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Zusammenfassung

Die Entdeckung und Entwicklung neuartiger Antibiotika ist bedingt durch steigende bakterielle
Resistenzen unabdinglich fir die moderne Medizin. In den letzten Jahrzehnten wurde fir
Myxobakterien ein groRBes Potenzial zur Herstellung antibakterieller Naturstoffe gezeigt. Diese
Dissertation konzentriert sich auf die Entwicklung, Assemblierung und heterologe Expression
modifizierter biosynthetischer Gencluster zweier kirzlich entdeckter myxobakterieller
Naturstoffklassen mit antibiotischer ~ Wirkung. Die Etablierung einer heterologen
Produktionsplattform im myxobakteriellen Modellstamm Myxococcus xanthus fur Cystobactamide,
lineare Peptide, die von einer nichtribosomalen Peptidsynthetase (NRPS) gebildet werden, flihrte
zur ldentifizierung bisher unbekannter natlrlicher Analoga. Gezielte Deletionen von Genen und
einer NRPS-Domane fuhrten zur Produktion unnatirlicher Cystobactamide und lenkten das
Produktionsprofil hin zu wertvollen Derivaten. Zudem konnten zuvor unerklarte Biosyntheseschritte
entschliisselt werden, die die Produktion der vollig neuartigen Cystobactamid-Linkereinheit unter
Beteiligung einer bifunktionalen Aminomutase- und Amid-Dehydratase-NRPS-Domane erklaren.
Eine weitere heterologe Produktionsplattform in M. xanthus wurde fur die peptidische Stoffklasse
der Corramycine entwickelt. Die Manipulation der NRPS-Maschinerie flihrte neben der
Produktionssteigerung zur Herstellung von verkirzten Corramycinen, die zur Semisynthese

verbesserter Analoga verwendet werden kénnen.
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Summary

The increase in bacterial resistance against antibiotics makes the discovery and development of
novel compound classes a goal of utmost importance for the human health care system. In the last
decades, myxobacteria were shown to have a great potential to produce antibacterial natural
products. This thesis focuses on the design, assembly and heterologous expression of modified
biosynthetic gene clusters of two recently discovered myxobacterial compound classes exhibiting
antimicrobial activity. The establishment of a heterologous production platform in the myxobacterial
model strain Myxococcus xanthus for cystobactamids, linear peptides formed by a nonribosomal
peptide synthetase (NRPS), resulted in the identification of previously unknown natural analogs.
Targeted gene and NRPS domain deletions led to the production of unnatural cystobactamids and
directed the production profile towards advantageous derivatives. Additionally, the obscure
biosynthesis steps of the unprecedented cystobactamid linker moiety were deciphered, involving a
bifunctional aminomutation amide dehydratase NRPS domain. Another heterologous production
platform in M. xanthus was developed for the peptidic compound class of corramycins. The
manipulation of the NRPS assembly line resulted not only in an increase of production but also

directed formation of truncated analogs usable for the semi-synthesis of improved congeners.
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1 Introduction

1.1 Natural products

In the broadest sense, a natural product (NP) is a chemical substance that is produced by a biological
system.! NPs are a large group of small molecules exhibiting an enormous structural variety and a
broad spectrum of biological activities. However, since only a very small proportion of the entirety
of NPs has been discovered today, the definition of a natural small molecule was designated as a
“moving target”.> Narrower definitions relate NPs directly to secondary metabolites that are
produced to gain evolutionary advantage over competitors but are not known to be involved in the
internal economy of the organism.? In the public eye, a product of natural origin is often restricted
to its production by an unaltered natural source. However in science, a substance found in nature is
considered a NP, even if it was produced via chemical synthesis in a laboratory or by a metabolically
engineered organism, as long as the resultant compound is chemically identical.

The medicinal use of NPs by humans has a long history. Mankind already used Nature as a source
for medicinal products for millennia as there is evidence of plant material use in the Middle
Paleolithic age.* The first historical records on Sumerian clay slab (Figure 1a) from Nagpur are
approximately 5,000 years old documenting a dozen recipes for drug preparation based on 250
different plants.*® Those substances were used in their crude form like oils from cedar and cypress
or poppy juice and are still in use today to treat cough, colds, parasitic infections and inflammation.
The Ebers Papyrus (16" century B.C.) was the first extensive collection of ancient Egyptian medical
knowledge including around 800, mostly plant-derived, complex prescriptions for the treatment of
a variety of illnesses like parasitic infections, injuries, tooth discomfort or migraine (Figure 1b).”
The use of plants in traditional medicine have been extensively documented in China, India and
many other cultures for thousands of years.®? The medicinal knowledge of the ancient Western
world in the Dark and Middle ages (5" to 12" centuries A.D.) was preeminently conserved by
monasteries in England, Ireland, France and Germany, whilst the Arabs preserved the Greco-Roman
expertise and even expanded their repertoire by Chinese and Indian plants.® In the modern era of
medicine, the development in the field of chemistry allowed the isolation of the active ingredients
from complex plant-derived mixtures that were used for centuries. In the 19" century various NPs
were isolated that are still of vital importance in today’s medicine. For example the analgesic
alkaloid morphine (1816), the antimalarial alkaloid drug quinine (1820), or ephedrine (1887), which
served as starting point for anti-asthma agents (Figure 1c).® Although, advances in chemistry paved
the way for modern medicine, the World Health Organization (WHQO) estimated in 1985 that
approximately 80 % of the world population still relied on traditional medicine to meet their primary

health care demand.®
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Figure 1 | Sumerian clay slab, Ebers papyrus and examples of the first important medicinal NPs isolated in
the 19" century. a: Sumerican clay slab as it was used to document plant-derived recipes approximately 2,600
years B.C. Picture modified from: https://s3.amazonaws.com/s3.timetoast.com/public/uploads/photos/5357336/
cuneiform_660.jpg (accessed 15.06.2020) b: Ebers papyrus documenting Egyptian medical knowledge 1,600 years
B.C. Picture modified from: https://commons.wikimedia.org/wiki/File:G._Ebers_(ed.), Papyros_Ebers, 1875
Wellcome_L0016592.jpg (accessed 15.06.2020) c: structurs of morphine, quinine and ephedrine.

Technological advances in screening approaches lead to an enormous increase in NP discovery in
the 20" century, reaching a maximum of 1,600 newly published compounds per year between the
1970s and 1980s.'* The discovery rate slightly declined in the 1990s due to a change in screening
methodology towards a high-thoughput screening manner using large, ‘screen-friendly’ collections
(libraries) of synthetic chemicals generated by combinatorial chemistry.'®> While screening of
synthetic libraries could be performed with pure compounds, NP screening libraries were mainly
based on crude extracts resulting in time- and resource-consuming downstream processes like
bioactivity-guided isolation, production scale-up, extraction and purification steps.’® Further
obstacles in NP screening are the rapid identification of known compounds (dereplication), de novo
structure elucidation and the fact that the potential target compounds often represent only a minor
fraction in the crude extract (1 % or less of the total weight).'® However, despite those disadvantages
regarding the screening of NPs, roughly 58 % of antibacterial new chemical entities and 67 % of all
approved drugs were NPs or their derivatives, synthetic drugs with NP pharmacophore, NP mimics
or biological macromolecules in the period from 1981 to 2019 (Figure 2).}® The combinatorial

chemistry libraries, on the other hand, exhibited only very low hit rates, even though they were more
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practical for high-throughput screening approaches. One reason for this could be that they were
designed based on chemical accessibility and maximum achievable size, thereby excluding
biologically relevant properties that are required in drug development.!” The high proportion of NPs
or NP-based compounds that are approved as drugs also justifies the question why NPs are that
successful as template in drug development.

S*NM
a SINM S* S*INM b s 1% v
12% 3% 11% v 2% 20%

‘ . ‘
P

all approved drugs antibacterial drugs
’
N

\v-ll &

ND 1%
19%

S
25%

ND
48%

Figure 2 | All drugs and antibacterial drugs approved between 1981 and 2019 by source. B: biological
macromolecule; NB: botanical drug; N: unaltered natural product; ND: natural product derivative; S: synthetic
drug; S*: synthetic drug with NP pharmacophore; V: vaccine; /NM: mimic of natural product. Definitions and
values adapted from Ref. 16,

NPs were shown to exhibit higher chemical diversity, biochemical specificity and other molecular
properties making them favourable over synthetic chemicals as lead structures in drug
development.’® Analyses of NP libraries revealed a higher number of chiral centers, increased steric
complexity, more oxygen but less nitrogen, sulphur and halogen groups compared to combinatorial
synthesis libraries.’®2° Nature also seems to favour aliphatic over aromatic rings since the ratio of
aromatic rings to total heavy atoms is significantly lower in NPs, but they contain a larger fraction
of sp3-hybridized bridgehead atoms leading to less planar geometry and greater molecular
rigidity.182%-22 Interestingly, around 20 % of ring systems in NPs are also found in trade drugs? and
the rate of NP violations with the “Lipinsky rule of five”? equals approved drugs.?> NPs exhibit
well-defined 3D structures and functional groups, which enable precise interactions with specific
conserved targets even though they are of completely different genetic origin.?* However, apart from
binding only to the active site of a certain enzyme, NPs are able to modify or inhibit protein-protein
interactions by adressing multiple targets or binding-sites.”® Therefore, NPs are considered
privileged structures, which went through nature’s evolutionary screening process to optimize

biological activity and are thus validated starting points for the design of screening-libraries.*>?°
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In the last two decades, a phase of NP-based drug discovery re-emerged in which combinatorial
chemistry and diversity-oriented synthesis® offered the synthesis of structurally diverse screening
libraries around a common NP-derived core structure.?” The identification of the NP pharmacophore
and its cellular target is thereby a critical step as it opens the door for fragment-based drug
discovery?® and fragment-based de novo design® with stepwise molecular linking of functional

moieties.
1.2 Antibiotics and antimicrobial resistance

For thousands of years infections represented the leading cause of death in humans, not infrequently
with periodic outbreaks in epidemic proportions killing millions of people. It lasted until 1890, when
Paul Vuillemin was the first to use the word ‘antibiose’ to describe the antagonistic action between
different microorganisms.*®3! Later, the term ‘antibiotic’ was derived from antibiose and was used
for NPs that are produced by microorganisms and exhibiting either growth inhibitory (bacteriostatic)
or killing (bactericidal) properties against bacteria or fungi. Today, the term is used in a broader
sense describing designed molecules with specific activity against bacteria and fungi, but not
viruses.®%32 The first causative relationship between microbes and diseases was postulated by the
German physician Robert Koch (together with Friedrich Loeffler based on the work of Jakob Henle)
who later also isolated the causative bacteria Mycobacterium tuberculosis and Vibrio cholerae
(together with Bernhardt Fischer and Georg Gaffky).%33-3¢

In 1893, mycophenolic acid was the first antibiotic to be discovered and isolated from Penicillium
gaucum.®%3738 Despite its antibacterial, antifungal, antitumor and anti-psoriasis activities, it
remained unnoticed until re-discovery in 1913 in the U.S and it took another 40 years to elucidate
the structure (shown in Figure 3).3*' In the meantime, the first synthetic antibiotic agent
arsphenamine (Salvarsan) was developed by Alfred Bertheim in the laboratory of Paul Ehrlich and
approved as a drug in 1910.% Salvarsan and improved derivatives were used for nearly 40 years as
standard therapy for the treatment of syphilis.3%43-¢ In 1928, Alexander Fleming recognized the
growth inhibition of a Staphylococcus aureus colony on a petri dish which was contaminated with
a fungus (Penicillium notatum, now P. chrysogenum). Fleming grew the fungus as a pure culture,
confirmed the antibacterial activity against several pathogenic bacterial strains and concluded that
Penicillium must have excreted an antibacterial substance, which he finally named penicillin
(structure shown in Figure 3).*” However, it took twelve more years until penicillin was isolated by
Howard Walter Florey, Ernst Boris Chain and Norman Heatley, tested in a mouse model and used
for the treatment in humans.*®® Penicillin and other p-lactams act bactericidally by inhibiting the
enzyme serine-type D-alanyl-D-alanine carboxypeptidase, which is involved in bacterial cell wall

synthesis. Another sub-class of B-lactams, the cephalosporins, were discovered in 1945 by
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Giuseppe Brotsu and re-discovered in 1955 with the isolation of cephalosporin C, which was not
used in the clinic but inspired synthetic efforts leading to clinically relevant analogs.*®*® The first
sulfonamide sulfamidochrysoidin was synthesized as a dye by Fritz Mietzsch and Josef Klarer at
Bayer in 1932 and marketed as a drug in 1935.% In contrast to p-lactams, sulfonamides exhibit
bacteriosatic activity by inhibiting the folic acid biosynthesis. This initial phase of antibiotic drug
discovery and development ushered into the “golden era of antibiotics” from the 1940s to the 1960s
during which all the major antibiotic classes of today were discovered, most of them originated from

microorganisms.

The first aminoglycoside antibiotic streptomycin was isolated from Actinomyces griseus (now
Streptomyces griseus) in 1943 and approved for clinical use in 1946.°%°! In 1945, the first
tetracycline antibiotic chlortetracycline (formerly named aureomycin) was isolated from
Streptomyces aureofaciens and approved in 1948 as broad-spectrum antibiotic with Gram-positive
and Gram-negative activity. Both streptomycin and chlortetracycline exhibited bactericidal activity
which was attributed to an inhibition of bacterial protein biosynthesis through binding to the 30S
ribosome.>2°3 Shortly after, in 1947, the phenylpropanoid chloramphenicol was discovered, isolated
from Streptomyces venezuelae, and already used in the clinic in the same year during a typhus
epidemic in bolivia.**** Chloramphenicol showed bacteriostatic activity by inhibition of the
bacterial protein biosynthesis through binding to the 50S ribosomal subunit.>>*® A similar mode of
action was observed for the macrolide antibiotics erythromycins A and B which were isolated for
the first time from Saccharopolyspora erythraea in 1952 and marketed as a mixture named llotycin
in the same year.>”*® The first glycopeptide antibiotic, later named vancomycin, was discovered and
isolated from Streptomyces orientalis (now Amycolatopsis orientalis) in 1953, approved in 1958,
and was shown to interfere with bacterial cell wall construction by binding to a b-Ala-D-Ala unit of
a pentapeptide moiety in the peptidoglycan network.>*° In the same year streptogramin A and B
were isolated from Streptomyces graminofaciens.’! Interestingly, both compounds showed
bacteriostatic activity by binding to the 50S ribosomal subunit, but combined administration resulted
in synergistic effects and the development of bactericidal activity.?®® The first of the synthetic
quinolone antibiotics, nalidixic acid, was synthesized in 1962 and was shown to target a subunit of

the DNA gyrase and topoisomerase 1V, thereby disrupting DNA biosynthesis.®*%¢
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Figure 3 | Structures of representative compounds of the main antibiotic classes.

Since more and more antibiotics flooded the market in the “golden era of antibiotics”, the
pharmaceutical industry began to lose interest in this field, followed by a steady decline in antibiotic
research and development. In the past 20 years only two new antibiotic classes, the lipopeptides and
the oxazolidinones, have been developed and eventually introduced to the international market.®’
The cyclic lipodepsipeptide daptomycin (formerly A21978) was already isolated in the 1980s from
Streptomyces roseosporus as a mixture of several compounds which were shown to inhibit the
bacterial cell wall peptidoglycan biosynthesis in certain Gram-positive pathogens.®®® The first
oxazolidinone was the synthetic drug linezolid which was shown to inhibit the protein biosynthesis

in Gram-positive bacteria by binding to the 70S initiation complex.”
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However, only a few years after market deployment antimicrobial resistance (AMR) has been
observed for every antibiotic class against pathogenic bacteria that were initially susceptible to the
respective antibiotics (Figure 4).”* Even though it was shown that the evolution of antibiotic-resistant
bacterial strains is a natural phenomenon occurring even without the anthropogenic use of antibiotics
(primary resistance),’? the acquired (secondary) resistance is one of the greatest challenges to the
human health care system. Such secondary resistance development can be attributed to mutations
leading to modifications of the biosynthetic pathways or alteration of target sites affected by the
antibiotic as well as the inactivation of the antibiotic by specific enzymes or the increased expression
of efflux transporters.”>" Lately, approximately 700,000 people died from infections caused by
multidrug-resistant bacteria every year and it was predicted that around 10 million people might die
in 2050 in case this trend is not stopped.” Especially pathogens belonging to the ESKAPE panel
(vancomycin-resistant Enterococci, Staphylococcus aureus, Klebsiella pneumonia, Actinetobacter
baumanni, Pseudomonas aeruginosa and Enterobacter species), and in particular multidrug-
resistant Gram-negative pathogens, cause difficult-to-treat nosocomial infections and were thus
ranked with critical priority by the WHO.”"~"® Certain pathogenic strains developed resistance
towards almost all approved antibiotics in the clinic.%° However, the quinolones were the last novel
antibiotic class introduced to the market with anti-Gram-negative activity.”” In 2017, only around
one third of the antibiotics in the development pipeline for intravenous use exhibited activity against
Gram-negative bacteria’’ and all of them are modified agents from known antibiotics with known
targets. Also most of the recently FDA-approved drugs derive from known antibiotic classes such
as the p-lactam/B-lactamase inhibitor combinations ceftolozane/tazobactam, ceftazidime/
avibactam,®! meropenem/vaborbactam,®? the aminoglycoside antibiotic plazomicin® and the
tetracycline derivative eravacycline.* Reasons for that could be laborious discovery and
development processes towards highly active and at the same time safe antibiotics with appropriate
pharmacokinetic properties as well as difficult and expensive clinical trials. Drug design based on
known antibiotic classes makes a rapid drug development but also resistance development more
likely. Since AMR is only a question of time and all antibiotics therefore have a time-limited span
of use, constant development of novel therapeutics with unprecedented modes of action is required

to successfully fight infectious diseases.®
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Figure 4 | Timeline of market deployment and first clinical resistance of important antibiotics and antibiotic
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shown below the timeline (in grey). The “golden era of antibiotics” is colored in gold in the timeline and decades
in which at least one new antibiotic class was introduced to the clinic is colored in light gold. References of the
dates: Salvarsan,® streptogramins,®#8 nalidixic acid,®* linezolid,®"**2 daptomycin®"**-> and ™ if not further
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However, a number of new structures exhibiting new modes of action were recently described, for
example the lipid 1I- (precursor of peptidoglycan) and lipid IllI-targeting (precursor of cell wall
teichoic acid) antibiotic teixobactin (Figure 5), which was isolated from a previously uncultured
bacterium of the genus Aquabacteria in 2015.% Likewise but only showing activity against
Gram-positive pathogens, Lugdunin was isolated from the human commensal Staphylococcus
lugdunenis in 2016.%" Dissipation of the membrane potential in S. aureus demonstrated that the
compound affects proton translocation.®® Another recent example are the cystobactamids, which
were first isolated from the myxobacterium Cystobacter velatus and show potent activity against a
number of Gram-negative and multiresistant pathogens.®*!® Cystobactamids are type Il
topoisomerase poisons similar to quinolones; however, they were suggested to have an overlapping
but not identical binding site based on experiments testing cross-resistance with ciprofloxacin.® In
2019, the new cyclic peptide antibiotic darobactin was described, which was isolated from

Photorhabdus khanii.*®* Surprisingly, darobactin selectively kills Gram-negative pathogens by
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binding to BamA, a chaperone and translocator of outer-membrane proteins. Thus, darobactin does

not rely on permeating the outer-membrane, which is one of the major hurdle for antibiotics to
102

overcome in Gram-negative bacteria.

Darobactin

Lugdunin

Figure 5 | Structures of recently discovered antibiotics with new modes of action. Shown are the prototypical
structures of teixobactin, lugdunin, cystobactamid and darobactin as example of promising drug candidates with
potential for development.

1.3 Myxobacteria as producers of NPs

Plants, fungi and eubacteria have always been the main sources of secondary metabolites. The
metabolisms of plants and fungi are commonly associated with the production of alkaloids,
polyketides, terpenes and non-ribosomal peptides (the latter not found in plants).1%-1% Furthermore,
it is proposed that fungi, especially marine ones, are still an underrepresented resource of NPs.1%
Microorganisms in general, and bacteria in particular, have always been the leading force in
production of antibiotics. Since bacteria compete for limited resources and space in all habitats
around the world, evolution is the driving force for development of faster growth rates, complex
social behaviour and production of toxic secondary metabolites to outcompete rival strains.
Interestingly, only a small proportion of bacterial genera (2 % out of estimated 1x10°) have been
classified based on 16S rRNA analyses and the vast majority of the bacteria have thus far not been

cultured.’®” The most prominent bacterial source for anti-infectives are actinobacteria as they
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produce two-thirds of all NP-derived antibiotics in current clinical use, but notably also anticancer,
anthelmintic and antifungal compounds.!® Starting with the isolation of streptothricin and
streptomycin in the early 1940s, more than 5,000 antibiotics have been identified from actinobacteria
until today.>*%0 The great potential of actinobacteria to produce valuable secondary metabolites
with diverse bioactivities lies hidden in their genomes, which are extraordinarily large. Usually the
number of genes encoding the protein machinery, which is necessary to produce a secondary
metabolite, are located in close proximity in the genomes of their producers. These organized groups
of genes are called biosynthetic gene clusters (BGCs). It was shown that the number of BGCs located
in the genome positively correlates with the genome size, leading to an average of 20 to 50 BGCs
for certain strains in the order of actinomycetales.'!! However, about 90 % of the BGCs predicted
from genome sequencing are not or only weakly expressed when the respective strains are cultivated
under laboratory growth conditions. Those BGCs are then referred to as cryptic or silent. The low-
hanging fruits in the order of actinomycetales might already have been harvested because of
excessive screening efforts in the past decades. For example, already a dekade ago, more than 10’
separate actinomycetes were screened per year at Cubist Pharmaceuticals for the production of
antimicrobials.’*? One might think that the more screening efforts in the order of actinomycetales
were made, the higher is the chance of their potential being depleted. However, it was estimated that
solely the genus of Streptomyces is capable of producing antimicrobial compounds in the order of
100,000; which is only a tiny fraction of what has been unearthed so far.'** Nevertheless, a change
in the screening methodology, e.g. to get access to the NPs deriving from the production machinery
encoded by silent BGCs, or the switch to a lesser explored bacterial order might increase the success

rate of finding new antibiotics.

In the last decades, the bacterial order of myxococcales, the myxobacteria, came more and more into
the focus of NP screening efforts. Starting with the description of the antifungal compounds

114 “and myxothiazol,*** today already several hundreds of NPs with remarkable

ambruticin
bioactivities and rare modes of action have been described.!’*'® Similar to actinomycetes,
myxobacteria harbor the largest known genomes among the kingdom of bacteria, ranging up to
16 Mbp, 2122 giving them great genetic capacity to encode secondary metabolite BGCs and develop
complex social life behaviour. It was shown that each myxobacterial strain harbors several different
secondary metabolite pathways, giving them the ability to produce numerous compound families.
One example is Sorangium cellulosum So cel2 producing chivosazols (cytotoxic, inhibit actin
polymerization), disorazols (cytotoxic, antifungal, inhibit tubulin polymerization), sorangicins
(antibacterial, inhibit RNA polymerase), sorangolids (antibacterial, disrupt membrane integrity) and

sulfangolids (weak antibacterial),16-118123-126
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Myxobacteria are rod-shaped, highly GC-rich, Gram-negative bacteria belonging to the class of
5-proteobacteria.'?’ They are primarily soil organisms found in diverse biotopes as for example in
steppes and deserts, arctic tundra or rain forests. They are often isolated from decaying plants or
from herbivorous animal dung.*® Notably, metagenome sequencing pointed to a widely distributed
clade of marine myxobacteria; however, of those not a single strain has so far been isolated.'?® Apart
from the outstanding capability of myxobacteria to produce NPs, they exhibit a complex life cycle
(Figure 6a) including gliding and spreading over surfaces as multicellular swarms (Figure 6b) to
hunt prey microorganisms cooperatively by secretion of NPs and enzymes.''® Furthermore,
myxobacteria are able to form so-called fruiting bodies by aggregation of hundreds of thousands of
cells when they face nutritional limitations (Figure 6c¢). During the formation of fruiting bodies,
myxobacteria undergo a differentiation process resulting in two possible types of cells: a monolayer

of cells called peripheral rods'?***

and the actual aggregate-forming cells building biofilm-like
structures.'?13! In the head of a fruiting body, resistant and reproductive myxospores are built within
sporangioles. Spores are able to outlast the starvation conditions until sufficient nutrient conditions
allow germination and formation of a swarm colony again.'*® Aggregated cells of the fruiting body
often lose the ability to reproduce thus falling into a metabolic state of hibernation. Since monolayer
cells surrounding the fruiting body often lyse, it was hypothesized that the released nutrients provide

energy for the remaining cells to defend against competitive microorganisms.**?

