS setups like FT-ICR-MS which are already able
to detect 1000 ions, the efforts to isolate sufficient amounts of such low concentrated compounds
is still tremendous®®®l. In some cases, like in the here presented work, a metabolome mining
approach can help to overcome low production yields by finding producers with higher titers of the
sought compound. A successful application of this approach, however, requires a metabolite, which
is not restricted to a certain strain. Besides the low abundance, it is often more likely that the
responsible biosynthetic gene cluster is not activated under cultivation conditions applied. The
bacteria might need very specific signaling molecules or environmental conditions to activate some

of the so called silent gene clusters®. Therefore, expanding screening efforts in various directions
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are followed to increase the chance to find the missing metabolites. One possibility to search
compounds of presumably inactive gene clusters is based on the so-called genome mining
approach. Once a gene cluster for a secondary metabolite is located, there is the possibility to
search for it in sequence data of other strains. Following this approach provides a certain probability
to find a strain in which this gene section is translated into the respective megaenzymes that
produce the missing compound®. However, such a procedure requires sequence data from a large
number of different strains. As so far only a negligible number of all isolated myxobacterial strains
is fully sequenced, scientist can unfortunately not exploit the maximum potential of this workflow.
Another approach attempts the activation or upregulation of such silent gene clusters by genetic
modifications of the DNA and a particular promoter replacement. Compared to other bacteria, this
is a challenging task in myxobacteria as genetic modifications cannot readily be introduced into
myxobacterial genomes®. Nevertheless, this methodology is heretofore underexploited for
myxobacteria but seems to offer promising potential as it was confirmed by initial experiments at
the Helmholtz Institute. Following this workflow led to the detection of three so far unknown
compounds while one was already isolated and the chemical structure elucidated (Fabian Panter,
personal communication, February 2017). In addition to the described methods, co-cultivation
based search is another option in natural products research which is underexploited so far®®. The
idea behind this concept is, that the biosynthesis of anti-microbial substances is induced by the
presence of a competitor. Some competitors might excrete distinct molecules, which are
recognized by the myxobacteria as an indicator for their existence in the immediate vicinity and
cause the activation of defense or even predatory mechanisms. Although such consideration is
comprehensible, it is difficult to prove such dependence which is also reflected in the limited
number of publication®. Various approaches were already tested at the Helmholtz Institute,
whereas for most of the methods an implementation remains challenging. A promising workflow is
the co-cultivation of two myxobacterial strains on agar with subsequently performed MALDI-
imaging measurements on a FT-ICR-MS platform. Based on the immense quantity of data, it was
possible to detect a variety of discriminating signals and reveal compounds that are directly
correlated to a co-cultivation. However, the following isolation and structure elucidation
approaches were not met with success due to the very limited quantity of compound per plate. The
extractable surface area is even smaller than in the described fruiting body approach because the

compounds of interest are predominantly limited to the interaction area between both organisms.
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Figure 5.4: Exemplary workflow for MALDI-MSI data evaluation. Complex raw data from MALDI-MSI
measurements of Myxococcus xanthus DK1622/ Sorangium cellulosum So ceGT47 co-cultivation were first
reduced by receiver operating characteristic (ROC) analysis and subsequently by dereplication to reveal
unknown compounds which are directly related to the co-cultivation.

Nevertheless, the impressive results of the co-cultivation experiments finally led to the herein
described fruiting body approach. While co-cultivation is rather complicated to realize in large
replicates, the cultivation of single agar plates is fairly simple. Hence, the question arose whether
the secondary metabolites of myxobacteria growing on agar and forming fruiting bodies differ from
those metabolites produced in liquid culture of the same myxobacterial strain. The screening
project of myxobacteria at the Helmholtz Institute is so far based on cultivation of bacterial strains
in liqguid media in the presence of adsorber resins. This approach is due to several reasons:
transformations (electroporation, conjugation, transduction) to insert genetic modifications
requires suspension cultures; supplementation of precursor for feeding studies is difficult on agar;
scale-up is usually based on suspension cultures in bio fermenters; cell viability can easily be
determined by microscopic examination of liquid culture. Thus, in contrast to the exploration of the
cell cultures growing on agar plates, the workflow for the preparation of extracts is well established
for liquid media based cultivations®’. A workflow for the preparation of extracts from cell cultures
growing on agar had to be established first but once a feasible workflow was elaborated, the initial
analyses were astonishing. Contrary to the expectations, the base peak chromatograms of fruiting
body extracts and liquid culture extract of Myxococcus xanthus DK1622 as well as Chondromyces

crocatus Cm c5 showed fundamental differences.
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Figure 5.5: Data of initial experiment revealed differences in metabolism due to different cultivation
approaches. Comparative BPCs of M. xanthus DK1622 and C. crocatus Cm c5 extracts originated from cultures
grown on agar (red) and grown in suspension (blue), respectively.