Starvation

S5
>SY2

Vegetative growth
cycle and swarming

@ Germination

Fruiting body

Figure 6 | Myxobacterial life cycle. a: Schematic life cycle of Myxococcus xanthus. Under starvation conditions
vegetative cells aggregate into macroscopic mounds finally forming fruiting bodies. Persistent myxospores develop
from rod-shaped cells inside the fruiting bodies. Germination of the myxospores occures when nutrients are
available again. Scheme adapted from Ref. 1%, b: Spreading of a multicellular M. xanthus DK1622 swarm on solid
medium. c¢: Fruiting bodies of M. xanthus DK1622. Microscopic images were Kkindly provided by
Dr. Ronald Garcia.
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Currently, the FDA-approved drug ixabepilone,** a semisynthetic derivative of the myxobacterial
NP epothilone (shown in Figure 7),*® is already used in the clinic to treat breast cancer while several
other compounds are in preclinical development owing to their promising modes of action. For
example the antifungal macrolide soraphen A inhibits the eukaryotic acetyl-CoA carboxylase 1,%
whereas the antimalarial macrolide chlorotonil significantly reduced parasitemia in vivo in a
Plasmodium berghei mouse model.*3” A bengamid derivative was studied in clinical trial phase I for
its antiprolific properties in cancer therapy'®® and also the antimitotics tubulysin A and
disorazol Z,**° which inhibit tubulin polymerization, showed promising results in preclinical

evaluation. The antifilarial corallopyronins**

is one more example of an auspicious compound class
being in preclinical development. As previously mentioned, another promising candidate structure
is provided by the highly potent, topoisomerase inhibitors cystobactamids (shown in Figure 5) that
showed anti-Gram-negative activity against several clinically relevant pathogens like Pseudomonas
aeruginosa and Escherichia coli.®*!® Those examples underline the current potential of

myxobacteria in drug discovery.
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Figure 7 | Structures of myxobacterial compounds with medicinally relevant properties.
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1.4 Biosynthesis of natural products by multifunctional megasynthetases

Complex secondary metabolites originate from biosynthetic pathways which use primary
metabolism-derived simple monomeric building blocks. Linkage of a variety of those building
blocks and numerous possible modifications allow for the creation of an immense chemical diversity
in NP biosynthesis. Biosynthetic pathways are classified according to the type of building blocks
used, as isoprenoids are used for terpene and isoprenoid biosynthesis, acetate-derived building
blocks serve for polyketide (PK) biosynthesis and amino acids are utilized to form ribosomally
produced and posttranslationally modified peptides (RiPPs), non-ribosomal peptides (NRPs) or
alkaloids. The type and frequency of the pathways occurring in producers of NPs heavily depends
on their taxonomy. In microorganisms, especially in bacteria, NP biosynthesis is predominantly
executed via giant megasynthetase enzymes, the polyketide synthases (PKSs) and non-ribosomal
peptide synthetases (NRPSs).14?

Both PKSs and NRPSs exhibit a similar organization as assembly lines catalyzing step-wise
coupling and modification of monomeric building blocks to a mature NP that is finally liberated.
The megasynthetases are composed of specialized catalytic domains, each performing a specific
function. The growing precursor chain is thereby handed over from one domain to the next. Those
domains are connected by so-called ‘linker’ regions and are organized in functional units called
modules.’*? The biosynthesis is initiated by the first module, the starter module, activating and
covalently binding the first building block which is then sequentially extended by further building
blocks incorporated by downstream modules. Covalent binding of the building block is mediated by
a so-called ‘carrier protein’ domain, which has to be posttranslationally phosphopantetheinylated by
a phosphopantetheinyl transferase (PPtase) to acquire its active holo form.!*® After reaching the
terminal assembly line module, liberation of the product is achieved by cleaving the thioester bond,
occasionally with further reduction, decarboxylation or cyclization reactions performed by a
thioesterase (TE) domain.*+1¢ Moreover, the compound intermediates are often modified during
extension or after release from the assembly, either in cis by tailoring domains or in trans by
independent tailoring enzymes.**” A variety of tailoring modifications were described for NPs, such
as methylation, hydroxylation, reduction, halogenation, glycosylation, cyclization and lipidation.
PKSs and NRPSs use different building blocks which are acyl-coenzyme A (acyl-CoA) derivatives
for the former and proteinogenic and non-proteinogenic amino acids as well as aryl acids for the
latter.2*® However, the structural similarity of both systems allows their interplay in form of hybrid
NRPS-PKS systems.*3149 Notably, it was shown that hybrid NRPS-PKS systems represent a

considerable number of NP biosynthetic pathways in myxobacteria.**
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One example of a myxobacterial compound class produced by a megasynthetase are the
myxochromides, which are cyclic lipopeptides produced by several Myxococcus and Stigmatella
species. 1% As no cytotoxic or antimicrobial properties of myxochromides were detected,®*%** an
involvement in the developmental life cycle is discussed due to the prevalent production in numerous
myxobacterial strains. Myxochromides are produced by a PKS-NRPS assembly line (Figure 8),
which is encoded by three co-transcriptional genes: mchA encodes a monomodular, iterative type |
PKS (described in the subsection PKS) and mchB and mchC encode NRPS subunits. The
biosyntheses, for examples of myxochromide A and myxochromide S, slightly vary depending on
the genetic origin of the PKS-NRPS system leading to penta-, hexa-, or heptapeptides linked to a
polyunsaturated acyl chain with varying length. The biosynthesis (shown in Figure 8 on the example
of myxochromide S)*** includes some unusual features starting with MchA, which was proposed to
synthesize the complete linear polyunsaturated PK in an iterative process. The NRPS subunits of
MchB (modules 1 and 2) and MchC (modules 3 to 6) lead to the incorporation of the respective
amino acids. Interestingly, module 4 is skipped, which was the first described example of module
skipping in NRPSs.®* Finally, liberation of the product is catalyzed by the TE of the terminal module
after a cyclization reaction.
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Figure 8 | Biosynthesis of myxochromide Si by a PKS-NRPS megasynthetase. PKS gene and domains
(KS: ketosynthase, AT: acyltransferase, DH: dehydrogenase, ER: enoylreductase, KR: ketoreductase, ACP: acyl
carrier protein) are shown in light blue, NRPS genes and domains (C: condensation, A: adenylation, T: thiolation,
E: epimerization, TE: thioesterase) in dark blue or grey (presumably inactive domains). Module 4 skipping leads
to direct transfer from the T domain of module 3 to the T domain of module 5. Scheme adapted from Ref. 154,
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1.5 Polyketide Synthases (PKSs)

The basic biosynthetic steps performed by a PKS are similar to those performed by fatty acid
synthases (FASS) as both systems share an evolutionary connection.™ In the process, a basic PK
chain is formed by repetitive Claisen thioester condensation reactions linking simple acyl-CoA
precursors, which are most commonly malonyl-CoA, methylmalonyl-CoA, acetyl-CoA or
propionyl-CoA.™® Therefore, typically three catalytic domains are required: The acyltransferase
(AT) domain selecting starter and extender units, the phosphopantetheinylated acyl carrier protein
(ACP) for covalent binding and shuttling of the building blocks, and the ketosynthase (KS) domain
catalyzing the actual C-C bond forming condensation reaction (Figure 9).2® The resulting basic PK
chain contains various B-keto groups which can be further processed and even fully reduced by the
action of three additional domains: the ketoreductase (KR) domain reduces the B-keto group
generating a B-hydroxyl group, whereas the dehydratase (DH) domain dehydrates the B-hydroxyl
group forming a C-C double bond, which can be further reduced by the enoylreductase (ER)

domain.*®’
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Figure 9 | Polyketide chain elongation and optional p-keto processing steps. a: mechanism of polyketide chain
elongation. ACP: acyl carrier protein (grey); KS: ketosynthase (light blue); AT: acyltransferase (dark blue).
b: optional B-keto processing steps in PKS or fatty acid biosynthesis. KR: ketoreductase (orange); ER: enoyl
reductase (yellow); DH: dehydratase (green).

In fatty acid biosynthesis each monomer is commonly fully reduced including the action of all
mentioned domains, while in PK biosynthesis the reaction of the latter three are optional. In
comparison to fatty acids, this necessarily leads to a higher structural diversity in PKs including the
presence of C-C double bonds and B-keto, B-hydroxyl or enoyl groups. Furthermore, additional
tailoring domains such as C-methyltransferase (MT) domains contribute to the diversification of
PKS products. Liberation of the final products is obtained by hydrolysis or lactonization by a TE

domain which is part of the terminal module.’® Depending on the enzymatic structure and
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differences in their functionality, PKSs can be classified into modular type I and iterative type 11 or
type I11 systems.

Type | PKSs are giant multimodular enzyme complexes in which the catalytic domains are
covalently fused via linkers in a linear manner. Most frequently those systems are noniterative,
meaning that the number of extension cycles and the degree of B-keto processing correlates with the
number of modules carrying a KR domain.’® Noniterative type | PKSs are mainly found in
prokaryotes as for example the 6-deoxyerythronolide B synthase, which is involved in the
biosynthesis of the macrocyclic erythromycin aglycon 6-deoxyerythronolide B.**® Two examples of
myxobacterial NRPS-PKS systems with involvement of noniterative type | PKSs are the melithiazol
biosynthetic pathway, notably in which a dehydro-isobutyrate was described as starter molecule,
and the epothilone pathway.'®%%* However, it is noteworthy that noniterative type |1 PKS systems
have recently been described in protozoans as well.*621%3 On the other hand, iterative type | PKS
systems include distinct families of bacterial origin, the mycocerosic acid synthase-like PKSs
(MAS-like PKSs) and the fungal iterative type | PKSs.'%* As previously mentioned, there is evidence
for an iterative type I PKS involved in the biosynthesis of the myxobacterial compound

myxochromide S-3.1%

Type 11 PKS systems consist of a minimal set of dissociable, monofunctional and iteratively used
enzymes (‘minimal PKS’), including two KS units (KSa and KSP) and an ACP.'*® In this
constellation KSa catalyzes the Claisen thioesther condensation and KSp, also referred to as ‘chain
length factor’, determines the PK chain length. Further processing or folding of the nascent
poly-B-keto chain into an aromatic ring system is performed by PKS-associated enzymes like KRs,
DHs, aromatases and cyclases. Type Il PKSs have exclusively been identified in prokaryotes and
most of them in actinomycetes. Some examples of medicinally relevant compound classes are the
anthracyclines, such as the anticancer drug doxorubicin, and the tetracycline antibiotics. %" An
example for a type Il PKS-derived structure class from myxobacteria are the aurachins, which are
rare quinoline alkaloids exhibiting various bioactivies such as antiparasitic, antibacterial, antifungal,

cytotoxic and depletion of the mitochondrial membrane potential. 168169

Type 111 PKSs were found in plants, bacteria and fungi'’®*"

and are similar to type Il PKSs
consisting of dissociable, monofunctional and iteratively used enzymes. However, type Il PKS
proteins form homodimers and use free CoA-activated thioester building blocks without using an
ACP.17 Characteristic compound classes produced by type I11 PKSs are flavonoids and stilbenoids.
Examples for myxobacterial compounds produced by type 11l PKSs are flaviolin and a class of

uncommon alkylpyrones, the latter showing potent inhibition of the bacterial topoisomerase.*’*1"
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1.6 Nonribosomal peptide synthetases (NPRSs)

NRPSs share a similar biosynthetic logic with PKSs as they step-wise incorporate monomeric
building blocks into a growing polypeptide chain in an assembly line manner. In contrast to
ribosomally produced peptides, NRPSs are not limited to the 20 proteinogenic amino acids,
selenocysteine and their possible products. They are estimated to incorporate over 500 different
amino acids including proteinogenic and non-proteinogenic amino acids, p-amino acids, b-amino
acids, heterocyclized amino acids and aryl acids.”® The minimal NRPS module consists of three
core domains: The adenylation (A) domain, the thiolation (T) domain, which is analogous to the
ACP in PKS systems and also known as peptidyl carrier protein (PCP), and the condensation (C)
domain. The classical architecture of such a module is C-A-T.1"" The A domain selectively activates
amino acids by adenylation in an ATP- and Mg?*-dependent reaction. The generated aminoacyl-
adenylate substrate is subsequently transferred to the T domain after a conformational rearrangement
of the A domain (Figure 10).}"® Linking of the substrate to the T domain occurs after
posttranslational phosphopantetheinylation of the T domain by a PPTase as it is also the case for
ACPs in PKS biosynthesis.’** The T domain-bound substrate is then shuttled to the adjacent
C domain which catalyzes the peptide bond formation between the carboxyl group of the donor and
the amine group of the T domain-bound acceptor substrate of the downstream NRPS module,
resulting in elongation of the peptide chain. Notably, C domains are pseudo dimers with high
substrate selectivity on the acceptor side and lower substrate selectivity on the donor side, thus taking
a role as second gate keepers in NRPS biosynthesis beside the A domains.t”*!® Furthermore,
C domains are further divided into multiple functional subtypes. E.g. a “C. domain catalyzes the

condensation between two L-amino acids, whereas °C. domains link a b- with an L-amino acid.*®*

C2 T, 3 T C, T, 3 T C, T,

Figure 10 | Peptide chain elongation in NRPS biosynthesis. C: condensation domain (light blue), A: adenylation
domain (dark blue), T: thiolation domain (grey). The A domain activates an amino acid substrate by adenylation.
The substrate is then tethered to the phosphopantetheinylated T domain. The C domain catalyzes peptide bond
formation between the T domain-bound substrates of two adjacent NRPS modules.

Apart from the core domains, optional auxiliary tailoring domains such as methylation,

epimerization®® and oxidation'® domains modify the T domain-bound substrates on-line (in cis)

prior to condensation, thereby generating the huge structural variety in NRP synthesis.'*
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Furthermore, those modifications of the growing polypeptide chain can also occur during or after
product release from the assembly line by independent tailoring enzymes in trans.**” Similar to PKS
chain termination, liberation of the full-length product in NRP biosynthesis is usually performed by

a TE domain of the terminal NRPS module.

Commonly, NRPS biosynthesis follows two principles, the principle of collinearity, which states
that each NRPS module catalyzes the incorporation of one building block,*® and the principle of
processivity, stating that the biosynthesis starts with the first module and proceeds sequentially to
the downstream modules. However, exceptions to those principles were identified. Those exceptions
in their biosynthetic logic lead to the classification of NRPSs into different subtypes (Figure 11):
Subtype A classifies NRPSs which follow the principle of collinearity (linear NRPSs), subtype B

NRPSs follow an iterative logic and subtype C include nonlinear NRPSs. 49177

In type A NRPSs, the resulting polypeptide sequence is completely determined by the number and
order of modules, which have the prototypical core domain arrangement C-A-T.1”” Some examples
of prominent compound classes produced by linear NRPSs are the antibiotics streptogramin
(Figure 11a),'® tyrocidine®” and vancomycin-type antibiotics.® However, also for linear NRPSs
exceptions were described such as the previously mentioned module skipping in the biosynthesis of
the myxobacterial compound class of myxochromides.>*

Type B NRPSs use their modules iteratively during the biosynthesis of one single product as it was
observed for the iron-chelating siderophore enterobactin, which is a cyclic trimer of
dihydroxybenzoyl-serines.)’"18° Another example is gramicidin S (Figure 11b), which consists of
two identical head-to-tail condensed pentapeptide halves.’® Those NRPS systems work with a
reduced number of modules, which produce the repetitive polypeptide sequences that are finally
fused to a multimeric product by the terminal T or TE domain.'”” For gramicidin and enterobactin
cyclization and product release, one or two of the repetitive polypeptide chains are attached to the
active site serine residue of the TE, respectively, thereby deacylating the upstream T domain and

opening the door for the synthesis of the next polypeptide chain.t’"1%

NRPSs are classified as type C if they act nonlinear, meaning that one domain (not an entire module)
is used several times during one NRP biosynthesis round.'*® Type C NRPS systems show dissociated
assembly lines into stand-alone modules or even domains thus deviating from the linear NRPS
C-A-T domain architecture.®® One important example is the biosynthesis of the cytostatic and
antibiotic glykopeptide bleomycin (Figure 11c) in which one cysteine-activating A domain is reused
to load the T domain of the same module and additionally a trans-acting T domain, finally leading
to the formation of the bisthiazole moiety by the action of the flanking cyclization (Cy) domain, 8419

In syringomycin biosynthesis, one NRPS subunit (SyrB) consists of an A-T didomain which
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activates L-Thr and delivers the substrate in trans via SyrC to another NRPS subunit (SyrE)
harboring a module with an unusual C-T-TE domain architecture.}’"** Similar in trans mechanisms
and activation of amino acids from stand-alone NRPS subunits were proposed for the myxobacterial

compound class of cystobactamids and the related albicidins.*%
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Figure 11 | Subtypes of NRPSs and their underlying principles. a: In linear type A NRPSs, exemplified by the
streptogramin assembly line, each module is used only once during one biosynthesis cycle. The substrates of the
different modules are highlighted in different colors to show that each building block only occurs once in the final
product. b: Iterative type B NRPSs use certain modules or the entire assembly line more than once as shown for
gramicidin S biosynthesis. The terminal TE domain catalyzes cyclodimerization and release of the product. Each
building block is present twice in the final product as indicated by the substrate coloring. c: Nonlinear type C
NRPSs, such as the bleomycin NRPS, reuse single domains during one biocatalytic cycle. The cysteine building
block (shown in blue) is incorporated by the two terminal modules, but only activated by one A domain, because
the A domain of the terminal module (shown in grey) is inactive. For reasons of simplicity, only the four terminal
modules are depicted (indicated by the dashed line). The entire assembly line includes five more modules - four
NRPS modules and one PKS module.

Notably, other classification systems designated NRPSs as type | or type Il, similar to the
classification of FASs and PKSs.'% Type | NRPSs, likewise type A NRPSs, are classified as linear,
modular NRPSs in which the transfer of the activated aminoacyl adenylate can only occur between
an A domain and its cognate T domain. In type 11 NRPSs, however, the T domain has no cognate
A domain of its own and can thereby be aminoacylated for example by an A domain from another

NRPS module. Even though this classification system differentiates between entire type I and type Il
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NRPS systems, the type | and type Il classification is also often used only for single domains,
describing their existence as part of multienzyme complexes as well as stand-alone domains or
modules. Type Il NRPS systems can therefore be treated as equivalent to type C NRPSs. However,
the growing number of exceptions in the structure and functionality of NRPSs and PKSs, as well as
transition states between differently classified biosynthetic systems, makes the use of such
classification systems increasingly difficult. This was discussed for the classification of PKSs nearly

two dekades ago.**

1.6.1 Starter modules in NRPS biosynthesis

The C domains in NRPS initiation modules are often absent (A-T didomain) or inactive in pure
NRPS systems since no upstream module is present that provides an activated aminoacyl adenylate
substrate for condensation. However, in hybrid NRPSs, e.g. PKS-NRPS or NRPSs involved in
lipopeptide biosynthesis, the starter C domains are active and catalyze the connection of fatty acids
or PKs to the first amino acid of the peptide chain.'®! For example, in the biosynthesis of the
surfactant and antibiotic lipopeptide lichenysin a B-hydroxyl fatty acid is transferred to the starter
C domain from an ACP.1¥" Other examples are the biosyntheses of streptogramin (pristinamycin),
enterobactin and actinomycin in which the respective starter C domains catalyze a bond formation
between B-hydroxyl carboxylic acids and an amino acid.'®! Therefore, the starter C domains require
specificity for both fatty acids or carboxylic acids and amino acids explaining why they do not
cluster in the same subtrees with other C domain subtypes in phylogenetic analyses.'®!

1.6.2 NRPS chain termination

In contrast to fungal NRPSs which usually have a C domain as terminal product-releasing and
macrocyclization domain,'*® many bacterial NRPSs have type | TE domains as terminal domains
instead acting as release catalyst for the full-length polypeptide chain.!®® However, reductase
domains or spontaneous intramolecular cyclization reactions were also described as possible
releasing mechanisms in NRPSs.?®® Furthermore, an unusual hydrolytic release domain with
similarity to C domains was described in the biosynthesis of the myxobacterial antifungal and

cytotoxic compound class of crocacins.?

Biochemically type | TE domains catalyze the nucleophilic attack of an active site serine residue
(part of the catalytic Ser-His-Asp triad) on the carbonyl carbon of the T domain-bound peptidylacyl
thioester substrate to yield a TE domain-bound oxoester substrate (Figure 12). The TE
domain-bound substrate is then attacked either by an external nucleophile like water leading to the
release of a linear product, or by an internal nucleophile leading to macrocyclization.?® Especially

cyclization reactions are assumed to require strategic interaction of the peptidylacyl intermediate
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with residues in the active site of the TE domain. The interpretation of the TE domains structural

data suggested that electrophilic and nucleophilic residues of the substrate determine the substrate

200

specificity of the TE domain in NRPSs.=” Moreover, the solved structure of the T-TE didomain

underlined the importance of domain interactions but also intradomain motions,?°? thus showing that
TE domains are not only specific for their substrate but also that interaction with the upstream

T domain is a specific prerequisite.
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Figure 12 | Peptide release mechanism of type | TE domains. The nucleophilic attack of the active site serine
yields a TE domain-bound oxoester substrate. A second nucleophilic attack by water leads to hydrolysis and release
of a linear peptide, whereas an internal nucleophilic attack (here from X moiety as nucleophile) results in
macrocyclization and release of a cyclic peptide.

In contrast to type | TEs, type Il TEs are stand-alone proteins which are often associated with NRPS,
PKS or FAS pathways. In NRP biosynthesis sometimes aberrant substrates compete with required
substrates leading to activation of amino acids by the A domain that are not accepted by the
respective C domain. This may lead to stalling of the biosynthesis and thereby blocking of the
assembly line. Type Il TEs perform proofreading functions by catalyzing hydrolysis and thus
removal of amino acids and peptides that block NRPSs.2% Therefore, they exhibit inverse specificity
for the correct substrate to only cleave the aberrant substrates. The importance of type Il TEs for
PKS-NRPS systems was underlined for instance when a complete loss of production was observed
after deletion of the gene encoding the type Il TE in the streptolydigin BGC.2% Another function of
type Il TEs is the release of pathway intermediates from a T domain allowing further processing
steps by additional enzymes as it was shown in the biosyntheses of kutznerides and
nikkomycin.?>2% Further functions were assigned to type Il TEs in PKS systems, as for example

starter unit selection, chain length control and product release.?%
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1.6.3 Tailoring in NRPS biosynthesis

As already mentioned, in NRPS biosynthesis tailoring enzymes optionally modify the NRP either
during chain elongation, while the growing peptidylacyl thioester is attached to a T domain, or after
product release from the assembly line. In trans reactions describe modifications by independent
enzymes, whereas in cis reactions are performed by tailoring domains which are embedded within
the assembly line. Numerous modifications are known in NRPS biosynthesis, such as methylations,

oxidations, formylations, epimerizations, glycosylations and cyclizations.'*°

A variety of NRPs contain N-, C-, S- or O-methylated amino acids.'*’ N-methylations in NRPs are
the most abundant among the methylations and were discussed having a significant impact on
polarity, conformational freedom and resistance towards proteases.?”” Apart from trans-acting
N-MTs, the majority of methylations in NRPs are catalyzed in cis by N-MTs (shown in Figure 13a)
embedded in the A domain leading to a C-Acore-N-MT-Asup-T module architecture.*® One prominent
example is the cyclosporine synthetase, which contains seven modules with C-Acore-N-MT-Asub-T
architecture, leading to N-methylation of seven out of eleven amino acids in cyclosporine A.2%®
However, there are also deviations such as the diaminopropionic acid side-chain N-methylating
N-MT involved in paenilamicin biosynthesis, which is localized upstream of the respective
A domain.?®® Compared to N-methylations, O and S-methylations are only rarely found in NRPs as
for example a serine residue O-methylation in the biosynthesis of kutznerides?'® and a S-methylation
of a cysteine residue in the biosynthesis of thiocoraline.?!! One example for NRPS-mediated
C-methylation is found in the yersiniabactin biosynthesis: a cysteine residue is first cyclized to a
thiazoline group and subsequently C-methylated in cis by a C-MT embedded between the respective

Cy and T domains.?*2

Epimerization (E) domains usually epimerize A domain-activated L-amino acids to D-amino acids
(shown in Figure 13b), which not only tremendously increases the stereochemical diversity in NRPs
compared to RiPPs, but also increases the resistance of NRPs towards peptidases.**® Even though
A domains were described that activate D-amino acids after conversion of an L-amino acid through
an independent racemase,?*3 the common mechanism includes the A domain-driven activation of an
L-amino acid and the subsequent epimerization of the T domain-bound aminoacyl thioester by an
E domain. Notably, E domains produce an equilibrated mixture of L- and p-amino acids as it was
shown for the E domain of module 1 in gramicidin S synthetase.'®® However, the downstream
C domain normally belongs to the PCy_ subtype and thus acts as a gate keeper specifically catalyzing

a condensation reaction with the b-amino acid as substrate.
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Another modification in NRP biosynthesis are cyclizations, which are performed by Cy domains.
Cy domains descend from C domains and gained the function not only to catalyze peptide bond
formation but also to perform heterocyclization, usually using cysteine, serine or threonine as
substrates (shown in Figure 13c).!*® Those domains are found in the megasynthetases of compound
classes harboring thiazoline- or oxazoline-based heterocycles as for example in EpoB, which is
involved in epothilone biosynthesis.?** Furthermore, apart from common in trans-acting
monooxygenases, oxidation (Ox) domains, which are integrated into A domains, have also been
described. Ox domains are regularly found in modules with Cy domains, catalyzing the
transformation of thiazoline and oxazoline heterocycles into thiazole or oxazole rings, respectively
(Figure 13c).*® Another function of Ox domains was for example described in myxothiazol and
melithiazol biosyntheses, where Ox domain-catalyzed C, hydroxylation of an A domain-activated
glycine residue lead to spontaneous decomposition and release of the product harboring a C-terminal

amide group.160:2t
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Figure 13 | Common tailoring reactions by optional NRPS domains. a: N-methylation by a N-MT domain.
b: epimerization by an E domain. c: cyclization of cystein and formation of a thiazoline ring by a Cy domain.
Subsequent transformation to a thiazole heterocycle is catalyzed by an Ox domain.
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Some NRPs harbor aldehyde or primary alcohol groups that originate from a reduction of the
T domain-bound peptidyl thioester by NAD(P)H-dependent reductase (R) domains. R domains are
members of the short-chain dehydrogenase/reductase protein family and are organized in a
C-terminal subdomain, which is involved in substrate recognition, and a catalytic N-terminal
subdomain.*® One example of a R domain is described in the biosynthesis of myxalamid antibiotics,
potent inhibitors of the respiratory electron transport chain.?®2!" In this pathway, the R domain is
the terminal domain replacing a TE domain and catalyzing the release and primary alcohol formation
in myxalamids. Another, notably very rare, modification in NRP biosynthesis is the formylation,
which was observed in linear gramicidin biosynthesis catalyzed by a formyltetrahydrofolate-

dependent formylation domain on T domain-tethered substrate.?'®

In trans acting auxiliary enzymes such as monooxygenases, methyltransferases, O-carbamoyl
transferases and glycosyltransferases were shown to further increase the chemical complexity of
NRPs. However, they do not only modify the released product or T domain-tethered peptidyl
thioester, but their actions are sometimes also required in a strict order to make the biosynthesis of
the final product possible.**

1.6.4 Combinatorial biosynthesis and NRPS engineering

As mentioned before, one reason for the high structural diversity within the group of NRPs is the
large pool of different substrates that can be accessed by NRPSs. However, those substrates are not
randomly chosen. Instead selection occurs at several stages by numerous instances. The first
specificity-mediating gatekeeper in substrate selection is the A domain as it was shown in several
studies.?!®??° The elucidation of the first crystal structures of adenylating enzymes, namely the
firefly luciferase?? and the GrsA domain from the gramicidin S NRPS,??? was an important step to
understand the functionality of the substrate selection in A domains. The crystal structure of the
latter was determined in complex with AMP and the substrate L-phenylalanine which enabled the
identification of ten critical residues that are involved in substrate recognition and are located in the
A domain binding pocket.??? Based on this work, Stachelhaus and coworkers compared the essential
residues of the L-phenylalanine-binding A domain with moieties in other A domains and developed
general rules for determining substrate specificities of A domains, which was designated the
“specificity-conferring code of A domains” or the “nonribosomal code”.?2??* Initially, the
nonribosomal code was based only on those ten residues identified in the GrsA crystal structure;
however, later work included further important residues and core motifs thereby expanding the
nonribosomal code.?® This understanding set the basis for the development of bioinformatic
tools??>-228 that are able to identify the specificity of A domains only based on the in silico analysis

of the primary protein or DNA sequence. However, it is worth mentioning that A domains are not
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necessarily specific for only one substrate as the incorporation of different amino acids at the same
position in one NRP class was observed. For example in the biosynthesis of the myxobacterial
compound class of argyrins, the A domain in module 1 activates either L-alanine, L-a-aminobutyric
acid or L-valine while the A domain in module 4 activates either L-alanine, L-serine or glycine.?*
Notably, all substrates (except for glycine) are subsequently epimerized and accepted by the
downstream C domains, leading to argyrin congeners with various combinations of bD-amino acids
in the two positions (Figure 14). Another example are the anabaenopeptins, a compound class
exhibiting various bioactivities isolated from cyanobacteria, in which two disctinct amino acids,

arginine or tyrosine, are incorporated into different anabaenopeptin derivatives from the same A

domain.?
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Figure 14 | Structural diversity of argyrins introduced through promiscuous activity of A domains. Shown
is the prototypic structure of argyrin on the left. Two amino acids are colored in light-blue and green as different
substrates were observed in those positions. Possible amino acid side chains are listed in the table on the right. This
figure was modified from Ref. 23,

The gained knowledge about A domains opened the door for manipulation attempts, in which the
substrate specificities were altered only by exchange of one or a few residues in the A domain
binding pocket.?2-2% Systematic mutagenesis can also be used to narrow down the substrate
tolerance of a promiscuous A domain.?® However, despite all methodological options to manipulate
A domains, downstream domains and modules in NRPS systems may hinder further processing of
the substrate as especially C domains act as second gatekeepers in NRP biosynthesis.*” In early
attempts to manipulate NRP biosynthesis, precursor-directed biosynthesis was the method of choice.
Supplementation of modified or synthetic amino acids was performed during cultivation of
wild-type NRP producer strains with the hope to achieve incorporation of those building blocks by
NRPS modules, which exhibit relaxed substrate specificity.?” As the fed precursors compete with
the natural endogenous precursors, the yields of novel isolated compounds were often low and
production optimization attempts were limited. This issue was addressed by mutasynthesis, in which

engineered organisms with partly deficient enzyme machinery for the formation of natural
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precursors were cultivated under supplementation of precursor analogs.?” Apart from exogenous
supplementation of unnatural amino acids, heterologous expression (described in the section below)
of additional tailoring enzymes or deletion of tailoring enzymes was used to produce new NRP
derivatives.?” However, in contrast to systematic engineering of A domain specificities, those
attempts did not aim directly at engineering the NRPS machinery.

Since the core peptide sequence of the NRP product is determined by the substrate specificity of
NRPS modules, exchanges of entire NRPS subunits were performed to produce new peptidic core
scaffolds. A prominent example is the engineering of the daptomycin assembly line, in which the
terminal two modules (C-A-T-C-A-T-TE architecture) were deleted and complemented with
respective modules from the highly similar A54145 and CDA (calcium-dependent antibiotic)
pathways, resulting in the production of two new daptomycin analogs.?*® Also the exchange of entire
modules (C-A-T or C-A-T-E), didomains (C-A) or single A domains resulted in the production of
new peptide analogs; however, often accompanied by reduced production titers or no production at
all. 7239240 Another route to engineer NRP biosynthesis was to change the length of peptide chains
by insertion or deletion of modules. For example in balhimycin, a glycopeptide antibiotic, an
additional amino acid was inserted by adding a chimeric NRPS module, consisting of the C-A from

module 4 and T-E from module 5 balhimycin NRPS, to the assembly line.?*

Apart from the
extended new balhimycin analog, truncated products were also obtained. This underlines how
sensitive NRPS systems are towards engineering approaches and how important domain-domain

interactions and the linker regions connecting the NRPS domains are.

Recently, Bozhiiyuk and coworkers developed two new strategies to generate NRPS systems
de novo from NRPS subunits deriving from different biosynthetic pathways.?*?2*3 Based on a helical
secondary structure in the linkers between C and A domains they established specific engineering
sites and thus developed the exchange unit (XU) strategy in which not C-A-T but A-T-C units were
fused (Figure 15a).22 With this strategy they were able to combine up to four XUs from different
assembly lines resulting in the production of numerous artificial peptides. In contrast to the
previously mentioned methods, only a moderate drop in production titer was observed, however
only when one or two XUs were exchanged. The major drawback of the XU strategy was the
limitation of possible combinations of XUs due to the specificities of downstream C domains. In the
second study Bozhuiytik and coworkers overcame this problem by identifying specific assembly
points within C domains (Figure 15b).2** Since C domains have a pseudodimeric structure, they
chose the linker region connecting the pseudodimers as engineering site. With the exchange unit
condensation domain (XUC) concept, which also works in combination with the XU strategy, they
were able to combine XUCs from different assembly lines and produce novel peptides and peptide

libraries with natural and unnatural amino acids.
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Figure 15 | Exchange unit (XU) and exchange unit condensation (XUC) strategies. a: One XU consists of an
A-T-C NRPS building block (shown in the frame on the top left). XUs from three different NRPSs (light-grey,
green and blue) were fused using fusion points within the C-A linker region. The letters in brackets on the
A domains and next to the C domains indicate the specificities for hypothetical substrates. b: One XUC consists of
an Casu-A-T-Cpsup NRPS building block (shown in the frame on the top left). XUCs from three different NRPSs
(dark-grey, orange and red) were fused using fusion points between the C domain pseudodimers. The letters in
brackets on the A domains and next to the C domains indicate the specificities for hypothetical substrates. This
scheme was adapted from Refs, 242243,
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Notably, the combination of XUs or XUCs of Gram-negative and Gram-positive origin failed,
emphasizing that phylogenetic relatedness of the host organisms of the NRPS machinery remains a
limiting factor in NRPS engineering. Since the XU and XUC strategy was so far only successfully
tested using NRPSs from phylogenetically closely related Xenorhabdus and Photorhabdus strains,

the limitations of both methods has to be adressed in future experiments.

1.7 Assembly and heterologous expression of complex natural product

biosynthetic pathways

Since there is often only little knowledge about native bacterial producer strains of NPs regarding
optimal cultivation conditions and genetic manipulability, heterologous production of the respective
NPs using well-characterized host strains has been proven indispensable.?**?* Keeping in mind that
99 % of the potential microbial species on earth are undiscovered and only a small fraction of those
can be cultured using current techniques,?*® the few culturable producers with promising production
profiles often show slow growth rates and poor production titers. As most of the native producers
are genetically not accessible, increases in gene expression levels by introducing strong promoters
or positive regulators remain difficult to realize. Using model host strains is therefore sometimes
more efficient than investing time and resources in the development of cultivation and manipulation
methods for native producers. Typical model strains are E. coli, Bacilli (e.g. B. megaterium,
B. subtilis and B. brevis),?*’ Streptomyces strains (e.g. S. albus and S. coelicolor),2*® cyanobacterial
Anabaena sp. and Synechocystis sp. strains, Pseudomonas putida and Burkholderia strains.?** For
myxobacterial NPs Myxococcus xanthus DK1622 has proven a suitable heterologous host strain with
relatively fast growth, well-described life cycle (see previous section) and a remarkable number of
successfully heterologously expressed BGCs, 11624

The complex machinery of megasynthetases, additional tailoring enzymes, resistance-mediating
enzymes and regulatory proteins involved in the biosyntheses of the NPs are encoded by a set of
genes, usually located in close proximity (clustered) in the genomes of the producer strains. Bacterial
NP BGCs range in their size from a few kb up to several hundred kb, whereas type | PKS clusters
are the largest like for example the quinolidomicin BGC with over 200 kb.?*® Since it is extremely
difficult to clone and transform BGCs with sizes over 100 kb, only a few of them were
heterologously expressed so far.?>%-%°2 Before transformation of the potential heterologous host
strain, the BGC has to - in most cases - be isolated from the native producer genome. Traditionally,
cosmid libraries were generated and screened for the presence of the BGC; however, especially in
the case of large BGCs, the desired genes were often located on several cosmids, requiring
downstream cloning steps such as in vivo recombination in E. coli to assemble the complete BGC
(Figure 16a).2152%3



Introduction | 29

a BGC b C
gDNA ‘
I I I
Digestion of gDNA l Eﬁﬁeaérpslig?ationl l
u
— Cluster ——
— — fragments
Cosmid library generation l Transformation into yeast l Transformation, e.g. into yeast
(+ linearized capture vector) (+ linearized capture vector)
—
) TAR assembly P capturing entire BGC
l via in vivo homologous
recombination
Screening & cluster l l l
stitching (e.g. in vivo

homologous
recombination)

)

Heterologous host

Figure 16 | Strategies for heterologous expression of a BGC from genomic DNA. a: digestion of genomic DNA (gDNA), cosmid library generation, subsequent screening of
clones harboring cosmids with cluster fragments and cluster stitching (e.g. by in vivo homologous recombination). b: amplification of BGC DNA fragments by PCR and BGC
assembly via transformation-associated recombination (TAR). c: direct cloning approach: digestion of gDNA without disruption of the BGC, transformation into yeast with capture
vector and BGC “capturing”, e.g. via TAR. This scheme was adapted from Ref. 2%,
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Another method includes the isolation of genomic DNA of the native producer strain, amplification
of the complete BGC DNA by numerous polymerase chain reactions (PCRs), assembly, for example
via transformation-associated recombination, and subsequent heterologous expression (Figure 16c¢)
as it was shown for the BGCs of the Streptomyces-derived antibiotic grecocycline and the
myxobacterial topoisomerase inhibitor pyxidicycline.?*#° Potential drawbacks of this method are
the variety of PCRs that have to be performed, especially when amplifying large BGCs, and the risk
of introducing random mutations as a result of the DNA polymerase error rate.?> Further methods

256

to assemble BGCs from DNA fragments are for example Gibson assembly,”* sequence- and

257 circular polymerase extension cloning®® and Golden Gate

ligation-independent cloning,
assembly.?*® A rapid method to isolate BGCs from genomic DNA is direct cloning,?®*?%! in which a
genomic DNA stretch harboring the BGC of interest is transformed together with a so-called capture
vector into yeast or E.coli (Figure 16b). Subsequent homologous recombination based on
homologous sequences on the vector and BGC-flanking regions leads to integration of the complete
BGC into the vector. There are numerous examples of bacterial secondary metabolite pathways that
were captured by direct cloning and heterologously expressed yielding the production of various

compounds with antibiotic or anti-cancer properties.?62-2%4

To achieve successful heterologous expression, the BGC is usually modified prior to transformation,
including the introduction of host-specific promoters, regulators, terminators, rearrangement of the
gene order and cloning onto a suitable expression vector system, the latter being self-replicating or
integrative and with appropriate resistance-mediating genes for positive clone selection.?*®
Furthermore, for the cloning of extremely large BGCs, the use of low-copy origin of replication (ori)
vectors, such as bacterial artificial chromosome (BAC) vectors, were shown to be advantageous
since they have a higher capacity for stable maintenance of large DNA pieces.?*® As the genes of the
BGC have to be transcribed and translated in the heterologous host, including correct folding and
posttranslational modifications of the proteins, close phylogenetic relatedness of the native producer
strain with the heterologous host is often beneficial. For example, myxobacteria exhibit an average
GC content of around 70 %*® and therefore also have a different codon usage bias than non-GC-rich
organisms, which could make heterologous expression of a myxobacterial BGC in an AT-rich host
strain inefficient. Codons which are common in the native producer strain may be rare in a potential
heterologous host and could thereby lead to ribosomal stalling and misfolded, nonfunctional

proteins.
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In the last decade, advances in de novo DNA synthesis?®

opened up the possibility to design
biosynthetic pathways completely in silico and order modified BGCs directly from the gene
synthesis industry (Figure 17). Based on the sequence data of native producer strains, modifications
such as promoter insertions, restriction site engineering and gene engineering like rearrangement,
deletion and addition of whole genes or site-specific mutagenesis of specific core motifs were
possible only with mouse clicks without additional cloning effort. Furthermore, adaptation of the
codon usage bias of a BGC enables the heterologous expression even in host strains that are
phylogenetically only distantly related to the native producer strain. For example, the heterologous
production of carbapenem antibiotics in E. coli using a codon-optimized BGC from Pectobacterium
carotovorum resulted in production titers surpassing the titers observed in native producers like
Streptomyces cattleya by a factor of ten and more.?®® However, there are numerous examples of
codon-optimized BGCs that were expressed in less well-characterized strains (compared to E. coli)
resulting in loss of production or no production titer improvement. For example the heterologous
expression of a codon-optimized argyrin BGC in M. xanthus DK1622 yielded only 100 pg L™
argyrin A/B, whereas a second (not codon-optimized) BGC version resulted in 35 mg L™ production
of argyrin A/B.?® Notably, de novo DNA synthesis also has its limits as the synthesis of DNA
fragments exceeding several kb is expensive and currently impractical, especially for GC-rich DNA.
Therefore, the assembly of entire BGCs from DNA synthesis fragments still relies on previously
mentioned classical assembly techniques which has to be kept in mind during in silico design phases.

BGC sequence data
I

In silico design of
a modified BGC l

De novo synthesis l
of cluster fragments
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(Gibson, SLIC, CPEC, l
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& modified
BGC )
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Figure 17 | Strategy for the heterologous expression of a modified BGC from DNA synthesis fragments. The
native BGC sequence is modified in silico (modifications shown in black), DNA cluster fragments are synthesized
de novo and assembled using one or several techniques such as Gibson assembly, sequence- and
ligation-independent cloning (SLIC), circular polymerase extension cloning (CPEC) and golden gate (GG)
assembly.
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1.8 Outline of this work

This work focuses on two myxobacterial NP classes, the cystobactamids and the corramycins
(Figure 18), which are both in preclinical development as promising antibiotics. Both compound
classes include highly potent congeners with anti-Gram-negative activity against important human
pathogens. Furthermore, total syntheses of native compounds and synthetic derivatives with
acceptable (cystobactamid)*®®27-2%9 and poor (corramycin; unpublished data; part of this work in
chapter 3) yields were established. For both compound families the biosynthetic pathways have
already been identified and initial studies on the biosynthesis were carried out.**?" Since the native
producer strains were genetically not or only poorly accessible for manipulation, the primary
objective of this work was the establishment of versatile heterologous expression platforms for both
compound families to gain insights into their biosynthesis, produce novel derivatives and to pave
the way for semi-synthetic production approaches for corramycins.
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The first part of this thesis describes the work on the bacterial topoisomerase IIA inhibitor
cystobactamid, which is a NRP produced by different Cystobacter, Myxococcus and Corallococcus
species.**1%27t This compound class contains several in NP rarely observed or unprecedented
structural features, such as the tailored para-aminobenzoic acid, para-nitrobenzoic acid moieties
and the L-isoasparagine or L-asparagine linker groups. Naturally, a whole cocktail of cystobactamids
is produced and structure activity relationship (SAR) studies revealed that certain derivatives with
tailored L-asparagine linker exhibit superior antibacterial activity compared to other congeners.®
The biosynthesis of cystobactamids was initially hypothesized based on in silico analysis of the BGC
and feeding experiments.*® Experimental proof of most of the biosynthetic steps was achieved
afterwards by heterologously expressing the enzymes in E. coli, followed by their purification and
in vitro characterization of their activity.?’> However, some activities could not be proven in those
experiments, such as the function of the proposed bifunctional aminomutation/dehydration (AMDH)
domain. Therefore, it was planned to design a modified cystobactamid BGC and an appropriate
cloning and expression vector system in silico and assemble those after de novo DNA synthesis of
the cluster and vector fragments. The first goal was the heterologous expression of the modified
BGC in the myxobacterial model strain M. xanthus DK1622 and the production of native
cystobactamids. The second goal was the genetic manipulation of the BGC, for example the targeted
deletion of tailoring genes or the AMDH domain, and subsequent heterologous expression of the
manipulated construct. The objectives of this second part were as follows: (i) The production of
novel cystobactamid derivatives; (ii) the direction of the production profile towards congeners with
superior antibacterial activity; (iii) the elucidation of the missing biosynthesis steps that could not
be elucidated by the in vitro experiments, particularly the ones involved in linker formation.

The second part of this work describes the linear NRPS-PKS product corramycin, which was
isolated from two Corallococcus coralloides species and showed promising antibacterial activity
against E.coli.?® The structure of corramycin was elucidated via NMR revealing some
unprecedented features like the (2R,3S)-y—N-methyl-p-hydroxy-histidine moiety. The corramycin
BGC was identified after genome sequencing of the native producer strains and a biosynthesis model
was provided based on in silico analysis of the 12-modular assembly line and feeding experiments.?”
Furthermore, the development of a total synthesis route for corramycin was achieved and promising
in vivo activity of one corramycin derivative in an E. coli septicemia mouse model was shown
(unpublished data; part of this work in chapter 3). The first goal in this project was the establishment
of a heterologous production platform for native corramycins using M. xanthus DK 1622 and based
on a modified BGC that is obtained by the assembly of de novo-synthesized DNA fragments. Since
the total synthesis of corramycin is inefficient due to the complex (2R,3S)-y—N-methyl-B-hydroxy-

histidine building block (unpublished data; personal communication with Stephane Renard, Evotec),
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the second goal is the manipulation of the BGC and subsequent heterologous expression in
M. xanthus DK1622 for the production of C-terminally truncated derivatives. Those derivatives
could be used in a semi-synthetic approach to obtain higher yields of corramycin and to produce

novel derivatives.
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2 Invivo and in vitro reconstitution of unique key steps in

cystobactamid antibiotic biosynthesis

2.1 Abstract

Cystobactamids are myxobacteria-derived topoisomerase inhibitors with potent anti-Gram-negative
activity. They are formed by a non-ribosomal peptide synthetase (NRPS) and consist of tailored
para-aminobenzoic acids, connected by an unprecedented o-methoxy-L-isoasparagine or a
B-methoxy-L-asparagine linker moiety. We describe the heterologous expression of the
cystobactamid biosynthetic gene cluster (BGC) in Myxococcus xanthus. Targeted gene deletions
produced several novel unnatural cystobactamids. Using in vitro experiments, we reconstituted the
key biosynthetic steps of linker formation and shuttling via CysB to the NRPS. The biosynthetic
logic involved a novel bifunctional domain found in the stand-alone NRPS module CysH, albicidin
biosynthesis and numerous BGCs of unknown natural products. This domain performs either an
aminomutase (AM) or an amide dehydratase (DH) type of reaction, depending on the activity of
CysJ which hydroxylates CysH-bound L-asparagine. Furthermore, CysQ O-methylates
hydroxyl-L-(iso)asparagine only in presence of the AMDH domain. Taken together, these findings
provide direct evidence for unique steps in cystobactamid biosynthesis.