Certainly, not all differences can be referred to the presence or absence of respective
secondary metabolites but it became obvious that myxobacterial life cycles have a significant
influence on the natural products produced at the specific lifecycle stage. A valid and reliable
evaluation by manual comparison of such data sets is, however, impractical, owing to the already
mentioned complexity. Based on high performance analytical setups, statistical tools like PCA, t-
tests or ROC analysis can facilitate such intentions. The usage of these techniques is not limited to
the questions described in this work, but is already rather established in natural product research.
Thus, media components are easily distinguishable from organism derived products by respective
design of experiment; this helps to focus on actual new compounds . Recently, the usage of PCA
results was even further improved to acquire precursor directed MS/MS measurements of
myxobacterial extracts, which increase the information content for distinct compounds and avoid
the fragmentation of already known substances or media components®. Acquiring such data sets
is highly beneficial in particular to build databases with the information about thousands of
different strains, as it will become easier to select the promising candidates in the plethora of
signals. In combination with the development of molecular networking techniques like GNPS, the

advanced analysis even enables the grouping of various signals to a presumable compound class’®.
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Consequently, it is often not mandatory to isolate and elucidate all selected unknowns, as the
information about the networking and the fragmentation pattern could already reveal the chemical
structures of some derivatives (unpublished results about argyrin derivatives by Tang et al.). Even
if the data does not unambiguously prove the predicted structures, feeding experiments can be
performed to confirm the structures nearly without any doubt. Especially for derivatives in very low
concentrations, this approach is a powerful tool. While in this work a comprehensive application of
the described techniques helped to trace 62 unknown compounds for only one strain (Myxococcus
xanthus DK1622), the clear allocation to vegetative cells and/or fruiting body formation was
elaborated. Based on the results of these measurements it was not possible to ensure that those
compounds were just related to the growth on solid medium. This issue was addressed by applying
MALDI imaging experiments at different time points of the life cycle and analyzing the data towards
the spatial distribution of selected signals. Hence, the potential linkage between fruiting body
formation and the appearance of distinct compounds like Cmp-552 could successfully be
confirmed. MALDI-MSI has become a popular method in various fields of research and showed its
potential not only in proteomics but also in metabolomics’*73. However, it is noteworthy that in
most cases application of this technique aims at tissue imaging, which seems much easier as
imaging of microbes growing on agar’*7%. During the last years, continuous improvement of
techniques, in particular, sample preparation and matrix application, helped to overcome many
initial obstacles and enabled a reasonable use in the detection of metabolites’’. MALDI is known to
be highly sensitive, especially concerning lipids and peptides’®, which are certainly present in
bacterial samples, but not in the center of interest for the here presented research. But it is
especially the high sensitivity regarding lipids and peptides hampering the detection of here sought
metabolites. Lipid concentrations are usually surpassing the concentrations of NRPS/PKS derived
metabolites and results in ion suppression effects which than hamper the detection of the low
abundant metabolites’®®. In addition, substantial amounts of complex media components and
salts in the cultivation agar are leading to the same effect and makes the detection even more
complicated. This issue can also be shown by a detailed analysis of the here presented data. Many
of the verified 62 discriminating signals based on LC-MS measurements could not be detected in
the respective MALDI-MSI data set, though plausible adducts have been taken into account. This
observation applies, in particular, to the low intense signals detected by LC-MS, although it is worth
mentioning that the extracts for LC-MS measurements were derived by combining the extracts of
five single plates which led to higher metabolite concentrations. The sensitivity of this method can
certainly be improved by using a FT-ICR-MS instead of a ToF-MS, but this will probably not
completely circumvent this issue. Nevertheless, the work showed that a combination of high

performance LC-MS and MALDI-MSI can increase the information content and help to get better



158 Discussion - Alternative Approaches towards the Isolation of Unknown Metabolites

insights in myxobacterial life cycles. For example, not only compounds, which are directly related
to fruiting body formation, were detected but also molecules, which are demonstrably showing an
inverse correlation. This includes the compound with 724.398 m/z, which has exclusively been
observed in the area of vegetative cells while it completely disappeared in areas where fruiting

body formation took place.

Cmp-552 Cmp-724

Figure 5.6: MALDI-MSI data for Cmp-552 and Cmp-724 in dependency on different cultivations times of
Myxococcus xanthus DK1622 showing an inverse appearance. The photo in the middle shows the respective
samples on a MALDI target prior to matrix application.

Once so much effort was invested to find unknown compounds, which are directly related to
fruiting body formation, the isolation of sufficient amounts for NMR analysis and bioactivity testing
remained challenging. It seemed obvious that there were no alternatives to the preparation of
multitudes of cultures on agar plates. Although this proceeding led to sufficient amounts of the
target compound Cmp-552, the isolation of some lower intense compounds remained difficult.
Currently, this is the bottleneck of the presented approach but could probably eliminated by a high-
throughput preparation and extraction of the respective agar plates. As already indicated, a
metabolome mining approach could also be applied to circumvent the low product yields. In the
here described work, not all derivatives of Cmp-552 could be found in other extracts but MS/MS
data allows a prediction of the underlying chemical structures. Targeted MS/MS experiments with
the extracts from a potential alternative producer including subsequently performed networking
analysis revealed further a mass shift of two Dalton for many of the detected derivatives. This
indicates that the metabolites produced by Myxococcus MCy9290 predominantly exhibit double
bonds, while derivatives of Cmp-552 in DK1622 are lacking this structural element. Probably, the
differences are due to the variations of the attached fatty acids, which presumably originate from
the primary metabolism. Such observations are not surprising, as the link between production of
certain fatty acids and lipids and fruiting body formation has been studied intensively?*83, Thus,
changes in the fatty acid and lipid profiles are expected when myxobacteria pass through their
various lifecycle stages. Different compositions of fatty acids also seem to be unique for different