2.2 Introduction

The cystobactamids are a family of non-ribosomally synthesized peptide antibiotics produced by
different myxobacteria such as Cystobacter velatus Cbv34 and Myxococcus fulvus SBMx122.12
They target the bacterial topoisomerase I1A, but no cross-resistance was observed to clinically used
gyrase inhibitors of the fluoroquinolone family, which share the same target.! The major derivatives
in Cbv34 extracts are cystobactamid (Cys) 919-1, Cys919-2 and Cys507.! The prototypical
structures (shown in Figure 1) feature one para-nitrobenzoic acid (pNBA), four para-aminobenzoic
acids (pABA) and an unusual L-isoasparagine or L-asparagine linker moiety (pNBA1-pABA:-
(iso)Asn-pABAz-pABAs-pABAs).  L-isoasparagine or L-asparagine are usually a- or
B-methoxylated, respectively. pABA4 and pABAs are commonly isopropoxylated in position 2 and
PABA; is additionally hydroxylated in position 3.1 Cys507, however, only consists of the three
(tailored) C-terminal pABA4.s moieties. In total, thirteen native cystobactamid derivatives were
described, which differ in the structure of their linker moiety and the tailoring pattern of pABA4 and
PABAs.2

Interestingly, antibacterial activity is nearly limited to derivatives which belong to cystobactamid

series 2 harboring an L-asparagine linker. Particularly interesting is the native derivative Cys861-2
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showing low micromolar activity against Acinetobacter baumanii, Pseudomonas aeruginosa,

Escherichia coli and other pathogens? that are classified with high- to critical-priority by the WHO.3

Most of the cystobactamids with other linker moieties are inactive or show only weak antibacterial

activity. Furthermore, total syntheses for several native cystobactamids and novel synthetic

derivatives with improved antibacterial activity or metabolic stability were described.?*
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Figure 1 | Structural variations among native and unnatural cystobactamids and structure comparison with
albicidin. para-Nitrobenzoic acid (pPNBA) and para-aminobenzoic acid (pABA) with possible substitutions (R,
R2, R3) are shown in black. Different linker moieties of natural cystobactamids (shown in blue; linker A-E) and
unnatural cystobactamids (shown in green; linker F-I; Table 1): A: p-methoxy-L-asparagine, B: B-cyano-L-alanine,
C: B-methoxy-L-aspartate, D: a-methoxy-L-isoaspartate, E: a-methoxy-L-isoasparagine, F: p-hydroxy-
L-asparagine, G: o -hydroxy-L-isoasparagine, H: L-asparagine, |: L-isoasparagine. Scheme was adapted from
Hiittel et al. Albicidin carries an N-terminal para-methylcoumaric acid (pMCA;), two pABAs, two substituted
pABAs and a (possibly modified) f-cyano-L-alanine (B) or B-methoxy-L-asparagine (A) linker. Different possible
substitutions (R1, Rz, Rs3) are given.
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Notably, cystobactamids show structural similarity with albicidins (shown in Figure 1), aPKS/NRPS
product class isolated from Xanthomonas albilineans, which also shows antibacterial activity.®°
However, significant structural differences between both compound classes are found in the
N-terminal parts and the linker moieties. A methylated para-coumaric acid moiety (pMCA:)
typically forms the N-terminal part in albicidins, which can be further tailored e.g. with a carbamoyl
group,’® whereas native cystobactamids are restricted to pNBA;. The linker moieties arising in
albicidins are p-cyano-L-alanine, which was also observed in Cys871,2 and L-asparagine, both

optionally methoxylated,'® but no L-isoasparagine linker was described so far.

Non-ribosomal peptide synthetases (NRPSs) are large enzyme complexes with a multimodular
architecture, in which each module is subdivided into independent domains, each usually catalyzing
a single reaction. Adenylation (A) domains activate amino acids using ATP, thiolation (T) domains
tether the activated amino acid or the growing peptide and condensation (C) domains catalyse
peptide bond formation.**** Tailoring of the product happens either after product release or on the
assembly line. In the latter case, both in-trans tailoring by independent enzymes and in-cis
modifications by tailoring domains, such as epimerization (E), heterocyclization (Cy) or
methyltransferase (MT) domains, can occur.!® NRPS biosynthesis is not limited to proteinogenic
amino acids, thus allowing a great variability of chemical scaffolds,” such as shown for the
daptomycins, a natural product featuring the unusual amino acid L-kynurenine.'® Notably, NRPSs
typically follow two important rules: First, the collinearity rule states that each module catalyzes the
incorporation of a single building block into a growing peptide chain.'® Second, the processivity rule
states that the biosynthesis starts from the first module and proceeds sequentially to the next

modules.

A model for the biosynthesis of cystobactamids was proposed by Baumann and coworkers based on
in silico analyses of the BGC and feeding experiments with isotope-labelled amino acids.! In this
model the modules 1, 2 and 4-6 on the NRPS enzymes CysK and CysG incorporate the two
N-terminal and three C-terminal pABA units, pABA:-2 and pABAu-g, respectively. However, the As
domain of module 3 in CysK was assumed inactive, because the core motif A10%° lacks the
catalytically essential lysine residue.?*?? Therefore, the authors proposed that the T3 domain in CysK
is primed in trans by the stand-alone NRPS CysH with the help of the putative shuttling protein
CysB. The stand-alone NRPS module CysH was proposed to activate L-asparagine, which is either
used directly to prime Tz or isomerized by an unusual ammonia/amine-ligase-like domain in CysH.
Finally, Baumann and coworkers assumed that the linear hexapeptide is released from the assembly
line by the TE of CysG being further modified by various tailoring enzymes afterwards. By
comparison, in the -cyano-L-alanine linker biosynthesis in albicidin, Cociancich and colleagues

proposed activation of L-asparagine by the stand-alone NRPS module 2* (AlblV) and
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phosphorylation of the side chain amide oxygen in cis by a domain harboring an ATP-binding motif.
They postulated that subsequent dephosphorylation would lead to formal elimination of water and
formation of B-cyano-L-alanine (shown in Supplementary Figure 9b). However, none of the reaction

steps were experimentally proven in either of the previous publications.

Native myxobacterial producing strains are often difficult to cultivate and genetically manipulate,
making the study of their natural products biosynthesis challenging.'! Heterologous expression of
biosynthetic gene clusters (BGCs) can circumvent these issues, but identification of proper host
strains and subsequent cloning of the complex clusters remain significant bottlenecks. Nevertheless,
a number of myxobacterial BGCs have been heterologously expressed in Myxococcus xanthus
DK1622.1*2 In addition to heterologous expression systems, overexpression of individual proteins
and their biochemical analysis in vitro can be used to gain further insights into the biosynthesis of

natural products.

Herein, we describe the design, assembly and heterologous expression of a modified cystobactamid
BGC in M. xanthus DK1622. We identified 13 new natural cystobactamids upon expression of all
biosynthetic genes and 5 new unnatural major derivatives after targeted gene deletions. Targeted
gene deletions in combination with in vitro investigation of the enzyme activities allowed us to
explain the unique biosynthesis steps of the a-methoxy-L-isoasparagine linker and its shuttling to
the assembly line. This building block is synthesized by the independent NRPS module CysH and
the bifunctional in cis tailoring aminomutase/amide dehydratase (AMDH) domain, working in
tandem with the oxygenase CysJ and the O-methyltransferase CysQ. Finally, this moiety is
transferred onto module 3 of CysK by the shuttling protein CysB. Furthermore, we confirmed that
the biosynthesis of the N-terminally truncated derivative Cys507 starts from the middle of the
assembly line, bending the processivity rule. With these results we were able to decipher most of
the obscure and unique steps of cystobactamid linker biosynthesis. We provide a heterologous
production platform for topoisomerase inhibitors and discovered an unprecedented plasticity of
NRPS biosynthesis.

2.3 Results

2.3.1 Design, assembly, heterologous expression and manipulation of the cystobactamid

gene cluster in Myxococcus xanthus DK1622

A modified BGC together with a cloning and expression vector system were designed in silico for
the heterologous production of cystobactamids in M. xanthus DK1622 (described in Supplementary
Information; Supplementary Figures 1-3 and Supplementary Tables 4-8). The revised template

sequence of the BGC originated from C. velatus Cbv34, including the 25 biosynthetic genes cysA-T
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and Orf1-5 as previously described.! The modified BGC was chemically synthesized in fragments,
because of the size, GC content and repetitive sequence segments in the cluster. Assembly of the
cluster fragments was done by combination of in vivo transformation-associated recombination
(TAR) cloning in yeast?® and a previously described in vitro three-step restriction/ligation cloning
strategy®* using Bsal (cloning steps are summarized in Supplementary Figures 4-5 and
Supplementary Table 9). The final expression construct pMYC20Cys_v2 was integrated into the
M. xanthus DK1622 genome via the Mx8 phage integrase. UPLC-HRMS analysis and MS?
experiments confirmed the heterologous production of 13 new and 9 known cystobactamids
(Table 1; see Supplementary Information; Supplementary Figures 6-8 and 14; Supplementary
Table 10).

Table 1 | Natural and unnatural cystobactamids heterologously produced by M. xanthus DK1622. Linker and
R1, Rz, R3 labelling was adapted from Figure 1. pMYC20Cys_v2 includes all genes from the cystobactamid BGC
described by Baumann et al. Heterologously produced derivatives that were described previously are marked in
dark grey. Known derivatives that were not identified in the heterologous producer are marked in light grey.
Derivatives in bold are major products in native producer strains and the heterologous producer. For deletion
constructs only major products, which are relevant for the elucidation of the linker biosynthesis, are shown. [
Cys889-1b and Cys889-2b (reported as Coralmycin D)% carry an N-terminal amine rather than nitro-group.

Natural cystobactamids Unnatural cystobactamids
Construct Product Linker R, R, Rs Construct Product Linker R, R, Rs

Cys449 - iPrO H H pMYC20Cys_v2 . .
Cys507 - iPro iPr0 H AAMDH Cys905-2c F Pro. 1Pro H
Cys861-1 E iPro H H pMYC20Cys_v4  Cys905-1c G iPro iPro H
Cys861-2 A iPrO H H AcysQ Cys905-2¢ F iPrO iPrO H
Cys871 B iPro iPro H pMYC20Cys_v4  Cys889-la | iPro iPro H
Cys877-1 E EtO MeO H AcysJ Cys889-2a H iPrO iPrO H
Cys877-2 A EtO MeO H Cys871 B iPrO iPrO H
Cys891-1a E EtO EtO H pMYC20Cys_v4 ) )
Cys891-1b E PO MeO H AcysJAAMDH Cys889-2a Ho o PO H
Cys891-2a A EtO EtO H pMYC20Cys_v4 ) )
Cys891-2 A iPrO MeO H AcysB Cys307 - IPro IPro H
Cys905-1a E iPro EtO H pMYC20Cys v4  Cys889-1bll E iPro iPro H

pMYC20  Cys905-1b E EtO iPro H AcysR Cys889-2b! A iPro iPro H

Cys_v2 Cys905-2a A EtO iPro H

Cys905-2 A iPrO EtO H
Cys919-1 E iPro iPro H
Cys919-2 A iPrO iPro H
Cys920-1 C iPro iPrO H
Cys920-2 D iPro iPrO H
Cys933-1a E iPro MePrO H
Cys933-1b E MePro  iPrO H
Cys933-2a A iPro MePrO H
Cys933-2b A MePro  iPrO H
Cys934-2 D iPro MePrO
Cys935-1 E iPro iPro OH
Cys935-2 A iPrO iPrO OH
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Notably, these 13 new derivatives were also produced in native producer strains under the same
cultivation conditions. The production titer of the major product Cys919-1 was 8.1 mg-L™ in the
heterologous producer as compared to 3.6 mg-L™? in Myxococcus fulvus SBMx122. Formerly
mentioned production yields in native producer strains were much lower with 60—100 g compound
isolated per 1-L culture.>? However, difficulties in upscaling and compound loss during purification
resulted in yields of isolated products similar to those originally reported. Subsequently, Red/ET
recombineering in combination with Bsal restriction and ligation was used to generate scarless gene
deletions of cysQ, cysJ, the AMDH domain of cysH, cysB and cysR independently. Using this
strategy, we identified five new major unnatural cystobactamid derivatives (plus one recently
reported as Coralmycin D® and four minor derivatives) by heterologous expression of the
manipulated constructs (Table 1; see Supplementary Information; Supplementary Figures 6-7 and

15; Supplementary Table 10).
2.3.2 Biosynthesis of the linker moiety

B-cyano-L-alanine linkers were found both in albicidin and in minor cystobactamid derivatives
(Figure 1).2° Interestingly, we found high structural similarity between the unknown domain of the
single-standing NRPS AlblV, which was hypothesized to catalyze dehydration of L-asparagine,®
with the 38 kDa domain found inserted in the stand-alone NRPS CysH (69% identity / 83%
similarity), which is involved in cystobactamid linker biosynthesis (Supplementary Figure 9a).
Despite high structural similarity between these two unusual domains, completely different reaction
mechanisms were proposed (Supplementary Figure 9b and c). The major cystobactamid derivative
harbors a modified L-isoasparagine linker and Baumann et al. proposed that the unusual domain
catalyzes the isomerization of CysH-bound L-asparagine to L-isoasparagine.! Feeding of
N,-13C4-labelled L-asparagine during fermentation of native producer C. velatus Cbv34 confirmed
full conservation of all carbons and nitrogens from L-asparagine in L-isoasparagine! indicating an
aminomutase-type reaction. Since cystobactamids contain B-Cyano-L-alanine or L-isoasparagine
linkers, we hypothesize that the unusual domain in CysH catalyzes either aminomutation (AM) or
dehydration (DH) of L-asparagine. Hence, we named the domain AMDH.

We overexpressed and purified the enzymes CysH, CysH without AMDH domain (CysHAAMDH)
and CysJ from E. coli BL21. The enzymes were incubated in vitro individually or in combination
using different substrates. Loading of the substrate onto T domain and subsequent biochemical
conversion resulted in mass shifts observed after deconvolution of direct intact protein ESI-MS
spectra.?® First, CysH was incubated with different amino acids to test substrate specificity. Although
L-asparagine was favored as substrate by CysH, we also observed loading of L-glutamine, 3-cyano-

L-alanine and L-isoasparagine (Figure 2).
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Figure 2 | Substrate specificity of CysH. Observed mass shifts in deconvoluted protein MS BPCs reveal loading
of L-asparagine (c), L-glutamine (e), L-isoasparagine (f) and B-cyano-L-alanine (g) onto CysH. L-asparatic acid (b)
and L-glutamic acid (d) were not accepted by CysH (control: a).

All naturally occuring cystobactamids (except of the linker-free derivatives Cys449 and Cys507),
which were identified thus far, harbor linker moieties deriving from L-asparagine. Since we also
observed acceptance of other substrates by CysH, we assume that substrate specificities of
downstream modules in the assembly line hinder incorporation of different amino acids than
L-asparagine. Interestingly, incubation of CysH with L-asparagine for longer than five minutes at
room temperature led to a mass increase of +96 m/z instead of +114 m/z indicating substrate
dehydration (-18 m/z) and formation of p-cyano-L-alanine (Figure 3a-c). Incubation of
CysHAAMDH with L-asparagine only resulted in substrate loading but not in dehydration since only
the mass shift expected for L-asparagine was observed even after prolonged incubation (Figure

3d-e). This experiment was a first indication for the dehydratase activity of the AMDH domain.
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Figure 3 | Loading and hydroxylation of L-asparagine on CysH or CysHAAMDH. Deconvoluted protein MS
BPCs (left) reveal different reaction mechanisms (models shown on the right) after in vitro incubation of CysH or
CysHAAMDH with L-asparagine with and/or without CysJ. a: CysH control. b: Loading of L-asparagine onto
CysH. c: The dehydratase activity of the AMDH domain leads to dehydration of L-asparagine and formation of
B-cyano-L-alanine after prolonged incubation times. d: CysHAAMDH control. e: CysHAAMDH incubated with
L-asparagine. No dehydration of L-asparagine was observed since CysH has no AMDH domain. f: CysH incubated
with L-asparagine and CysJ leads to loading of the substrate onto CysH with subsequent hydroxylation by CysJ
(see Figure 4). The isomerization of (B-hydroxy-)L-asparagine to (o hydroxy-)L-isoasparagine is shown in
parenthesis, because this step cannot be observed by MS. The isomerization was confirmed by deletion of the
AMDH domain from the BGC and analysis of the production profile after heterologous expression of the respective
construct in M. xanthus DK1622 (see Figure 5). g: CysHAAMDH incubated with L-asparagine and CysJ leads only
to the formation of B-hydroxy-L-asparagine.
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Next, we investigated the B-hydroxylation of L-asparagine, which was speculated to be catalyzed by
CysJ on T domain-bound substrate in an a-ketoglutarate (o—KG)-dependent reaction.* Incubation of
CysJ with free L-asparagine and o—KG with subsequent analysis using thin layer chromatography
(TLC) indicated no hydroxylation of free L-asparagine (Supplementary Figure 16). Since CysJ also
revealed high structural similarity to SyrP,%” which has been shown to catalyze B-hydroxylation of
T domain-bound aspartyl residues in syringomycin biosynthesis, we expected an in trans tailoring
step of CysJ in coordination with CysH. However, we observed significant peak broadening during
protein MS upon incubation of CysH with L-asparagine and CysJ (Figure 3f), preventing clear
indication of the B-hydroxylation. Interestingly, incubation of CysHAAMDH with L-asparagine and
CysJ could be analyzed without peak broadening and B-hydroxylation of L-asparagine could be
confirmed (Figure 3g). To prove B-hydroxylation of L-asparagine in presence of the AMDH domain,
we incubated CysH with CysJ and L-asparagine and subsequently unloaded the carrier protein bound
intermediate via trans-thioesterification using cysteamine,® which was analyzed using HPLC-MS

after further derivatization (Figure 4 and Supplementary Figure 17).
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Figure 4 | Hydroxylation of CysH-bound L-asparagine by CysJ. HPLC-MS analysis of cysteamine-unloaded
and derivatized substrate from the CysH protein. EICs 411.1 m/z [M+H]* are shown in black and EICs 427.1 m/z
[M+H]*  (Di(ethylcarbonyl)-hydroxy-L-(iso)asparaginyl-dicysteamine)  are  shown in  blue. a:
Di(ethylcarbonyl)-L-asparaginyl-dicysteamine synthetic reference. CysH-bound L-asparagine unloaded and
derivatized showed same retention time as the synthetic reference. Incubation of CysH with CysJ and L-asparagine
lead to hydroxylation of L-asparagine and different retention time of the unloaded substrate compared to the
reference. b: Di(ethylcarbonyl)-L-isoasparaginyl-dicysteamine synthetic reference. CysH-bound L-isoasparagine
unloaded and derivatized showed same retention time as the synthetic reference. No hydroxylation occurred upon
addition of CysJ.

We observed a different mass and retention time of the unloaded substrate in the presence of CysJ

which confirms the in trans B-hydroxylation of CysH-bound L-asparagine. Surprisingly, we could
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not observe a-hydroxylation of CysH-bound L-isoasparagine by CysJ. Consequently, the
B-hydroxylation of L-asparagine occurs prior to the expected aminomutase reaction. However, in
this set of in vitro experiments we were unable to detect the a,-aminomutase activity of the AMDH

domain, because the expected isomerization of L-asparagine cannot be observed by MS.

We thus performed numerous targeted gene and domain deletion experiments with subsequent
heterologous expression of the modified BGC in M. xanthus DK1622 (Figure 5 and Supplementary
Figure 15). Most importantly, the deletion of the AMDH domain in cysH resulted in the abolishment
of the production of all cystobactamids with L-isoasparagine or B-cyano-L-alanine linkers in the
heterologous producer. This result can be taken as the first experimental proof confirming the
AMDH domain asparaginyl o,f-aminomutase activity. Surprisingly, the major product of this
construct was the unnatural derivative Cys905-2c carrying a B-hydroxy-L-asparagine linker instead
of the expected -methoxy-L-asparagine (Figure 5c). The production of the unnatural Cys905-1c
and Cys905-2c derivatives, both lacking O-methylation in the linkers, was also achieved through
deletion of the gene cysQ encoding an O-methyltransferase (Figure 5b). We speculate that the
abolishment of O-methylation in absence of the AMDH domain in CysH is linked to protein-protein
interaction between AMDH and CysQ. These results allowed us devise a biosynthesis model for the
production of the native f-methoxy-L-asparagine (linker A), the a-methoxy-L-isoasparagine (linker
E) and the B-cyano-L-alanine (linker B) moieties, as shown in Figure 5a. In the presence of CysH
(including the AMDH domain), CysJ and CysQ, the major products were Cys919-1 and Cys919-2
harboring linkers A and E, respectively. However, Cys871 with linker B was not detected in the
cultivation broth of the heterologous producer, but previously described in native producer strains.?
As shown in Figure 3b-c, dehydration of L-asparagine by the AMDH domain mainly occurs in
absence of CysJ. We assume that the activity of CysJ in the heterologous producer prevented the
AMDH domain from dehydrating L-asparagine. To test this hypothesis, we deleted cysJ in the
modified BGC, which indeed lead to heterologous production of substantial amounts of Cys871
(Figure 5d) confirming our previous assumption. Consequently, we hypothesize that, in presence of
CysJ, B-hydroxylation of L-asparagine occurs much faster than dehydration of L-asparagine by the
AMDH domain. Furthermore, two novel unnatural major derivatives, Cys889-1a and Cys889-2a
were produced (Figure 5d). Cys889-1a and Cys889-2a lack the methoxy group in the linker, thus
only having either L-isoasparagine (linker 1) or L-asparagine (linker H), because neither
hydroxylation by CysJ nor O-methylation by CysQ can occur. Interestingly, isomerization of
L-asparagine still occurs, but now leads to a much less abundant product. We speculate that the
isomerization of B-hydroxyl-L-asparagine by the AMDH domain is more efficient than the
isomerization of L-asparagine, or that CysH, CysJ and CysQ form a protein complex influencing the
reactivity of the AMDH domain.
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Figure 5 | Summary of biosynthesis pathways for cystobactamid linkers. a: Hydroxylation of CysH-bound
L-asparagine by CysJ with subsequent isomerization by AMDH plus O-methylation by CysQ leading to a-methoxy-
L-isoasparagine (E linker); O-methylation without isomerization leads to 3-methoxy-L-asparagine (A linker); direct
dehydration by AMDH domain leads to the formation of -cyano-L-alanine (B linker). EIC 920.3 [M+H]" (black)
shows production of Cys919-1 (E linker) and Cys919-2 (A linker) in M. xanthus DK1622 pMYC20Cys_v2. b:
Absence/deletion of CysQ leads to formation of B-hydroxy-L-asparagine (G linker) or a-hydroxy-L-isoasparagine
(F linker) after isomerization by AMDH. EIC 906.3 [M+H]* (blue) shows production of Cys905-1c (F linker) and
Cys905-2c¢ (G linker), which lack one methyl group in the linker compared to Cys919 (-14 Da shift). c: Deletion
of the AMDH domain leads to hydroxylation of CysH-bound L-asparagine by CysJ, but O-methylation by CysQ
does not occur (only formation of B-hydroxy-L-asparagine/production of Cys905-2c). d: Absence/deletion of CysJ
leads to formation of L-asparagine (H linker), L-isoasparagine (I linker) or B-cyano-L-alanine (B linker). Overlay
of EIC 890.3 [M+H]* (green) and EIC 872.3 [M+H]* (orange) shows production of Cys889-1a (I linker), Cys889-2a
(H linker) and Cys871 (B linker) e: Deletion of CysJ and the AMDH domain prevents any modification of
asparagine leading only to the production of Cys889-2a.
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If CysJ is deleted, the isomerization reaction may occur much slower, thus leading to a decreased
L-isoasparagine/L-asparagine linker ratio and an increased probability of L-asparagine dehydration.
Finally, we generated an expression construct with a double deletion of both cysJ and the AMDH
domain. As expected, only Cys889-2a featuring a simple L-asparagine linker was produced, whereas
neither Cys889-1a nor Cys871 could be detected (Figure 5e). This experiment again proves that the
AMDH domain catalyzes either dehydration or aminomutation of L-asparagine. The type of reaction
catalyzed by the AMDH domain depends on preceding hydroxylation of the substrate by CysJ.
Notably, we also identified four minor cystobactamid derivatives, two after deletion of the AMDH
domain and two after deletion of cysJ. An expanded explanation about those derivatives, for which
we were not able to provide reliable structures based on MS? experiments, is given in the
Supplementary Information (Supplementary Figure 15).