myxobacterial genera and can be utilized for phylogeny studies®.
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Bioactivity testing for Cmp-552 and all isolated derivatives showed moderate cytotoxicity as
well as antibiotic activity against some Gram-positive pathogens. Cytotoxic and microbial activity is
a commonly observed characteristic among natural products from myxobacteria and many
compounds with outstanding bioactivity values were isolated within the last years. Not only
epothilone but also compounds like disorazol, argyrin, tubulysin moved to the center or interest
due to their cytotoxicity. With regard to antibacterial effects, disciformycin, chlorotonil and
corallopyronin are exemplary representatives®®. As already discussed in the introduction, some of
the observed bioactivities are unexpected as the respective target organism like, for instance,
plasmodium or retroviruses does definitely not appear in the natural habitat of myxobacteria.
Observed activities regarding these targets are rarely the only detected bioactivity and may be due
to comparable active sites structures and are thus probably a result of coincidental protein
similarity. In these cases, the real function of the compound just remains obscure. It is however
obvious those myxobacteria synthesize secondary metabolites for a certain purpose, as the
production is an energy intensive process. The presence of respective gene clusters has
consequently an evolutionary advantage for the myxobacteria. For instance, antibacterial or
antifungal activity are comprehensible as myxobacteria are mainly surrounded by other bacterial
or fungal competitors in their natural habitat®. Thus, there is a certain reason either to defend their
settlement area or to use the surrounding competitors as source of nutrition by the secretion of
antibacterial compounds, especially during starvation and/or harsh environmental conditions.
However, despite the increasing knowledge about microbes it is still a long way to fully understand
nature’s evolutionary developed approaches. The reasons for the biosynthesis of compounds
remain, in many cases, obscure and it can only be speculated about required triggers to activate

silent gene clusters.

In summary, the novel approach described in this work demonstrates a high potential
regarding the detection of yet unknown myxobacterial natural products and could help to increase
the number of characterized new chemical scaffolds in the coming years. Furthermore, the
workflow confirmed once again the importance of a rational design of experiments, the targeted
application of diverse analytical setups as well as a detailed evaluation of acquired data to receive
high quality information, which can settle outstanding issues. The combination of new arising
methodologies, optimized workflows, better understanding of backgrounds, and longstanding
experience created a magnificent toolbox for the research of myxobacteria within the last years.
These tools open up new and as yet unknown paths, which provide new insight to myxobacteria
and help to enable the interdisciplinary networking of various research areas. The here presented
work formed only the foundation for the build-up of a new approach, finding so far unknown

myxobacterial metabolites. The isolated compound could not be allocated to one of the silent gene
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clusters of Myxococcus xanthus DK1622 but the workflow has been proven to be feasible and a new
compound class has been identified. Despite the fairly simple structures, the compounds revealed
moderate bioactivity values and emphasized once again that chemical structures can lead to false
impressions regarding their bioactivity. Structure complexity does not correlate with bioactivity, as
underlined by a view on the currently approved drugs. Many rather simple molecules show striking
bioactivity and are widely used for treatments. The probably most prominent representative is
acetylsalicylic acid, first marketed under the name Aspirin®, which is even listed in the WHO Model
List of Essential Medicines (EML)®. Thus, isolation efforts should not be restricted to compounds
with presumably extraordinary structure elements. The presented data revealed a variety of still
unknown compounds for only one single strain, which could be further pursued. It is conceivable
to include our new agar plate based approach for investigation of the myxobacterial metabolite
profile into the standard setup of myxobacterial characterization since production of myxobacterial
cultures on solid media is in any case performed routinely. The comparison of metabolism must not
necessarily be restricted to fruiting bodies and cells growing in liquid media, but can basically
include cells from solid based cultivations and liquid based cultivations. For some myxobacteria,
investigation of the fruiting body metabolome would even not be achievable, due to their inability
to form fruiting bodies. The only limitation of the here described workflow would be myxobacteria
belonging to the agar degrading suborder as Sorangiineae and Nannocystineae, while in these
limited cases an extraction of the complete agar plate could be performed. Even if the distinct
workflow for these cases is more elaborated it would be surpassed by the possibility to explore
myxobacterial strains which cannot be cultured in liquid medium so far. Besides the almost
complete absence of media components in the extracts and the thus resulting “clear view” on the
metabolism, this would be the big advantage of such an extension of screening. The missing
cultivation and harvesting automation to enable a high-throughput screening and simplify the
isolation of sufficient compound amounts is currently the bottleneck and the main challenge, which
should be tackled to implement the workflow into standardized screening projects. The approach
will certainly help to get further insights toward the almost inexhaustible source of natural products

from myxobacteria.
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