Including all results of the in vitro and in vivo experiments, we are able to provide biosynthesis
schemes for the unprecedented a-methoxy-L-isoasparagine linker and also other linker derivatives,
which are summarized in Figure 5. Although CysH loads a variety of amino acids, L-asparagine is
the favored substrate, which is either directly dehydrated by AMDH to form B-cyano-L-alanine or
B-hydroxylated by CysJ with subsequent isomerization by AMDH. CysQ performs the
O-methylation of B-hydroxy-L-asparagine or a-hydroxy-L-isoasparagine leading to formation of
[-methoxy-L-asparagine or a-methoxy-L-isoasparagine (Figure 5a). Furthermore, we speculated that
the product ratio of cystobactamid derivatives with different linkers is highly dependent on the
reaction kinetics of the enzymes involved in linker biosynthesis. In absence of CysJ substantially
higher production of cystobactamid with dehydrated linker was observed (Figure 5d). Furthermore,
heterologous expression of constructs with deleted AMDH domain resulted in elimination of
production of cystobactamids with L-isoasparagine linkers, which only showed weak or no
antibacterial activity.?

Our findings suggest that AMDH is an unprecedented domain resulting in both amide dehydration
and aminomutation via an unknown mechanism. Structure prediction was precluded by unsuccessful
crystallization attempts. Additionally, no known templates with a crystal structure were available,
preventing in silico 3D modelling. A protein BLAST query of the AMDH domain identified
numerous homologs, all inserted into A domains with L-asparagine-specificity based on Stachelhaus
prediction.?’ Since none of these homologs could be linked to a known secondary metabolite, we
speculate that the dehydration or isomerization of L-asparagine is a common mechanism in the
biosynthesis of hitherto unknown natural products. We analyzed the 25 closest BLAST homologues
of the AMDH domain in silico and identified seven conserved core motif regions (Supplementary
Figure 10) that might be required for catalysis or folding. Core region 1 contains a highly conserved
ATP-binding motif (SGGKD), which was also found in the homologous domain in AlblV
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(Supplementary Figure 9a) and hypothesized to be involved in L-asparagine dehydration.’® To
investigate if the AMDH domain shares any homology with known aminomutases, we searched for
conserved sequence motifs such as an ASG motif described in tyrosine and phenylalanine
aminomutases that contain the cofactor 4-methylideneimidazole-5-one.®* No such motif was
identified, preventing comparison to this class of aminomutases. Interestingly, we observed that
CysH shows a dark brown color after overexpression and purification from E. coli, indicating the
presence of a metal as cofactor. Since we did not identifiy a CxxCxxxC motif serving as Fe-S cluster
binding site,! we assume that a radical mode of action is unlikely for the AMDH domain, even if a
few radical-SAM proteins were described not harboring this motif.3? Although the enzymatic
mechanism of amide dehydration to nitriles is not yet known, the reverse reaction catalyzed by a
heterodimeric nitrile hydratase has been described. Interestingly, this reaction relies on a single,
cysteine-bound iron atom.*®* Summarized, we consider a radical mode of action or a similar one to
known aminomutases unlikely. We speculate that the AMDH domain involves a new mode of
catalysis, which may require a metal cofactor or might be similar to the ATP-dependent reaction

proposed for albicidin formation and certainly deserves future investigation.
2.3.3 Shuttling of the linker moiety to the assembly line by CysB

Another intriguing feature of cystobactamid biosynthesis is the incorporation of the linker moiety
into the NRPS assembly line. Interestingly, the A domain of module 3 in CysK was proposed to be
inactive, because the catalytic lysine residue in core motif A10 is missing.! We performed direct
intact protein MS analysis to confirm experimentally that L-asparagine is not accepted by module 3
(Figure 6¢), which was separately overexpressed and purified, because of the large size of CysK
(507 kDa). Initially the overexpression yields of CysK-M3 were very low, but we overcame this
problem by coexpressing CysA, which is an MbtH type A domain activator protein supposed to be
required for expression and activity of NRPS modules.3* Incubation of CysK-M3 with L-asparagine
and subsequent full protein MS analysis confirmed that no substrate loading occurred. Thus, we
hypothesize that loading of the respective Tz domain requires an in trans shuttling process between
CysH and CysK via a third enzyme.

BLAST analysis of the genes in the cystobactamid BGC showed similarity of CysB to SyrC (35 %
similarity / 20 % identity), which is a (chloro)threonyl aminoacyl transferase in syringomycin
biosynthesis.®> Another CysB homolog, CmaE, was shown to shuttle aminoacyl groups between
carrier protein domains in coronamic acid biosynthesis.®® With CysB being our candidate enzyme
for the hypothesized shuttling process, we overexpressed and purified CysB, CysH and CysK-M3
from E. coli BL21. First, we analyzed the aminoacyl transfer reaction of L-asparagine from CysH to

CysB using protein MS. We used commercially available L-asparagine instead of methoxylated
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L-(iso)asparagine derivatives since the deletion of cysJ from the BGC with subsequent heterologous
expression in M. xanthus DK1622 showed that L-asparagine is also accepted by the assembly line
(Figure 5d).
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Figure 6 | CysB-mediated transfer of p-methoxy-L-isoasparagine from CysH to CysK. a: Model for the CysB-
mediated shuttling process. L-asparagine is activated by CysH and modified by CysJ, the AMDH domain and CysQ
as shown in Figure 5. B-methoxy-L-isoasparagine is transferred from CysH to module 3 of CysK (M 3) by CysB.
Condensation of the linker moiety with the pNBA;-pABA: dipeptide leads to the formation of the shown tripeptide.
b: Deconvoluted protein MS analysis of CysB control; CysB incubated with free L-asparagine does not result in
CysB loading; CysB incubated with L-asparagine and CysH leads to pH-sensitive loading of CysB (+ 114 m/z
shift). c: Protein MS analysis verifies the transfer of L-asparagine from CysB to CysK (M 3) in the presence of
CysH.

Protein MS analysis showed that CysB was only partially loaded with L-asparagine in the presence
of CysH, because the major peak still derived from unloaded CysB, whereas no free L-asparagine
was loaded (Figure 6b). To exclude that the partial loading is caused by inappropriate reaction
conditions, we tested different pH values. Even though the equilibrium between L-asparagine-loaded
CysH and CysB shifted pH-dependently, we still observed partial loading of CysB. Thus, we
conclude that the reaction is reversible. Next, we analyzed the transfer of CysB-loaded L-asparagine

to CysK-Ma3. Interestingly, loading of L-asparagine from CysB to module 3 of CysK was almost
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stoichiometric (Figure 6¢) implying that this second part of the shuttling process probably drives the
cycle towards the transfer from CysH to CysK-M3. With those experiments we confirmed the
hypothesis that CysB mediates the shuttling process of the linker moiety between CysH and

CysK-M3 and provide a respective model in Figure 6a.
2.3.4 Revision of the complete cystobactamid biosynthesis model

Based on our new findings regarding the linker biosynthesis and transfer and incorporation into the
assembly line, we provide a revised biosynthesis model on the example of Cys919-1 (Figure 7). The
biosynthesis of the cystobactamid peptide scaffold starts with CysK. Separate overexpression and
purification of modules 1, 2 and 4 (CysK) with subsequent in vitro loading experiments revealed in
the protein MS analyses that various pABA derivatives are accepted (Supplementary Figure 11).

Interestingly, module 1 does not accept pNBA as substrate, which means that the oxygenation of
pABA: is performed intrans or after final product release. Deletion of cysR and subsequent
heterologous expression of the respective construct in M. xanthus DK1622 lead to the production of
derivatives with an N-terminal amine, thus proving that CysR is the pABA-N-oxygenase
(Supplementary Figure 12). CysL is assumed to be a pABA-CoA ligase which activates free pABA.*
We assume that the oxidation of CoA-bound pABA is performed by CysC forming 3-
hydroxy-pABA and 2,3-dihydroxy-pABA prior to incorporation into the assembly line by modules
5and 6 (CysG), respectively. CysC is homologous to the benzoate oxidase BoxB, which is described
as dioxygenase requiring a CoA-activated substrate.” Additionally, deletion of cysC and
heterologous expression of the construct in M. xanthus DK1622 lead to complete abolishment of
cystobactamid production. This underlines the importance of pABAs and pABAs hydroxylation
prior to their activation by As and Ag from CysG. We separately overexpressed and purified modules
5 and 6 from E. coli BL21 and analyzed their substrate specificity in vitro. Likewise for modules
1,2 and 4, protein MS analysis revealed loading of various pABA derivatives by modules 5 and 6,
respectively (Supplementary Figure 13). CysF is a SAM-dependent methyl transferase assumed to
be involved in the formation of 2-hydroxy-3-methoxy-pABA on module 5 and 3-methoxy-pABA
on module 6. The final tailoring steps of pABAs and pABAs are iterative methyl group alkylations
leading to various branched alkoxy groups. Those reactions are performed by CysS, a cobalamin-

dependent radical-SAM enzyme.*
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Figure 7 | Revised biosynthesis of cystobactamids on the example of Cys919-1. C: condensation domain (dark
blue); A: adenylation domain (light blue); T: thiolation domain (grey); TE: thioesterase domain (dark blue);
AMDH: aminomutase dehydratase domain (orange); red cross: inactive domains. Biosynthesis of the a-methoxy-
L-isoasparagine linker moiety is described in more detail in Figure 5. CysR converts pABA to pNBA in-trans or
after product release from the assembly line. Biosynthesis of 2-isopropoxyl-pABA and 2-isopropoxyl-3-hydroxy-
pABA is presumably catalyzed by CysC, CysF and CysS. pABA is incorporated by M 1 and M 2, respectively.
The linker moiety is transferred from T3 (CysH) to T3 (CysK) by CysB (see Figure 6). Another pABA is
incorporated by M 4. Two tailored pABAs are incorporated by M 5 and M 6.

We observed another special feature of the cystobactamid biosynthesis when we deleted cysB from
the BGC and subsequently expressed the modified construct in M. xanthus DK1622. Surprisingly,
Cysb07, a tripeptide consisting only of the three C-terminal (tailored) pABAs, was still produced as
the only derivative (Supplementary Figure 18). This not only proves CysB being indispensable for
the biosynthesis of full-length cystobactamids, but also that Cys507 is not a degradation product as
initially thought.! Instead, the biosynthesis can also start from module 4 on, which is contradictory

to the processivity rule in NRPSs.
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2.4 Discussion

Our results present novel features in NRPS synthesis demonstrating that the AMDH domain
performs both dehydration and aminomutation of L-asparagine in a single domain. The
bifunctionality and ability to perform completely different biochemical reactions dependent on
preceding tailoring steps enables the production of a variety of different compounds with a yet
unknown mechanism. We excluded a radical mode of action and refuted similar mechanisms to
known tyrosine- and phenylalanine aminomutases.?**° Further biochemical characterization and
crystallization experiments are necessary to elucidate the underlying mechanisms of the AMDH
domain in the future. Interestingly, we found numerous unannotated homologous domains in several
BGCs of unknown function, indicating that this AMDH domain is involved in the biosyntheses of a
significant number of yet to be identified natural products. Consequently, the AMDH domain can
be queried to identify additional rarely observed modified L-asparagine-containing natural products

and their derivatives.

Interestingly, no albicidin derivative harboring an L-isoasparagine linker has been identified so far,
indicating that the AMDH domain homolog in the albicidin biosynthesis is not able to perform an
aminomutation-type reaction. Furthermore, von Eckardstein and coworkers described an albicidin
derivative with a methoxylated -cyano-L-alanine linker, a linker-type not found in cystobactamids.
Based on our experiments, we hypothesized that -hydroxylation of L-asparagine occurs much faster
than the dehydration and that the B-hydroxylation prevents the AMDH domain from dehydrating the
substrate. This explains why we only identified a considerable amount of Cys871 harboring a
B-cyano-L-alanine linker after deletion of the hydroxylase CysJ. However, the existence of the
methoxylated p-cyano-L-alanine linker in albicidin either means that AlbV111 (the homolog of CysJ)
is able to hydroxylate B-cyano-L-alanine or that the AMDH domain homolog in AlbIV is able to
dehydrate B-hydroxy-L-asparagine (both of which was not observed in the cystobactamid
biosynthesis) or that another enzyme than AlbVI11 catalyzes the hydroxylation of 3-cyano-L-alanine.
Since Cys871 is only a very minor derivative in the presence of CysJ, one could also speculate that
CysJ, likewise to AlbVI11, is able to hydroxylate f-cyano-L-alanine but the generated cystobactamid
derivatives with methoxylated [3-cyano-L-alanine linkers are only produced in such minor amounts
that the ion intensity in MS does not exceed the detection limit. In this case the inactivation of the
aminomutation function of the AMDH domain in CysH might potentially lead to an increased
production of Cys871 and the detection of methoxylated p-cyano-L-alanine linkers in
cystobactamids. An alternative experiment would be the exchange of the AMDH domain in CysH
by its homolog from AlblV, which could potentially lead to a more pronounced dehydration reaction

and subsequent hydroxylation by CysJ. In any case it needs further experimental investigation to
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understand the order and under which circumstances the respective linker modifications take place

in the cystobactamid and albicidin biosyntheses.

The modification of amino acids by independent NRPS modules and subsequent incorporation into
nascent polypeptides in the assembly line is not an entirely new phenomenon in natural product
biosynthesis as similar findings have been reported for novobiocin, nikkomycin and vancomycin.3-
L In those examples, a TE releases the modified amino acid from the T domain of the independent
module on which the modification reaction occurs. The free modified amino acid is then tethered to
the core peptide by A domain reactivation or by a specific ligase. However, in cystobactamid
biosynthesis, transport of the modified L-asparagine between the independent module CysH and the
assembly line is mediated by CysB in a hitherto unprecedented shuttling mechanism. The differences
in the kinetics of the first (CysH to CysB) and second (CysB to CysK-M3) part of the reaction are
highly pH-dependent, thus indicating that the reaction might be driven by pl differences between
the T domains of CysH (pl = 5.6) and CysK-M3 (pl = 6.3). A similar correlation was also proposed
for the CysB homologue CmaE.* Notably, we demonstrated that the assembly line is able to start
the biosynthesis from module 4 on, skipping the first three modules, when we deleted cysB and
heterologously expressed the modified construct in M. xanthus DK1622. This leads to an
interruption of the shuttling process and the production of the N-terminally truncated, linker-free
cystobactamid derivative Cys507. Consequently, the cystobactamid biosynthesis shows exceptions
for two common NRPS rules, the collinearity and the processivity rule, which underlines the
diversity in the functionality of NRPS systems. The production of Cys507 even in the presence of
the shuttling protein CysB shows that the transfer of the linker moiety to the assembly line is a

bottleneck for the production of full-length cystobactamids.

Finally, we demonstrated that the heterologous expression platform can be used to produce a variety
of new cystobactamids by genetic engineering of the BGC. Despite serious efforts, we were not able
to isolate the novel natural derivatives, because they are present in much lower concentrations
compared to the major product Cys919-1. Furthermore, the cystobactamid production decreased
substantially when we scaled up the cultivation from 50 mL to 1.5 L, which may also explain the
low formerly reported yields. This drop in production was even worse for new unnatural
cystobactamids, for which even the production of the major products was a fraction compared to
Cys919-1. Therefore, we relied on exact HRMS data and MS? fragmentation in this study. We
assigned the stereocenters of the new derivatives based on the stereochemistry of previously
described cystobactamids. Furthermore, we assigned the linker moieties with same masses (e.g.
linker A and E) based on different retention times that were also observed for previously reported
cystobactamids, in which derivatives harboring L-isoasparagine linkers always eluted first.

However, the establishment of a robust fermentation process combined with media optimization has
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to be addressed in future experiments to enable purification and NMR verification of the novel
derivatives from this study. Moreover, the deletion of the AMDH domain may be used in the future
to drive the heterologous production profile towards cystobactamids with L-asparagine rather than
L-isoasparagine linkers. Notably, cystobactamids with L-asparagine linker showed superior
antibacterial activity against numerous human pathogens like A. baumanii, Citrobacter freundii,
E. coli, Enterobacter cloacae, P. aeruginosa, Proteus vulgaris, Bacillus subtilis, Staphylococcus
aureus and Streptococcus pneumoniae.r? The question arises why Nature established such a
complex biosynthesis route including a trans-acting independent NRPS module with a shuttling
process to produce cystobactamids which are biologically less active? It was previously shown?!2
and confirmed in this study that naturally a whole cocktail of cystobactamids is produced. Even
though cystobactamids with L-asparagine linkers exhibited superior antibacterial activity against a
small panel of tested human pathogens, the natural producer strains have to outcompete a myriad of
rival strains in their natural environment. It thus appears likely that the diversity of cystobactamids
produced helps the natural producers to gain advantage over a variety of their competitors.
Furthermore, it cannot be excluded that cystobactamids possess another function apart from their
antibacterial activity, e.g. the involvement in developmental processes of the cell. However, from a
human point of view, the simplest solution to produce more active cystobactamids with medicinal
relevance harboring L-asparagine linkers would be the existence of an active L-asparagine-specific
CysK-Az domain. Restoring the activity of the natively inactive A3 domain by genetic engineering
of the assembly line and thus bypassing the production-limiting shuttling process will be addressed

in future experiments.
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2.6 Methods
2.6.1 Cultivation of strains

E. coli DH10B, HS996 and NEB10p strains were used for cloning of the modified BGC. E. coli
BL21 (DE3) was used for recombinant protein expression. Cultivation was performed in LB medium
(10 gL tryptone, 5 gL NaCl, 5 gL yeast extract, pH 7.6) at 37 °C or 30 °C (handling plasmids
larger than 15 kb). Protein expression experiments were carried out at 37 °C and 16 °C after
induction (see protein expression section). Ampicillin (100 ug mL™), chloramphenicol
(34 ug mL?), kanamycin (50 ug mL?) and oxytetracyclin (10 pug mL™) were used as selection
markers. Myxococcus xanthus DK1622 was used as heterologous expression host. Cystobacter
velatus Cbv34 and Myxococcus fulvus SBMx122 are native cystobactamid producer strains and were
used for the isolation of genomic DNA or controls in production screening experiments,
respectively. Cultivation was done in CTT medium (10 g L™ casitone, 1.21 g L TRIS, 8 mM
MgSQOs4, 1 mM KH2POg4, pH 7.6) to grow cells for genomic DNA isolation, transformations or for
starting cultures prior to production screening cultivations. M7/s4 medium (5 g L soy flour, 5 g L™
corn starch, 2 g L glucose, 1 g L yeast extract, 1 g L™ MgSO4 x 7H20, 1 g L CaCl, x 2H,0,
10 g L™t HEPES, pH 7.4; supplemented with 0.1 mg L™ of vitamin B12 and 5 mg L™ of FeCl; after
autoclaving) was used for 50 mL screening cultures. M7/s4 pre cultures (without supplements) were
inoculated from CTT agar starting cultures. Screening cultures were inoculated from 1-3 d old
M7/s4 pre cultures (10 % (v/v) inoculation volume) and cultivated for 5 d. Heterologous gene
expression in M. xanthus was induced after 1 d by adding vanillate (1 mM final concentration).
XAD16 absorber resin was added after 2 d (2 % (v/v)). All liquid cultivations were performed in
baffled Erlenmeyer flasks on an orbital shaker at 160 rpm at 30 °C. Kanamycin (50 pg mL™) and
oxytetracycline (10 pg mL™) were used as selection markers when cultivating heterologous
M. xanthus strains. S. cerevisiae ATCC4004247 was used for TAR cloning. Cultivations were
performed at 30 °C in YPAD medium (20 g L™ glucose, 10 g L™ peptone, 10 g L™ yeast extract,
100 mg L* adenine-hemisulfate, pH 7.0). YNB medium (20 g L™ glucose, 8 g L* YNB base w/o
leucine, 2 g L™t amino acid mix w/o leucine, 100 mg L™ adenine-hemisulfate, pH 7.0) was used for

selection of transformants.
2.6.2 Insilico experiments and revision of the native BGC sequence

Geneious v10.1.3 (Biomatters Ltd.) was used to analyze the native cystobactamid BGC sequence of
Cbv34 (GenBank: KP836244) and to design the modified BGC and the cloning and expression
vector system pMYC in silico. Repetitive sequence segments in cysK were analyzed using dotplot
(EMBOSS 6.5.7 tool dottup: http://emboss.sourceforge.net/). Resequencing of cysK was performed

using Sanger sequencing. The revised BGC sequence is accessible under GenBank accession
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number: will be supplied upon acceptance of the manuscript. All in silico experiments and the

revision of the Cbv34 BGC sequence are described in detail in Supplementary Information.
2.6.3 DNA synthesis and BGC and pMYC assembly

The modified BGC and the cloning and expression vector system pMYC were synthesized in
fragments (fragment description listed in Supplementary Table 6). DNA synthesis was carried out
by ATG: biosynthetics GmbH. Sequence-verified DNA synthesis fragments were delivered in pGH
standard vector harboring an ampR (bla) gene for selection on ampicillin. Restriction endonuclease
hydrolysis, DNA ligation, E. coli transformation and plasmid DNA isolation were done according
to standard protocols.*?> pMYC20 and pMYC21 were generated from the DNA fragments pMYC
and Mx8-tetR or Mx9-kanR by ligation after hydrolysis with Pacl and XmaJl, respectively. Both
operons of the modified BGC (CysOp1l and CysOp2) were assembled in two separate TAR cloning
reactions using pMYC20 or pMYC21, respectively. TAR cloning was performed according to
standard protocols.** Some DNA fragments were assembled in vitro to obtain larger fragments
before TAR assembly. cysK was replaced by a dummy sequence in order to minimize the risk of
unspecific recombination during TAR assembly. The fragments of cysK harboring repetitive
sequence segments were assembled separately in vitro by a three-step restriction/ligation cloning
strategy using Bsal (Supplementary Figure 4) prior to its assembly with the rest of the cluster.
Supplementary Figure 5 schematically depicts all cloning steps performed to obtain the final
expression construct pMYC20Cys_v2. Supplementary Table 9 summarizes all in vitro cloning steps

performed in this work.
2.6.4 Genetic manipulation of expression constructs

Red/ET recombineering* in combination with restriction hydrolysis and re-ligation was used to
delete (part of) genes from the plasmids. Amplification of ampR (bla) gene from pUC18 was done
via PCR. Apart from pUC18 binding site, primers contained Bsal R-sites and 50 bp sequences that
are homologous to the gene, which was deleted. Supplementary Table 3 lists all primers used for
this experiment. After Red/ET recombineering, we selected clones harboring the correct
recombination products on ampicillin and oxytetracycline. After the plasmid isolation, we verified
the clones by restriction analysis. Next, the recombination product was hydrolysed with Bsal and
re-ligated to remove ampR (bla) from the construct. Clones, which lost their resistance towards
ampicillin, were selected for plasmid isolation and restriction analysis. Supplementary Table 11 lists
all manipulated plasmids that were generated in this study. Supplementary Tables 1 and 2 list all

strains and plasmids generated during the cloning process, respectively.

2.6.5 Transformation of M. xanthus DK1622 and verification by colony PCR
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Expression constructs were transformed into M. xanthus DK1622 via electroporation using
established standard protocols.* Integration of the constructs into the chromosome occurred by site-
specific phage recombination in Mx8 attachment site. Integration was verified by colony PCR using
different combinations of primers Mx8-attB-up2, Mx8-attB-down, Mx8-attP-up2 and Mx8-attP-
down (SupplementaryTable 3). DNA preparation, suitable primer combinations, reaction conditions
and PCR product sizes are described by Pogorevc et al.*® Supplementary Table 1 lists all expression

strains generated in this work.
2.6.6 Sample preparation and UPLC-ESI-HRMS analysis

Cells and XAD16 absorber resin of 50 mL screening cultures were harvested by centrifugation at
3,200 x g for 15 min at 4 °C. Extraction was done 2x60 min with 30 mL methanol under stirring at
room temperature (RT). Extracts were filtered using folded filter paper (8 — 12 um pore size) and
dried using a rotary evaporator. Dried extract was dissolved in 3 mL methanol and analyzed using
UPLC-HRMS. An UltiMate 3000 LC System (Dionex) with a Acquity UPLC BEH C-18 column
(1.7 ym, 100 x 2 mm; Waters), equipped with a VanGuard BEH C-18 (1.7 um; Waters) guard
column, was coupled to an Apollo Il ESI source (Bruker) and hyphenated to maXis 4G ToF mass
spectrometer (Bruker). Separation was performed at a flow rate of 0.6 mL min (eluent A: deionized
water + 0.1 % formic acid (FA), eluent B: acetonitrile + 0.1 % FA) at 45 °C using the following
gradient: 5% B for 30 s, followed by a linear gradient up to 95 % B in 18 min and a constant
percentage of 95 % B for further 2 min. Original conditions were adjusted with 5 % B within 30 s
and kept constant for 1.5 min. The LC flow was split to 75 pL min™ before entering the mass
spectrometer. Mass spectra were acquired in centroid mode ranging from 150-2,500 m/z at a 2 Hz
full scan rate. Mass spectrometry source parameters were set to 500 V as end plate offset, 4,000 V
as capillary voltage, 1 bar nebulizer gas pressure, 5 L min™ dry gas flow and 200 °C dry temperature.
For MS? experiments, CID (collision-induced dissociation) energy was ramped from 35 eV for 500
m/z to 45 eV for 1,000 m/z. MS full scan acquisition rate was set to 2 Hz and MS/MS spectra
acquisition rates were ramped from 1 to 4 Hz for precursor ion intensities of 10 kcts to 1,000 kcts.
We used Compass DataAnalysis version 4.4 (Bruker) to interpret MS data.

2.6.7 Quantification of Cys919-1 production

Quantification of Cys919-1 in the heterologous producer M. xanthus DK1622 pMYC20Cys_v2 and
native producer strain M. fulvus SBMx122 was done using an amaZon speed 3D ion trap MS system
(Bruker) with an Apollo Il ESI source. ESI source settings were identical as described above. We
measured Cys919-1 standard solutions with concentrations of 0.001 mg mL™?, 0.005 mg mL™,
0.01 mg mL,0.05 mg mL?, and 0.1 mg mL. Solutions for each concentration were prepared three

times and measured two times. EIC m/z 920.3 [M+H]" peak surface of Cys919-1 were integrated
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manually using Compass DataAnalysis version 4.4. The mean values of each measurement were
used to construct a regression line that was used to calculate the quantity of Cys919-1 in the

cultivation extracts.
2.6.8 Protein overexpression and purification

Standard protocols were used for DNA amplification by PCR, cloning procedures, transformation
of E. coli and plasmid DNA purification after standard alkaline lysis.*> Genomic DNA was extracted
from C. velatus Cbv34 with Gentra Puregene DNA Purification Kit (Qiagen). DNA fragments
encoding CysJ, CysH, CysHAAMDH, CysB, CysA, the separate modules 1-4 of CysK and modules
5-6 of CysG were amplified by PCR using the gDNA of Cbv34 as template and the following
primers: CysJ for and CysJ rev, CysH for and CysH rev, CysB for and CysB rev, CysA for and CysA
rev, CysK1 for and CysK1 rev 1, CysK2 for 0 and CysK2 rev 1/2, CysK3 for 1/2 and CysK3 rev 1,
CysK4 for 1/2 and CysK4 rev, CysG5 for and CysG5 rev 1, CysG6 for O and CysG6 rev,
respectively. CysHAAMDH was amplified from pMYC20Cys_ v2AAMDH using CysH for and

CysH rev primers.

The amplified DNA fragment encoding CysJ was hydrolyzed with Ndel and BamHI and cloned into
pET-28b (Novagen) with an N-terminal 6xHis tag. CysH and CysB encoding fragments were
hydrolyzed with Ncol and BamHI and cloned into pHisSUMOTEV*" with an N-terminal 6xHis tag,
respectively. The CysA encoding fragment was hydrolyzed with Ndel and Bglll and cloned into the
second multiple cloning site (MCS) of pETduet-1 (Novagen) generating pETdeut-1-cysA. CysK-
M1-4 and CysG-M5-6 encoding fragments were digested with BamHI and Hindlll and cloned into
the first MCS of pETduet-1-cysA to yield N-terminal 6xHis tag and TEV protease site fusion
constructs. All generated constructs were Sanger sequenced (LGC Genomics GmbH) to verify that
no mutation had been introduced during PCR.

Recombinant protein expression was carried out in E.coli BL21 (DE3) grown in LB medium and
supplemented with 50 pg mL™ kanamycin or 100 pg mL™* ampicillin. The culture was inoculated
with 1/10 volume from a fully-grown overnight culture and cultivated at 37°C until ODggo 0.6-0.9
was reached. The temperature was decreased to 16 °C and after 30 min at 16°C 0.1 mM
isopropyl-B,D-thiogalactopyranoside (IPTG) was supplemented to induce gene expression. The cells
were harvested 16 h after induction by centrifugation at 8,000 x g for 10 min at 4°C and resuspended
in lysis buffer (25 mM TRIS (pH 7.5), 150 mM NaCl, 20 mM imidazole). The cells were lysed by
passage at 1,500 bar at 4 °C using an M-110P Microfluidizer (Microfluidics). The crude extract was

centrifuged at 45,000 x g for 15 min at 4 °C. The supernatant was treated as soluble protein fraction.
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Affinity chromatography was performed on an Akta Avant system and size exclusion
chromatography (SEC) was performed on an Akta Pure system. The soluble protein fraction was
applied to 5 mL Ni-NTA cartridge (GE) equilibrated with lysis buffer. The Ni-NTA column was
washed with 10 CV (column volumes) lysis buffer prior to elution with elution buffer containing
250 mM imidazole. For CysJ the pooled fractions were concentrated to less than 5 mL and loaded
on a HiLoad 16/600 Superdex 200 pg SEC column equilibrated in running buffer (25 mM TRIS
(pH 7.5), 150 mM NaCl, 2 mM DTT). For CysH, CysB, CysK-M1-4 and CysG-M5-6 the pooled
fractions were applied to a HiPrep 26/10 desalting column equilibrated in running buffer. The
resulting fractions were pooled and incubated overnight at 4 °C with TEV protease (1 mg/20 mg
protein). After 16 h incubation 20 mM imidazole was added to the solution prior to loading on a
5 mL Ni-NTA cartridge (GE) equilibrated with lysis buffer. The Ni-NTA column was washed with
10 CV lysis buffer prior to elution with elution buffer containing 250 mM imidazole. The pooled
fractions were concentrated to less than 5 ml and loaded on a HiLoad 16/600 Superdex 200 pg SEC
column equilibrated in running buffer. Protein purity was determined by SDS-PAGE. Poteins were
stored at -80 °C in 25 % glycerol.

2.6.9 Substrate loading experiments

All substrate loading experiments were performed in 50 uL scale using 25 mM TRIS (pH 7.5),
150 mM NaCl, 10 mM MgCl, and 1 mM ATP. For CysH, CysHAAMDH, CysK-M1-4 and
CysG-M5-6, 5 uM protein and 1 mM amino acid were used to test loading of different substrates.
Hydroxylation of CysH-bound L-asparagine by CysJ was tested by additionally supplementing
1 mM a-KG, 50 uM FeSO,and 500 nM CysJ. To analyze the transfer of L-asparagine from CysH to
CysB, 1 uM CysH was incubated with 1 mM L-asparagine and 5 uM CysB. The transfer of
L-asparagine from CysB to CysK-M3 was tested by incubating 5 uM CysK-M3, 1 uM CysH,
500 nM CysB with 1 mM L-asparagine. All reactions were incubated for either 5 min or 2 h at RT,

respectively. Direct intact protein UPLC-ESI-MS analysis was done as described below.
2.6.10 Direct intact protein UPLC-ESI-MS analysis

Direct intact protein UPLC-ESI-MS analysis was performed using an UltiMate 3000 UPLC system
coupled with a maXis4G Q-ToF mass spectrometer using an Apollo Il ESI source in positive mode.
The samples were separated using an Aeris Widepore XB-C8 column (3.6 um, 150 x 2.1 mm;
Phenomenex). Separation was performed at a flow rate of 0.3 mL min™ (eluent A: deionized water
+ 0.1 % FA, eluent B: acetonitrile + 0.1 % FA) at 45 °C using the following gradient: 2 % B for
30 s, followed by a linear gradient up to 75 % B in 10 min and a constant percentage of 75 % B for
further 3 min. Original conditions were adjusted with 2 % B within 30 s and kept constant for 3 min.

The LC flow was split to 75 pL min™ before entering the mass spectrometer. Mass spectra were
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acquired in centroid mode ranging from 150-2,500 m/z at a 2 Hz full scan rate. Mass spectrometry
source parameters were set to 500 V as end plate offset, 4,000 V as capillary voltage, 1.1 bar
nebulizer gas pressure, 6 L min™ dry gas flow and 180 °C dry temperature. Protein masses were
deconvoluted by using the Maximum Entropy deconvolution algorithm in Compass DataAnalysis

version 4.4.
2.6.11 Cysteamine unloading assay and HPLC-MS analysis

To unload CysH-bound L-asparagine or B-hydroxy-L-asparagine, cysteamine was added to a final
concentration of 100 mM and incubated at 30 °C for 1 h with slow shaking. The free amines of the
unloaded substrate were derivatized with ethyl carbamates prior to HPLC-MS analysis by adding
45 uL ethanol:pyridine (4:1) solution and 5 pL ethyl chloroformate (ECF). After addition of 200 uL
deionized water the derivatized NN-diethoxycarbonyl B-hydroxyasparaginyl dicysteamine was
extracted twice with 300 uL ethyl acetate and 1 % ECF. The collected organic layers were dried,
dissolved in methanol and analyzed through HPLC-MS. Chemical synthesis of the

di(ethylcarbonyl)asparaginyl-dicysteamine references is described in Supplementary Information.

All measurements were performed using an UltiMate 3000 RSLC system coupled with a with an
amazZon speed 3D ion trap mass spectrometer using an Apollo Il ESI source in positive mode. The
samples were separated using a BEH C18 column (1.7 um, 100 x 2.1 mm; Waters). Separation was
performed at a flow rate of 0.6 mL min (eluent A: deionized water + 0.1 % FA, eluent B: methanol
+0.1 % FA) at 45 °C using the following gradient: starting conditions 5 % B for 30 s, linear gradient
up to 20 % B in 1 min, linear gradient up to 30 % B in 13 min, linear gradient up to 95 % B in 3 min,
constant percentage of 95 % B for 3 min, adjusting of original conditions (5 % B) in 30 s. The LC
flow was split to 75 pL min™ before entering the mass spectrometer. Mass spectra were acquired in
centroid mode ranging from 150-1,500 m/z. Mass spectrometry source parameters were set to 500 V
as end plate offset, 4,000 V as capillary voltage, 1 bar nebulizer gas pressure, 5 L mint dry gas flow

and 200 °C dry temperature. MS spectra were interpreted using Compass DataAnalysis version 4.4.
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2.8 Supplementary Information

2.8.1 Insilico analysis and revision of the native cystobactamid BGC sequence

The previously published cystobactamid BGC sequence (GenBank accession number: KP836244)
of C. velatus Cbv34 includes 52,081 bp with a GC content of 65 %. During the dotplot analysis
(EMBOSS 6.5.7 tool dottup: http://emboss.sourceforge.net/) of the BGC we found three repetitive
sequence segments in cysK (27,422 bp to 41,059 bp) (Supplementary Figure 1). The sequence
repeats were identified between modules 1 (C1, A1, T1) and 2 (C2, A2, T2), between modules 1 and
4 (C4, A4, T4), and between modules 2 and 4. Therefore, NRPS modules 1-4 of cysK were separately
amplified by PCR and re-sequenced using Sanger sequencing (LGC Genomics GmbH). Primer
binding sites were located in unique linker regions between the modules to avoid multiple binding
in repetitive sequence segments. We used one to two forward and reverse primers for the
amplification of the same sequence stretch, respectively (two separate PCR reactions per module).
We used the primers CysK1 for, CysK1 rev 1, CysK 1 rev 1/2 to amplify module 1, CysK2 for 0,
CysK2 rev 1, CysK2 rev 1/2 to amplify module 2, CysK3 for 0, CysK3 rev 1, CysK3 rev 1/2 to
amplify module 3 and CysK4 for 0, CysK4 rev, CysK2 rev 1/2 to amplify module 4 (Supplementary
Table 3). PCR products were ligated into pETDeut-1 after vector/insert hydrolysis using BamHI and
Hindlll. We found 71 differences compared to the previously published sequence (GenBank
accession number: KP836244) leading to the revision of the sequence (GenBank accession number

will be supplied upon acceptance of the manuscript).
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2.8.2 Insilico design of the modified BGC

The unrevised Cbv34 BGC sequence (GenBank: KP836244) was initially used as template sequence
to design the modified BGC. The modified BGC (GenBank accession number will be supplied upon
acceptance of the manuscript) was organized in two transcriptional units CysOpl and CysOp2
(Supplementary Figure 2). CysOpl contains native operon cysA — N (without native promoter, RBS
of cysA and terminator). CysOp2 combines two native operons cysO—T and Orfl — Orf5.
Orfl — Orf5 was engineered downstream of cysO — T (native promoters, terminators and RBS of
cysO excluded; RBS of Orf5 included). Vanillate-inducible promoter system® (Pvan) was used for
inducible gene expression in M. xanthus DK1622. Pvan, including vanR encoding repressor gene,
was engineered upstream of CysOp1 and only Pyan (without vanR) was added upstream of CysOp2.
tD1 terminator sequence from M. xanthus bacteriophage Mx8?2 was engineered downstream of both
modified operons, respectively. For TAR assembly, we engineered LEU2 gene encoding
B-isopropylmalate dehydrogenase auxotrophy marker downstream and 100 bp sequences
originating from URA3 gene downstream and upstream of both operons, respectively. We added
unique R-sites for cloning purposes. Supplementary Table 4 lists all genetic elements including
sequence origin and unique R-sites used for the design of CysOpl and CysOp2. We removed R-
sites (e.g. Bsal) by synonymous codon substitutions while keeping the codon usage bias for a single
amino acid as similar as possible to the native codon usage bias in the BGC (Supplementary Table
5). To reduce costs and turnaround time for DNA synthesis, we divided the modified BGC into
twelve fragments (Supplementary Table 6). We added 100 bp homologous sequences to all adjacent
cluster fragments used for TAR cloning. R-sites were engineered at the 5° and 3’ ends of all
fragments for DNA synthesis vector release or for step-wise assembly in cloning vectors. We
flanked some fragments by splitter elements (SEs) if they were used for three-step assembly in
cloning vectors.® SEs consist of unique ‘conventional’ type II R-sites flanked by two Bsal
recognition sequences extended with 5 bp sequences. Bsal is a type IS restriction endonuclease
cutting outside of the recognition sequence. This allowed generation of variable and unique 5 bp
sticky ends for ligation. Unique ‘conventional’ R-sites allowed stepwise cloning of several

fragments into a cloning vector.
2.8.3 Insilico design of the cloning and expression vector system pMYC

Three pMYC vector system fragments were designed for TAR assembly of the cystobactamid BGC
in yeast, standard cloning procedures in E. coli and transformation and integration of the cluster into
M. xanthus DK1622 genome. The basic pMYC building block contains p15A origin of replication
(ori) for replication in E. coli, cat gene encoding chloramphenicol acetyl transferase (mediating

resistance towards chloramphenicol), origin of transfer (oriT) and transfer gene (traJ) for
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conjugation (not used in this study), CEN6/ARS4 ori for replication in yeast, and URA3 encoding
orotidine 5'-phosphate decarboxylase for counter-selection in yeast. A unique EcoRV R-site was
located in URA3 for vector linearization prior to TAR cloning. The flanking 100 bp sequences
upstream and downstream of the ECORV R-site are homologous to short sequences added to CysOp1l
and CysOp2 to capture the marginal DNA synthesis fragments during TAR cloning. A second
pMYC building block (Mx8-tetR) contained the genes mx8 int and tetR. mx8 int encodes mx8
integrase for integration of plasmids via phage attachment site (attP) in the genome of M. xanthus
DK1622 or other strains harboring the appropriate attB site. tetR encodes an efflux transporter
mediating oxytetracycline resistance. A third pMYC building block (Mx9-kanR) contained genes
mx9 int and aph(3’)-1a. mx9 int encodes mx9 integrase for M. xanthus DK1622 genome integration
and aph(3’)-la encodes aminoglycoside-3’-phosphotransferase-la mediating kanamycin. All genetic
elements including unique R-sites and their sequence origin are listed in Supplementary Table 7.
Synonymous codon substitutions were performed to remove R-sites from pMYC building blocks
(Supplementary Table 8). Supplementary Figure 3 shows vector maps of basic pMYC, pMYC20
(basic pMYC with Mx8-tetR) and pMYC21 (basic pMYC with Mx9-kanR). GenBank accession
numbers will be supplied upon acceptance of the manuscript.

2.8.4 Assembly of the modified BGC

At the time of sequence revision, we already ordered cluster fragments with sequences based on the
previously published cysK sequence. Thus, fragments K1, K2 and K3 were completely (and 3-
GHIJ5-K partly) synthesized again and named K1_v2, K2_v2, K3_v2 and 3-GHIJ5-K_flong_v2,
respectively. 3-GHIJ5-K_flong_v2 contains 1,222 bp of the 3’ end of 3-GHIJ5-K (without
mutations) and 1,796 bp of pGH DNA synthesis vector, including 559 bp of ampR (bla). We used
unique R-sites to exchange the mutated part in 3-GHIJ5-K for the generation of 3-GHIJ5-K_v2. The
DNA fragments hPvanABCDEF5-G, K123 v2, 3-KLNtD1LEUZ2h (all part of CysOp1) and ABC3-
2345tD1LEU2h (CysOp2) were assembled using pSynbio12 as cloning vector. Fragments K123 v2
and 3-KLNtD1LEU2h contained SEs, which were removed by restriction hydrolysis with Bsal and
re-ligation (rejoining) using T4 ligase. After rejoining of the fragments, the generated construct did
not contain additional R-sites (Supplementary Figure 4). Release of the final fragments from
pSynbiol was achieved by Bsal hydrolysis. Generation of 3-GHIJ5-K_v2 was achieved by ligating
3-GHIJ5-K_flong_v2 into pGH-3-GHIJ5-K. Release of 3-GHIJ5-K_v2, G, hPvanOPQRS and T-
ABC15-2 from pGH was achieved by Bsal hydrolysis.

KDummy was generated via PCR using K-rpsLF and K-rpsLR primers pairs (Supplementary
Table 3) and pSW1b plasmid as template (unpublished data). pSW1b contains the rpsL counter

selection marker (mediating streptomycin sensitivity), flanked by Bsal R-sites and 50 bp sequences
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of cysK, which are homologous to the 3’ end of 3-GHIJ5-K v2 and the 5 end of 3-KLNtD1LEU2h.
To remove a single point mutation from KDummy (after sequence revision), KDummy was cloned
into pJET1.2blunt vector. We used two overlapping, complementary, mutagenic primers
KrpsLF_v2_ SDM and KrpsLR_v2 SDM to generate pJET1.2KDummy v2  from
pJET1.2KDummy via PCR. Template DNA was hydrolysed with Dpnl. KDummy_v2 was released
from pJET1.2 using Xbal/Xhol hydrolysis.

TAR cloning was used to assemble pMYC20preCysOpl_v2 and pMYC21CorOp2. For
pMYC20preCysOpl_v2 assembly, DNA fragments hPvanABCDEF5-G, G, 3-GHIJ5-K v2,
KDummy_v2, 3-KLNtD1LEU2h and EcoRV-linearized pMYC20 were used. KDummy_v2 was
used instead of cysK fragments (K123_v2) to avoid unspecific recombination caused by repetitive
sequence segments. pMYC21CysOp2 was cloned from fragments hPvanOPQRS, T-ABC15-2,
ABC3-2345tD1LEU2h and EcoRV-linearized pMYC21. During TAR assembly, the counter
selection marker URAS3 in the vectors was disrupted whereas LEU2 was introduced into the plasmid
together with the cluster fragments. Transformation of S. cerevisiae ATCC4004247 was done
according to the standard high-efficiency transformation protocol | described by Agatep et al.*
However, centrifuging was done at 3,200 x g and heat shock lasted for 45 min. Constructed plasmids
were isolated according to the protocol from Kouprina & Larionov® (ldentification of gene-positive
pools) and transformed into E. coli DH10p. Clones harboring the correct construct were verified by

restriction analysis.

KDummy_v2 was replaced by K123 v2 in pMYC20preCysOpl v2 via restriction/ligation to
generate pMYC20CysOpl_v2. To generate final expression construct pMYC20Cys_v2, we ligated
CysOp2 into pMYC20CysOpl _v2. Supplementary Figure 5 schematically depicts all cloning steps
performed to obtain the final expression construct pMYC20Cys_v2. Supplementary Table 9 lists all
conventional cloning steps for the generation of pMYC20Cys v2. We verified all generated
constructs by restriction analysis. Additionally, the Illumina paired-end technology on a MiSeq
PE300 platform (in-house) was used to verify the sequences of pMYC20CysOpl_v2 (2,244-fold
mean sequencing coverage), pMYC21CysOp2 (2,856-fold) and pMYC20Cys v2 (1,108-fold).
Supplementary Table 1 and Supplementary Table 2 list all strains and plasmids generated during

cloning process.
2.8.5 ldentification of the new cystobactamid derivatives

We identified a total of 22 new cystobactamid derivatives (13 natural and 9 unnatural) based on
high-resolution masses and the MS? fragmentation patterns. The fragment ions that we used to
identify the structural differences of the new derivatives, including the respective calculated

fragment masses, are shown in Supplementary Figure 6 and Supplementary Table 10. We only
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focused on the three fragments a, b and c, because fragment a only contains the N-terminal
cystobactamid part (pNBA1-pABA:), whereas fragment b contains the N-terminal part plus the
linker and one additional pABA (pNBA:-pABA:-linker-pABAz). Fragment ¢ containes one
additional (tailored) pABA (pNBA1-pABA:-linker-pABA3-pABA,) compared to fragment b. Those
three fragments were also described previously by Baumann and coworkers (in the SI).° We decided
to look at those three fragments, because it enabled us to find structural differences in the N-terminal
part, e.g. after deletion of cysR (m/z 269.0562 - 239.0821 [M+H]"; NO2 = NH>), in the linker, e.g.
after deletion of cysQ (m/z 532.1468 - 518.1312 [M+H]"; methoxy-(iso)Asn = hydroxy-(iso)Asn),
and in the C-terminal part, e.g. m/z 725.2207 - 711.2051 [M+H]"; isopropoxyl-pABAs - ethoxy-
pABA;). The differences between experimental masses and the calculated masses of the new
derivatives (and their corresponding fragments) are listed in Supplementary Table 10. Based on the
high-resolution mass of the new derivatives and their fragmentation pattern we were able to propose
the structures (Supplementary Figure 7) using known cystobactamids as template (example depicted

in Supplementary Figure 14).

E.g. after the deletion of cysQ, the gene encoding the O-methyltransferase that acts on the linker,
and heterologous expression of the deletion construct in M. xanthus DK1622, we did not find the
two major cystobactamid peaks (Cys919-1 and Cys919-2) in the EIC with m/z 920.3097 [M+H]".
Instead we found two new masses with m/z 906.3004 (Cys905-1c) and 906.3007 (Cys905-2c)
[M+H]" (red box in Supplementary Figure 14). The fragmentation pattern shows that fragment a
(blue box), which is the N-terminal cystobactamid part (PNBA1-pABA?) of Cys905-1c/2c is the
same as for Cys919-1/2. However, fragment b (green box) differs when comparing Cys919 with
Cys905, as there is a mass shift of 14 Da (m/z 532.1468 - 518.1312 [M+H]"), indicating that a
methyl group is missing in Cys905 (structural difference shown in red). In fragment c (yellow box)
and in the mass of the molecular ion (red box) the mass shift of 14 Da is still present, which means
that no further structural difference is found between Cys919 and Cys905. Assignment of the linker
moieties with the same masses (e.g. linker G and F for Cys905-1c and Cys905-2c, respectively) was
done based on the different retention times that were also observed for previously reported
cystobactamids, in which derivatives harboring L-isoasparagine linkers eluted between 1.4 and

1.6 min earlier than derivatives harboring L-asparagine linkers.

However, for four unnatural cystobactamids, we were not able to propose a putative structure:
Cys905-2d, Cys905-2e, Cys919-2b; and Cys919-2b,. In M. xanthus DK1622
pMYC20Cys_v4AcysJ and M. xanthus DK1622 pMY C20Cys_v4AcysJAAMDH we found the two
new minor Cys905 derivatives, Cys905-2d and Cys905-2e (Supplementary Figure 15). The RTs are
different to the one observed for Cys905-1c/2¢ (major products in the extract of M. xanthus DK1622
pMYC20Cys_v4AcysQ), but surprisingly, the fragmentation pattern is the same (Supplementary
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Table 10). Since we found Cys905-2d and Cys905-2e in the extracts of the cysJ and the cysJ-AMDH
deletion strains, we speculate that the linker is an L-asparagine rather than an L-isoasparagine
derivative, because L-isoasparagine linkers only occur if the AMDH domain is present. In the cysJ
deletion strains we expected the production of exclusively desmethoxylated linker derivatives
(fragment b: m/z 502.1363 [M+H]"). However, the fragment ion b has an m/z of 518.1312 [M+H]",
which means that fragment b potentially contains an additional hydroxyl group even though cysJ
was deleted in the producer strains. Since the RT are different compared to Cys905-1c/2c, we can
only hypothesize that the hydroxylation occurs in a different position and that it might be catalyzed
by a different enzyme encoded in the genome of M. xanthus DK1622. However, this enzyme must
be active also in the other strains harboring different construct. Thus, we searched for cystobactamid
derivatives with double-hydroxylated fragment b ions, but we did not find any of them. Finally,
purification and subsequent NMR analysis would be required to understand where the hydroxylation
in Cys905-2d/e occurs and why those two derivatives have a different retention time despite the
same potential linker moiety. However, due to the very low production titer, this is not possible at

this time.

Furthermore, we found two new Cys919 derivatives, Cys919-2b; and Cys919-2b, (Supplementary
Figure 15), in the extract of the AMDH deletion strain. Both derivatives show the same
fragmentation pattern compared to each other, but they have a different fragmentation pattern
compared to Cys919-2 (Supplementary Table 10). The fragmentation pattern shows that the linker
is desmethylated (fragment b: m/z 518.1312 [M+H]* compared to m/z 532.1468 [M+H]* for
Cys919-2), because CysQ is not able to operate in case the AMDH domain is deleted. Since fragment
¢ has a difference of 14 Da compared to fragment ¢ of Cys919-2, the additional methyl group has to
be located in the terminal pABAs moiety. We suggest that R> (see Supplementary Figure 6 and
Supplementary Table 10) is a 1-methylpropoxy moiety as this moiety has already been described in
native cystobactamids. However, since we identified two derivatives with only slightly different
retention times (0.22 min), the methyl group might also be located elsewhere or at different positions
in Cys919-2b; and Cys919-2h,. We also cannot exclude the possibility that there is another structural
difference elsewhere in the molecule, which we cannot explain at this time and only based on MS?
data. As for Cys905-2d/e, we would also have to isolate those derivatives, which is not possible due

to the very low production titers.
2.8.6 Analysis of CysJ activity on free L-asparagine using TLC

To test if free L-asparagine is hydroxylated by CysJ, 500 nM CysJ was incubated with 1 mM o-KG
and 1 mM L-asparagine and analyzed using TLC with ninhydrine (Supplementary Figure 16 lane 5).

We observed different colors for L-aspartate (lane 2; control) and L-isoasparagine (lane 3; control),
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respectively, and a different retention factor of L-isoasparagine compared to L-asparagine (lane 1;
control). The incubation of L-asparagine with CysJ and a-KG (lane 5) prior to TLC analysis did not
result in visible turnover or changing retention factors compared to the L-asparagine control,
L-asparagine incubated with CysJ without a-KG (lane 4), or L-asparagine incubated with denaturated
CysJ and a-KG (lane 6).

2.8.7 Synthesis of the di(ethylcarbonyl)asparaginyl-dicysteamine references

Supplementary Figure 17 depicts all below mentioned reaction steps for the synthesis of the
di(ethylcarbonyl)asparaginyl-dicysteamine references. 55.6 mg Trityl chloride (0.2 mmol, 2eq.),
19 uL acetic anhydride (0.2 mmol, 2eq.) and 6.1 pL concentrated H>SO4 (0.115 mmol, 1.15eq.) are
added to 500 uL glacial acetic acid until dissolution. 35.4 mg L-isoasparagine (0.1 mmol, 1eq.) and
50 uL DMF (dimethylformamide) are added and left to react overnight at 60°C in an oil bath. The
solution was slowly poured on 2 mL ice cold H20, the pH was adjusted to 6.0 by addition of 10 M
NaOH and left on ice for 1 h. The precipitate was filtrated using silica gel, washed with water and
subsequently dissolved in DCM (dichloromethane). 37.4 mg of Trityl-L-isoasparagine (100 pumol,
leq.) and 27.9 pL. TEA (trimethylamine; 200 pmol, 2eq.) were dissolved in 500 pL. THF
(tetrahydrofuran) and 34.5 uL di-tert-butyl dicarbonate were added and left to react at room
temperature for 2 h. Upon completion the reaction was quenched in water, the pH was acidified by
addition of 1 M HCI and the boc-L-isoasparagine(trt)-OH was extracted with DCM. 50 mg
boc-L-asparagine (trt)-OH or boc-L-isoasparagine (trt)-OH (105 pmol, leq.), 35.2 uL DIPEA
(N,N-diisopropylethylamine; 367 umol, 3.5 eq.) and 60.1 mg PyBop (115 pumol, 1.1 eq.) were
dissolved in 2mL DCM and stirred at room temperature for 30 min. 29.8 mg cysteamine
hydrochloride (262 pumol, 2.5¢q.) and 1 mL DMSO were added and incubated overnight at room
temperature. The reaction was quenched in H2O and the product was extracted twice with DCM.
The organic fractions were dried, and the white precipitate was washed with pentane. The obtained
powder was left to react at room temperature overnight in 2 mL of an 88 % TFA, 5 % phenol, 5 %
H20, 2 % TIPS (triisopropylsilane) solution with addition of 2 eq. of cysteamine to prevent thiol
disulfide exchange. The reaction was quenched in water, washed three times with DCM and the
aqueous layer was lyophilized to yield pure asparaginyl-dicysteamine. The compound was dissolved
in ethanol and left to react with 5% ECF before HPLC-MS analysis.
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2.8.8 Supplementary Figures
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Supplementary Figure 1 | Dotplots of the entire cystobactamid gene cluster and cysK. a: Dotplot of entire
cystobactamid BGC. Three repetitive sequence segments (red, blue and green lines) span from about 30 kb to 40 kb
(highlighted in light grey) in cysK. b: Dotplot of cysK. Magnification of the grey area in a. C: condensation domain,
A: adenylation domain, T: thiolation domain. The Dotplot was created using the EMBOSS 6.5.7 tool dottup in
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Supplementary Figure 3 | Plasmid maps of basic pMYC, pMYC20 and pMYC21. Mx8-tetR building block
engineered into basic pMYC results in pMY C20. Likewise, Mx9-kanR building block and basic pMYC generate
pPMYC21. Genes are annotated using green arrows. Origins of replication or transfer are annotated using blue boxes.
Terminator sequence is labeled using red box and homology sequences for TAR cloning are shown in grey.
Important unique R-sites are shown in dark blue. VVector maps generated using Geneious v10.1.3.
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Supplementary Figure 5 | Assembly strategy of the modified gene cluster. Both operons of the modified gene
cluster are shown on top (see also Supplementary Figure 2). Conventional restriction/ligation-based cloning steps
were used to assemble hPvanABCDEF5-G, 3-GHIJ5-K_v2, 3-KLNtD1LEU2h, K123 (CysOpl) and ABC3-
2345tD1LEU2h (CysOp2) from synthesized DNA fragments. Splitter elements (SEs; shown in red) were used for
stepwise cloning into pSynbiol (depicted in Supplementary Figure 4). TAR cloning (highlighted in beige) was
used to assemble fragments hPvanABCDEF5-G, G, 3-GHI1J5-K_v2, KDummy, 3-KLNtD1LEU2h and pMYC20
to generate pMYC20preCysOpl v2. Likewise, pMYC21CysOp2 was assembled via TAR from hPvanOPQRS, T-
ABC15-2, ABC3-2345tD1LEU2h and pMYC21. KDummy was replaced by K123 in a restriction/ligation-based
cloning step to generate pMYC20CysOpl_v2. Final expression construct pMYC20Cys_v2 was generated by
cloning CysOp2 downstream of CysOpl in pMYC20CysOpl v2. Supplementary Table 9 lists all
restriction/ligation-based cloning steps.

Fragment a Fragment b Fragment ¢
m/z 269.0562 (Rq: NOy) m/z 532.1468 (Linker: A/E; Rg: NO3) m/z 725.2207 (Linker: A/E; Ry: NOy; R4: iPrO)
m/z 239.0821 (Rq: NHy) m/z 484.1257 (Linker: B; Ry: NOy) m/z 711.2051 (Linker: A/E; Ro: NOy; Ry: EtO)
m/z 518.1312 (Linker: F/G; Rg: NO3) (Linker: F/G; Ro: NOy; Ry: iPrO)
m/z 502.1363 (Linker: H/l; Ry: NOy) m/z 739.2364 (Linker: A/E; Ro: NOy; Ry: 1-MePrO)
m/z 502.1727 (Linker: A/E; Ry: NH3) m/z 677.1996 (Linker: B; Ry: NOg; R4: iPrO)
m/z 695.2102 (Linker: H/l; Ry: NOg; R4: iPrO)
m/z 695.2466 (Linker: A/E; Ry: NHy; Ry: iPrO)
NH,

o)
Rg
R(): NOQ, NH2
R4: MeO, EtO, iPrO, 1-MePro
R,: H, MeO, EtO, iPr0O, 1-MePrO OH
Rs: H, OH Rs
R O
B E F. G H I
NH, NH,
HO . . o
. H H HoN : °
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H N N wNHHN
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Supplementary Figure 6 | Fragmentation scheme of natural and unnatural cystobactamids. Fragments a, b
and c were used in MS? fragmentation experiments to identify novel natural and unnatural cystobactamids (Table 1,
Supplementary Table 10). The calculated m/z [M+H]* values of the fragments depend on tailoring of Ro-3 and linker
moiety.
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Supplementary Figure 8 | HPLC-MS analysis of major and minor cystobactamid derivatives produced by
M. xanthus DK1622 pMYC20Cys_v2. a: BPC (dark grey), EIC 920.30 (black), EIC 508.20 (dark blue), EIC
892.27 (dark green) and EIC 906.29 (red) (all EICs [M+H]* + 0.02 Da) show existence of Cys919-1/2, Cys507,
Cys891-1a/1b/2a/2b and Cys9051a/lb/2a/2b. b: BPC and EICs of minor native cystobactamid derivatives in
methanolic M. xanthus DK1622 pMYC20Cys_v2 extracts. EIC 862.26 (blue), EIC 878.26 (dark orange), EIC
935.30 (red) and EIC 936.30 (purple) (all EICs [M+H]* + 0.02 Da) show existence of Cys861-1/2, Cys877-1/2,
Cys934-1a/1b/2a/2b and Cys935-1/2. Corresponding MS? data are listed in Supplementary Table 10.
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Supplementary Figure 9 | Alignment of AlblV and CysH and previously proposed linker biosynthesis
pathways. a: MUSCLE’ (version 3.8.425) alignment of AlblV and CysH protein sequences (created using
Geneious version 2020.0). The AMDH domain is labelled in orange, the ATP-binding motif (SGGKD) is colored
in pink and putative core motifs identified by comparison with 25 closest homologs (see Supplementary Figure 10)
are labelled in blue. b: Proposed reaction mechanism in albicidin linker biosynthesis for the generation of
B-cyanoalanine (modified from ®). c: Proposed cystobactamid linker biosynthesis for the generation of L-asparagine
and L-isoasparagine. No biosynthesis pathway for [-cyanoalanine was proposed in cystobactamid linker
biosynthesis so far.
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a [Cystobacter velatus Cbv34]_ CysH_AMDH domain —AAAQLTYCTKCGLASSFPNT TYSAEGVCNHCEAFDKYRSVVDDY FSTMDE LQSIVTEMKSIHN--SKYDCIVA 74
[Robiginitomaculum sp.] PHR62283.1 -PKQAQNSCTRCGITDSVPGTKIT-NGICNICAGFETYKHRAAAY FKTPEALONLVKTLPARKS--GKYDAIVL 73
[Tropicimonas_: sedi;nlnlcgla] _WP_089234808.1 - IAHCTRCGVGTDTPGIEIDDTGVCTTCS GEFDSFRERASEY FGDLGAFAGIVKDRARFRR--GDYDCLML 70
[Leptolyngbya sp._ Heron Island J]_WP_023070733.1 -QSGPVTYCTRCGIASTYPGI TFDHEGVCDICQTYETYRDRTEQY FKSIDE FKSRLEAARQRKQ--GEYDCMML 74
[Algoriphagus halophllus] WP_ 074224043.1 ~YQAPDFYCKNCGIPSNYPDASFNEEGVCNLCE SFEEYQKNVASY FKSMDN LKSEILGLGENKE--KEYDCLML 74
[Confluentibacter sp. 3B]_PKQ44143.1 ~EVEKVINCTNCGLPSNYPEI DFDDQGVCHLCNAFKNYEDKVQKY FRTEAE LKSILTKNKT-NN--PSYDCLTL 74
[Arenibacter sp. AK53] WP _086478236.1 —PEKDVVHCTQCGLP SNYPKT DFDESGVCHLCNAFKSYKDKALRY FKTEDE LASLLMSNRG-KN--PTYDCISL 74
[Kriegella aquimaris] WP_089884457.1 —-SENEVINCTECGLP SNYPNT DFDENGVCHLCNAFKGYKDEAQRY FKTTDE LRDILI SKRG-KN--PNYDCLSL 74
[Arenibacter certesii] WP _026813687.1 -PENEVINCTACGLP SNYPNVDFDENGVCHICNAFKGYKQQAQRY FKTENE LRDLLT SKRG-NS--PNYDCISL 74
[Arenlbacterilatericlug]iﬁP702681 0787.1 -PENEVINCTACGLP SNYPNVDFDENGVCHICNAFKGYKQQAQRY FKTENE LRDLLT SKRG-NS--PNYDCISL 74
[Pricia_antarctica] WP _091870771.1 -PENEVVNC IQCGLP SNYPEI EFNEQGVCQLCT SFSNYE DKVKRY FKNDDE LVRILT SKRG-ES--PKYDCISL 74
[Gelidibacter alqens] WP7066429701 .1 ~PEEDVVNC IECGLP SNYPNT DFNENGVCHLCTAFESYKVKAERY FKNDDE LLQVLT SKRN-QN--PNYDCISL 74
[Zobellia uliginosal WP _038233587.1 —PEEEVANCTTCGLP SNYPNADFNEDGVCHLCTAFETYKDKTERY FKNDEQLVSLLT SKRG-QN--RSYDCISL 74
[Flavobacteriaceae_bacterium] WP_100868958.1 —PEEEVVNCTKCGLP SNYPSTDFDDQGVCHLCRAFDTYKEKAHRY FKNDEQLVSLLS SKRD-KS--VNYDCISL 74
[Pseudozobellia_thermophila] WP_072994154.1 -PEEETINCSRCGLPSNYPGT DFDGQGVCHLCRAFDSYKEKVDGH FRNDGQLVALLT SKRG-QN--PDYDCISL 74
[Lewinella marina] WP_099106946.1 -DSPPDRFCTRCGLPANYPSASFDAEGVCQLCRGFADYEEKARAY FRTPEDFRALFADRPVDRG--APYDCIML 74
[Lewinella nlgrlcans] WP 099148200.1 AAKVADHNCVRCGLPANYPTAEFDEQGVCHLCRSFQHYQENVQKY FRTMADLKALFTEKPGSAD--RAYDCIML 75
[Verrucomicrobiae | bacterium _DG1235]_WPp_008102120.1 ~PTGAAAHCTRCGLS SHYPNIVFNAEGVCSVCDSYHSIKGEASHY FSDPES LKELFKASRNKRR--GNYDCMVF 74
[Candidatus_Thiomargarita nelsonii] OAD19576.1 ~QPTQIHYCVKCGLPSNYPET SFDEQGVCNTCRDFETHQAKVQPY FKTKADLQATLAQAKATKV--GKYDCLAL 74
[Gemmatimonadetes_bacterium] OLC11591.1 —AAKRLAHCTRCGLASNVPGT SYDAAGVCNVCRGEFDAYVDKAQAY FKTPEALKALVAEMKARRT--GDYDCLVL 74
[Gemmatimonadetes_bacterium]_ OLC86088.1 —AAKRLTYCTRCGLASNVPGT SYDATGVCNVCRGLDTYVAKAQAY FKSPDE LKALVAQMKATRTGGGEYDCLVL 74
[Microvirga flocculans]_ WP_084021052.1 ~HRTEVRYCERCGLE SNMPGT TFDEAG ICNLCRAFDTYVDKAQTY FKTPEDLEALIAEMOANRK--GPYDCIVL 74
[Bradyrhizobium_jicamae] WP_083519209.1 -PATQVRYCERCGVASDLPGT TFDAAGVCNLCRAFDTYVDKAQTY FKTSDDLOVLIAEMOANRK--GPYDCIVL 74
[Microvirga lotononidis] WP_009491688.1 -AATQV'RYCERCGVSSDMPGTTYDANGVCNLCQAFDTYVEKAQAYFKTPDDLQSLIVEMKANRK——GPYDCIV'L 74

Kk * ok ok . o

209

-NRTP-TVDELENLVLDLR 208

-TRAR-NPDEIDDMVLAAR 205
LSGGKDSTYALAQLV TMGFKV FAFTLDNGYISEQAKDNIRRVVDT LGVDHQFGTTPAMNDIFVDSLNRH CNVCNGCFKTIYTLSMOLAYERGI PCIVIGLSRGQFFETRLTEEWFTE LFGQSEF-DVDQIDETILAAR 209
LSGGKDSSYALAKLVELGLHV LAWTLDNGFISENAKENTNNTVNK LGVDHI YGSTDAMNAIFRDSLERHONVCNGCFKTVY TLSTKLALEKNT PVIVIGLSRGQFFETRLTEELFL -KDHF-DPADIDQIILETR 209
-EENL-DVTKIDDTILEVR 208
-DEEV-QIATIDDTILQAR 208
-DKNV-DVSTIDKTILEAR 208
-DKNI-DVATIDRTILEAR 208
-DKNV-DVATIDRTILEAR 208

LSGGKDSTY VLARLV DMGLKV LAFTLDNGYISEQAKENTI RSTITKLGVDHI YGSTDQMNKIFVDSLHRHHNVCNGCFKTIY TLSTKLALEKKV PFIITGLSRGQFFETRLSEELFL
LSGGKDSTY I LAQLI GMGLKV LAFTLDNGYISDQAKGNI DKIVQKLGVDHI YGTTEY MNKIFVDSLNRHONVCNGCFKTIYTLSTQI ALDKQI PFVVTGLSRGQFFETRLTEELEW.
LSGGKDSTYVLAKLIELGLKV LAFTLDNGYISDQAKQNVDKIVTKLGVDHI YGNTPHMNRIFVDSLERHKNVCNGCFKTIYTLSSKIALEKQI PFVVTGLSRGQFFETRLTEELEW
LSGGKDSTY VLAKLI ELGLKV LAFTLDNGYISDQAKQNVDKIVTK LGVDHV YGETPHMNE IFVDSLERHHNVCNGCFKTIYTLSTQIALKKEI PFIVTGLSRGQF FETRLTEELEW-
LSGGKDSTY VLGRLI DMGLNV LAFTMDNGYISE QAKANV DRIVTQLGVDHV YGETPHMNDIFVDSLHRH HNVCNGCFKTIYTLSTQT ALEKET PFIVIGLSRGQF FETRLTEELEW- -EDTL-DTTKIDDTILEAR 208
LSGGKDSTY VLARLVNMGLRV LAFTMDNGYISDQAKANI DTIIKKLGVDHI YGRTPHMNE IFVDSLNQH HNVCNGCFKTIYTLSTKIALEKQI PFIVTGLSRGQF FETRLTEELFW- -DEAL-DTKKIDQTILEAR 208
LSGGKDSTY VLARLI NMGLKV LAFTMDNGYISE QAKANVDRIVKK LGVDHV YGKTPHMNE IFVDSLHRHKNVCNGCFKTIYTLSTKI ALEKNI PFIVIGLSRGQFFETRLTEELFW----DDEL-DTSKIDDTILEAR 208
-DDDL-DTTKIDQTILEAR 208
-DDNL-DSAKIDDTLLEAR 208
-QDGMGDSKDIDAAILEAR 209
-KERF-DADEIDNIILQAR 210
-NGRF-SPQDVDEAVLEAR 209
-AGLF-DVAEIDKMVLDAR 209
-REDF-DVAKLDDLVLEAR 209
REDF-DVAKLDDLVLEAR 211
RDDY-DPARLDALVIEAR 209
RDDY-DPARLDALIAEAR 209
-RDDY-DPSRLDALVTEAR 209

LSGGKDSTYMLCQLVELGMTPLVFSLDNGYISE SAKANT QHITDS LGVDLVWGSTPDMNT IFADSLHHF SNVCNGCFKTIY TLSLNLAHEKGI KY IVIGLSRGQLFETRLSD-TFD
LSGGKDSTYMLYQLC DLGLTP LVFTLDNGFISDEAKTNI RRVVDALGLELVMGGTPHMNE IFVDSLKRF ANVCNGCFKTIY TLATNLAAEKGI RY IVIGLSRGQFFETRLTEEVFQ
LSGGKDSTYMLYQLC DLGLKP LVFTLDNGFISDEAKANT RRVVDS LGVDLIMGGTPHMNEIFVDSLKRF ANVCNGCFKTIY TLATNLAQOKGI RY IVIGLSRGQFFETRLTEEVFQ
LSGGKDSSFMLCKLAAMGVKP LVFTLDNGFISE EAKTNI RRLVNT LGVDLHWGSTPHMNE IFVDSLKRF ANVCNGCFKTIY TLATNL ARERGI QY IVTGLSRGQF FETRLTEEVF|
LSGGKDSSFMLCKLVAMGVKP LTFTLDNGFISE GAKANI RRLVNS LGVDHHWGSTPHMNE IFVDSLKRF ANVCNGCFKTIY TLATNVARERGI GY IVTGLSRGQFFETRLTEEVEK
LSGGKDSSFMLCKLVAMGVKP LTFTLDNGFISE DAKANI RRLVSGLGVDHHWGSTPHMNE IFVDSLKRF ANVCNGCFKTIY TLATNE ARENGI GY IVTGLSRGQFFETRLTEEVEK

* . * e Kk ok kkkp o fRRckkkkk gk ky | K 3 i kkkgkk kkAkk * s *
Core 1 Core Core 4 Core 5
3
KIYHRIDDAVSRLLDTTCVKNDKVIENIRFVDFYRYCHASRQEMY DY IQERVGWARP IDTGRS TNCLLNDVGIYVHNKERR YHNYSLPYSWDVRMGHISREEAMRELDDSADIDVERVEGIIKDLGYELNDQVVGSA- 340
KAYHRTEDAITQHLKTQDLONGKIFDDVEIIDI YRYIDVPVGEIY DFLTQKAPWIRPGDTGRS TNCLINDAGIYVHLRREG FHNYALPYSWDVRMGHKT RAEAVDELQDA- ~IDPSNVQONILNEVGFHEPLTDN---- 335
RAYHRYPDTASQRLNGNLEDDDRIFDEVTFADE YRYCDV PVSEVYRYLDEKMSWIRPVDTGRS TNCLINDAGIHVHKTERG FHNYAVPYSWDVRMGHKT LEEAQTELDDE-~IDEAHVRSILDEIGYEI RRPDAE -~ 333
KAYHRTDDAVSQLMDVEVEQTDDIFETVEIIDE YRYCDVELAEML SEFLKDQVPWIRPSDTGRS TNCLINNVGIHLHTKKRG YHNYALPYSWDVRMGHKT PEAATIDELNDE- - IDVAEVERILQEIGYEDAQIN— - 339
KSYHRSKDAVSEYLDVSMFET DEVFTKVSFVDF YRFSDV SLSEMY AYLEEK IGWRRPKDTGRS TNCIINDLGIFVHKRKKG YHNYAF PYSWDVRVGHKKREETIDELNDE- ~LSTEE ITKLMHEIGMQEQTIHSK--- 337

KLYHREEDAVKELLDVSLFENDAVFDKVQFVDE YRYSDVSLEEMLRYLEDT VGWIRPTDTGRS TNCLINQVGIYVHKKEKG Y SNYSFPYSWDVRLGHKT RDESLEEINEY-~IDETEVKRIMNEIGYEDSDNLFEND- 338
KLYHQEDDAVKQCLDVTMFQKEDTFERVQFLDE YRYSDVRLEEML TFLKEK VGWVRPTDTGRS TNCLINQVGIYVHKKQLG Y SNYAY PYSWDVRMGHKT RTETLEEINEP- - INEKEVKRIMNEIGYQDSNTFGMN-- 337
KLYHQEEDAVKNLLDVSMENT DETFEKVQFIDF YRYSDVKLEEML TYLKEK VDWVRPTDTGRS TNCLINQVGIYVHKKQKG Y SNYSFPYSWDVRMGHKT RKETLEEINEV--IDEKEVKRIINEIGYQE IGEDESN-- 337
KLYHQEEDAVKYLLDVDVESKNETFEKVQFVDY YRYSDV SLEEMLVFLKEK VGWVRPTDTGRS TNCLINQVGIYVHKKQKG Y SNYSFPYSWDVRMGHKTRTETLEEINEY - -IDETTVKRIMDEIGYQE PNESELG-- 337
KLYHQEEDAVKYLLDVDVESKNETFEKVQEVDY YRYSDV SLEEMLVEFLKEK VGWVRPTDTGRS TNCLINQVGIYVHKKOKG Y SNYSF PYSWDVRMGHKT RTETLEEINEY- - IDETTVKRIMDEIGYQE PNESEMG-- 337
KIYHRESDAVQRLLDVSAFEDDAVFEKVQEVDE YRYSDVSLEELLNYLKDK IGWVRPTDTGRS TNCLINQVGIYVHKKEDG Y SNYAF PYSWDVRLGHKT RNESLAEINEV--IDETEVMRIMEEIGYERSEADRQPT- 338
KLYHQEDDAVKKLLDVSMEDDDKLYEKVEFVDE YRFSDV SLEELLVYLKEN VGWVRPTDTGRS TNCLINQVGIYVHKKENMG Y SNYSFPYSWDVRLGHKT RDESLEEINEV-~IDETEVKRIMKEIGYDKSDDDWQNS~ 338
KLYHQESDAVKRLLDVSIFEDESVFEKVEFVDE YRFSDVSLEEMLVYLKEKAGWIRPTDTGRS TNCLINQVGIYVHKKDLG Y SNYSFPYSWDVRLGHKTRDESLEEINEV--IDKKEVLRIMEEIGYNPSQPEWES-- 337
KLYHQESDAVKKLLDTSMEDDDETFEKVQFVDE YRFSDV SLEEML IFLKEKAGWVRPTDTGRS TNCLINQVGIYVHKKELG Y SNYSFPYSWDVRLGHKT RNESLEEINEV--IDEIEVKRIIQEIGYNK IEDDEKNSN 339
KLYHQESDAVKKLLDTSIFDDDQTFEKVQFVDE YRFSNVSLSEMLLYLKEK VGWERPTDTGRS TNCLINQVGIHVHKKENMG Y SNYSFPYSWDVRLGHKT RNESLEEINEL--IDEIEVNRITKEIGYITEPPDSTMDAR 339
KAYHRADDAVSRLLDTSAFADDRVFERVQFLDEF YRYTDV TLEEMY AYLDRR LPWVRPTDTGRS TNCLINQVGIHVHKKEKG YNNYAF PYSWDVRIGHKDRARALEEINEE- -VDVAAVERIMQEIGYFAPADSYD--- 338
KAYHRVDDAVRELMDVSMEADDTVFERVQEVDE YRYTDV SLEEMLNYLDQR LPWVRP TDTGRS TNCLINQAGIFVHKKEKG Y SNYAF PYSWDVRIGHKT REASLEEINET- -IDEVEVQKILDEIGYTEARKSADE-- 339
KRYHRDDDAVSRCLDVSKFQDDSIFEE IQFVDE YRYWDAPLEEIY SYLDRRVPWIRPSDTGRS TNCRVNDVGIYIHOKERG FHNYSLPYSWDVRLEQKKREEATEELDDK- ~FDLAEVROMLAEIGYDEDRIAADEN- 339
KVYHRIEDAVSECLDTSFFDNDAIFEE IQFIDY YRYTDVEFNEIYDYLTRKT. TGRS LINELGIYIHKKEQGYHNYALPYSWDVRMGHKT RAEALHELDDE- -IDEAKVRQMLKEIGYDEASAQVT --- 336
KAYHRREDAVSCHLEVDIFRDDGVFRDIQFVDF YRYWSVPLAEMHAYLROR TPWIRPSDTGRS TNCLINDVGIYVHKKQRG YHNYALPYSWDVRLGQKT RDEAME ELEDE- ~-LDETRVQQIMRQIGYSEPTQTTETS- 339
KAYHRREDAVSCHLEVDIFRDDGVFRDIQFVDF YRYWSVPLAELHAYLROR TPWLRPSDTGRS TNCLINDVGIYVHKKQRG FHNYSLPYSWDVRLGQOKT RAEAMAELEDE- -IDESRVQQILRQIGYSEPAQTTETS- 341
KEYHRREDAVSRYLDVDVERS DSLFEEVKFIDEF YRYWSV PLEDMLQFLKTQVGWNRP SDTGRS TNCLINDVGIYIHKKQRG YHNYALPYSWDVRLGQOKT RDEATIDELNDE- ~LDVHR IQDVMAQIGY TEPAARENG-- 338
KEYHRREDAVSRYLNVDAFRS DSIFEEVKEIDE YRYWSV PLEDML DELKTQ AGWDRPADTGRS TNCLINDVGIYVHKKQORG YHNYAL PYSWDVRLGQKT RDEAVDELNDE- -LDVPR IKEIMAQIGYVE PPAREDG-- 338
KEYHRREDAVSRYLDVDVFRNDSIFEEVKFIDFYRYWSVPLEDMLEFLKTQAGWSRPSDTGRS TNCLINDVGIYIHKKQRG YHNYALPYSWDVRLGQKT RDEATI DELNDE* —-LDVPRIKE IMAQ IGYVEPIAAEDG-- 338

Core 6 Core 7
b Core 1 Core 2 Core 3 Core 4
4 4
3 3
] = = =
52 3 52 5
1 1 1
.— = = . L~
r«gﬁh-“hf-“*”t*‘E N 88, \8sbs8s. NPT EEIBIEBIBB L.
[——— oty m. ey g semmty e
Core 5 Core 6 Core 7
4 4
3
0 o P
§z| F 2 £ AF
1 1
Al L - = L L
NEEREEEEEREREEZEE I S, nEEREEEEEESEEREERE R EREEREEERERE

Supplementary Figure 10 | Comparison of the AMDH domain with 25 closest homologs. a: Sequence
alignment of the AMDH domain with 25 closest BLAST homologs. b: Sequence logo of the seven core motifs
(generated using https://weblogo.berkeley.edu/)°. Core motif 1 harbors a ATP-binding motig (SGGKD) that was
also found in the unusual domain in AlbIV.8
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Supplementary Figure 11 | Substrate specificity of CysK-M1, CysK-M2 and CysK-M4. Observed mass shifts
in deconvoluted protein MS BPCs reveal loading of pABA, 3-OH-pABA, 3-OMe-pABA and benzoic acid but not
of pNBA by CysK modules 1 (a), 2 (b) and 4 (c), respectively.
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Supplementary Figure 12 | UPLC-HRMS data and structures of Cys889-1b/2b produced in M. xanthus
DK1622 pMYC20Cys_v4AcysR. a: EIC m/z 890.29 [M+H]*. b: MS? spectra of Cys889-1b/2b. Fragment with
m/z 239 Da [M+H]* (30 Da mass shift to natural cystobactamids) confirms that nitro group is replaced by amide
group in N-terminal pABA. c: structure proposal of Cys889-1b and Cys889-2b (Coralmycin D).*
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Supplementary Figure 13 | Substrate specificity of CysG-M5 and CysG-M6. Observed mass shifts in
deconvoluted protein MS BPCs reveal loading of pABA, pNBA, 3-OH-pABA, 3-OMe-pABA and benzoic acid by
CysG module 5 (a). The same substrate loading, except for pNBA, was observed for CysG module 6 (b).



110 | In vivo and in vitro reconstitution of unique key steps in cystobactamid antibiotic biosynthesis

/@/Ko Cys919-2 HN
s
N

o/g/

O, N
o 0
H
N
N
H
o
HN

O’\r‘:“

utated measured ret. Fragment a Fragment b Fragment ¢
Compound Linker R R: Ra (; C[uN: T-I]* m/z Time m/z m/z
myz | .
[M+H]* [minl | calculsted | measured | calculated | measured | calculated | measured
natural cystobactamid derivatives
Cys5919-1 E iPro iPro H 920.3090 9.06 269.0552 532.1452 725.2190
920.3097 — 1 7252207 e

Cys919-2 A iPro iPro 920.3097 10.67 269.0553 532.1451 725.2185

ep
o

Go o
Soa

) B )\ OH AN Cys910-2 . Cys919 o
o .
H OH, o+ e o. o
0 ODY N o 9 SN oj@\/
HoNT H
2 M%H HN.,, )\ © 6 HAN™ 7y ° : : )\ o
NH HN, SoNH HN.,,
Cys919-1 Cys919-1 Cys919-1
unnatural cystobactamid derivatives
Cys905-1c G iPro iPro H 506.3004 877 269.0578 518.1337 711.2092
906.2941 518.1312 711.2051
Cys905-2c F iPro iPro H 906.3007 10.30 269.0576 518.1342 711.2090
269.0562 q

Il
[¢]

NH HN%

oo

Cys905-1c

HN

o

NH HN%

Cys905-1c

o0 /@Wﬁ

o\
Z+
(9]
° <
1]
8
o8
N
0
o§
o

O
e}

NJNH HN.,

Cys905-1c

Supplementary Figure 14 | Example of how structures were assigned to new cystobactamid derivatives. On
top a cropped part of Supplementary Table 10 with the example Cys919-1 and Cys919-2 is shown. The measured
high-resolution mass of the molecular ions is shown in the red box. The corresponding structures are shown below.
The fragment ion masses are shown in the blue, green and yellow boxes with the corresponding fragment ions
below. After deletion of cysQ, Cys905-1c and Cys905-2¢ were produced instead of Cys919-1 and Cys919-2. The
measured high-resolution masses of the molecular ion and the fragment ions are shown in the red, blue, green and
yellow boxes. The corresponding structures are shown below. The difference of 14 Da in the molecular ion and
fragments b and ¢ is due to a loss of a methyl group in the linker, which led to a hydroxyl group (labelled in red)
instead of a methoxy group. The linker type was assigned based on the retention time difference, whereas
derivatives with L-isoasparagine linkers eluted 1.4-1.6 min earlier than derivatives with L-asparagine linkers.
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Supplementary Figure 15 | Full HPLC-ESI-MS EIC traces of methanolic extracts from different
heterologous strains. Stacked/overlayed view of the EICs m/z 920.3 [M+H]* (black), 906.3 (blue), 890.3 (green)
and 872.3 (orange).
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Supplementary Figure 16 | TLC analysis of CysJ activity on free
L-asparagine. 1: L-asparagine without CysJ (control). 2: L-aspartate without
CyslJ (control). 3: L-isoasparagine without CysJ (control). 4: L-asparagine with
Cysl. 5: L-asparagine with CysJ and a-KG. 6: L-asparagine with denaturated
CyslJ and o-KG.
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Supplementary Figure 17 | Derivatization of unloaded L-asparagine and organic synthesis of di(ethylcarbonyl)asparaginyl-dicysteamine references. a: Derivatization of
cysteamine unloaded L-asparagine. b: Organic synthesis of di(ethylcarbonyl)asparaginyl-dicysteamine. c: Organic synthesis of di(ethylcarbonyl)isoasparaginyl-dicysteamine.
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Supplementary Figure 18 | HPLC-ESI-MS EIC traces of methanolic extracts from M. xanthus DK1622
pMYC20Cys_v4AcysB. Stacked view of the EICs m/z 920.3 [M+H]* (black) and 507.3 (blue). The structure of
Cys507 is depicted on top.
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2.8.9 Supplementary Tables

Supplementary Table 1 | Strains used and generated in this work.

Bacterial strain Genotype Reference
Native cystobactamid producer strains
C. velatus Cbv34 - HIPS/MINS
M. fulvus SBMx122 - HIPS/MINS
Cloning strains
. F, mcrA, A(mrr-hsdRMS-mcrBC), ®80/acZAM15, AlacX74, recAl, araD139, A(ara- .
E. coli DH10B R Invitrogen
leu)7697, galU, galK, rpsL (StrT), endA1, nupG, A

E. coli HS996 F, mcrA, A(mrr-hsdRMS-mcrBC), ®80lacZAM15, AlacX74, recAl, araD139, Invitrogen
' A(ara-leu)7697, galU, galK, rpsL (Str®), endAL, nupG, fhuA::I1S2 €

E. coli NEB10p mcrA, spoT1A(mrr-hsdRMS-mcrBC), ®80d(lacZAM15)recAl, relAl, AlacX74, New England
' recAl, araD139, A(ara-leu)7697, galK16, galE15, rpsL (Str®), endAl, nupG, fhuA Biolabs

E. coli GB05-red

S. cerevisiae ATCC4004247

E. coli DH10B8 pGH-hPvanABC
E. coli DH10B pGH-DEF5-G

E. coli DH10B pGH-G

E. coli DH10B pGH-3-GH1J5-K
E.

coli DH10p Dev-3-GHI1J5-
K_flong_v2

. coli DH10B pGH-K1_v2

. coli DH10B pGH-K2_v2

. coli DH10B pGH-K3_v2

. coli DH10B pGH-3-KL

. coli DH10pB pGH-NtD1LEU2h
. coli DH10B pGH-hPvanOPQRS
. coli DH10B pGH-T-ABC15-2
. coli DH10B pGH-3-2345tD1

. coli DH10B pGH-LEU2pc

. coli DH10B pGH-pMYC

. coli DH10B pGH-KanR-Mx9

. coli DH10p pGH-TetR-Mx8

. coli DH10B pGH-AmpR-tnp

. coli DH108
pJET1.2KDummy v2

E. coli DH10 pSynbiolhPvanABC

E. coli DH108
pSynbiolhPvanABCDEF5-G (+SE)

E. coli DH108
pSynbiolhPvanABCDEF5-G

mm m m mMm m mM mm mM M M M Mm

E. coli DH10B pGH-GHIJ5-K_v2

E. coli DH10pB pSynbiolK1_v2

E. coli DH10pB pSynbiolK12_v2

E. coli DH10B pSynbiolK123_v2
(+SE)

E. coli DH10B pSynbiolK123_v2

F, mcrA, A(mrr-hsdRMS-mcrBC), ®80/acZAM15, AlacX74, recAl, araD139, A(ara-
leu)7697, galU, galK, rpsL (StrR¥), endA1, nupG, X', AfhuA, Peao-gbaA DybcC, ArecET19
MATa, his3A1, leu2A0, met15A0, ura3A0, ydr4llc::KanMX4

E. coli DH10B pGH-hPvanABC, AmpR

E. coli DH10B pGH-DEF5-G, AmpR

E. coli DH10B pGH-G, AmpR

E. coli DH10B pGH-3-GHIJ5-K, AmpR

m

. coli DH10p Dev-3-GHI1J5-K_flong_v2, Amp~

. coli DH10B pGH-K1_v2, AmpR

. coli DH10B pGH-K2_v2, AmpR

. coli DH10B pGH-K3_v2, AmpR

. coli DH10B pGH-3-KL, AmpR

. coli DH10 pGH-NtD1LEU2h, AmpR

. coli DH10B pGH-hPvanOPQRS, AmpR

. coli DH10pB pGH-T-ABC15-2, AmpR

. coli DH10B pGH-3-2345tD1, AmpR

. coli DH10B pGH-LEU2pc, AmpR

. coli DH10B pGH-pMYC, AmpR, CmR

. coli DH10pB pGH-KanR-Mx9, AmpR, Kan®
. coli DH10B pGH-TetR-Mx8, AmpR, Tet?
. coli DH10B pGH-AmpR-tnp, AmpR

m m m m m m m mM M MmMMm m Mm

E. coli HS996 pJETL.2KDummy_v2, Amp®
E. coli DH10pB pSynbiolhPvanABC, AmpR®

E. coli DH10pB pSynbiolhPvanABCDEF5-G (+SE), AmpR
E. coli DH10B pSynbiolhPvanABCDEF5-G, AmpR

E. coli DH10B pGH-GHIJ5-K_v2, AmpR

E. coli DH10B pSynbiol1K1_v2, Amp®

E. coli DH10B pSynbiol1K12_v2, AmpR

E. coli DH10p pSynbiolK123_v2 (+SE), AmpR

E. coli DH10B pSynbiolK123_v2, AmpR

Gene Bridges

ATCC

This work
This work
This work

This work
This work

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

This work
This work

This work
This work

This work

This work

This work

This work

This work

This work
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Bacterial strain Genotype Reference
Cloning strains

. . This work
E. coli DH10B pSynbio13-KL E. coli DH10B pSynbiol3-KL, Amp~
E. coli DH10p pSynbiol3- . . R This work
KLNtDILEUZh (+SE) E. coli DH10B pSynbio13-KLNtD1LEU2h (+SE), Amp
E. coli DH10p pSynbiol3- . . R This work
KLNtDILEUZh (+SE) E. coli DH10B pSynbio13-KLNtD1LEU2h (+SE), Amp

i i - This work
E. coli HS996 pSynbiolABC3 E. coli HS996 pSynbiol ABC3-2345tD1, Amp®
2345tD1
E. coli HS996 pSynbiolABC3- . . R This work
2345tD1LEU2h E. coli HS996 pSynbiolABC3-2345tD1LEU2h, Amp
S. cerevisiae ATCC4004247 . This work
MY C20preCysOpl_v2 S. cerevisiae ATCC4004247 pMYC20preCysOpl_v2, LEU2
S. cerevisiae ATCC4004247 . This work
PMYC21Cys0p2 S. cerevisiae ATCC4004247 pMYC21CysOp2, LEU2
E. coli DH10B . R R This work
MY C20preCysOpl_v2 E. coli DH10B pMYC20preCysOpl_v2, Cm®, Otc

. . This work
E. coli DH10B pMYC21CysOp2 E. coli DH10B pMYC21CysOp2, CmR, KanR
E. coli DH10B . N R This work
MY C20CysOpl_v2 E. coli DH108 pMYC20CysOp1l_v2, CmR®, Otc

. . This work
E. coli DH10B pMYC20Cys_v2 E. coli DH10B pMYC20Cys_v2, CmR, OtcR

. . This work
E. coli GB05-red pMYC20Cys_v2 E. coli GB2005 pMYC20Cys_v2, CmR, OtcR
E. coli NEB10P E. coli NEB10B pMYC20Cys_v2AAMDHampR, CmR, Otck, AmpR This work
PMYC20Cys_v2AAMDHampR ' P s PR, &m?, Otc?, Amp
E. coli NEB10B . R R This work
DMYC20Cys_v2AAMDH E. coli NEB10B pMYC20Cys_v2AAMDH, CmF~, Otc
E. coli NEB10B . R R R This work
OMYC20Cys_v2AcysQampR E. coli NEB10B pMYC20Cys_v2AcysQampR, CmR®, Otc?, Amp
E. coli NEB10B . R R This work
OMYC20Cys vAACysQ E. coli NEB10B pMYC20Cys_v4AcysQ, CmR, Otc
E. coli NEB10B . R R R This work
OMYC20Cys v2AcyslampR E. coli NEB10B pMYC20Cys_v2AcysJampR, CmR®, Otc®, Amp
E. coli NEB10B . R R This work
OMYC20Cys vAAcys) E. coli NEB10B pMYC20Cys_v4AcysJ, CmR®, Otc
E. coli GB05-red . " R This work
OMYC20Cys_vAAcys) E. coli GB2005 pMYC20Cys_v4AcysJ, Cm®, Otc
E. coli NEB10p This work
pMYC20Cys_v4AcysJAAMDHam  E. coli NEB10B pMYC20Cys_v4AcysJAAMDHampR, CmR, Otc?, AmpR
pR
E. coli NEB10B . R N This work
OMYC20Cys_vAACysIAAMDH E. coli NEB10B pMYC20Cys_v4AcysJIAAMDH, CmR, Otc
E. coli NEB10B . R R R This work
OMYC20Cys_v2AcysBampR E. coli NEB10B pMYC20Cys_v2AcysBampR, CmF, Otck, Amp
E. coli NEB10B . R R This work
OMYC20Cys_vAAcysB E. coli NEB10B pMYC20Cys_v4AcysB, CmR®, Otc
E. coli NEB10B . R R R This work
OMYC20Cys v2AcysRampR E. coli NEB10B pMYC20Cys_v2AcysRampR, CmF, Otc®, Amp
E. coli NEB10B . R R This work
OMYC20Cys_vAACySR E. coli NEB10B pMYC20Cys_v4AcysR, CmR, Otc
E. coli NEB10B . R R R This work
OMYC20Cys_v2AcysCampR E. coli NEB10B pMYC20Cys_v2AcysCampR, CmR, Otc®, Amp
E. coli NEB10B . This work

E. coli NEB1 MYC2 AN R R

OMYC20Cys_VAACYSC coli 0B pMYC20Cys_v4AcysC, Cm*, Otc

. . This work
E. coli DH10pB pET-28bcysJ E. coli DH10p pET-28bcysJ, Kan®
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Bacterial strain Genotype Reference
Cloning strains
E. coli DH10pB . . R This work
pHisSUMOTEVcysH E. coli DH10pB pHisSUMOTEVcysH, Kan
E. coli DH10pB . . R This work
pHisSUMOTEVcysHAAMDH E. coli DH10B pHisSUMOTEVcysHAAMDH, Kan
E. coli DH10B . . R This work
pHisSSUMOTEVcysB E. coli DH10p pHisSUMOTEVcysB, Kan
. . This work
E. coli DH10f pETduet-1cysA E. coli DH10pB pETduet-1cysA, Kan®
i - This work
E. coli DH10B pETduet-1cysA E. coli DH10p pETduet-1eysA-cysK-M1, Kan®
cysK-M1
i - - This work
E. coli DH10p pETduet-1cysA E. coli DH10p pETduet-1eysA-cysK-M2, Kan®
cysK-M2
i - This work
E. coli DH10p pETduet-1cysA E. coli DH10p pETduet-1cysA-cysK-M3, Kan®
cysK-M3
E. coli DH10B pETduet-1cysA . R This work
cysK-M4 E. coli DH10pB pETduet-1cysA-cysK-M4, Kan
E. coli DH10f pETduet-1cysA . R This work
CysG-M5 E. coli DH10B pETduet-1cysA-cysG-M5, Kan
E. coli DH10f pETduet-1cysA . R This work
cysG-M6 E. coli DH10B pETduet-1cysA-cysG-M6, Kan
Heterologous host and production strains
HIPS/MINS
M. xanthus DK1622 -
M. xanthus DK1622 M. xanthus DK1622 pMYC20Cys_v2, Otc® This work
pMYC20Cys_v2 ' P ys_ve,
M. xanthus DK1622 R This work
PMYC20Cys_v2AAMDH M. xanthus DK1622 pMYC20Cys_v2AAMDH, Otc
M. xanthus DK1622 R This work
DMYC20Cys_vAACysQ M. xanthus DK1622 pMYC20Cys_v4AcysQ, Otc
M. xanthus DK1622 R This work
DMYC20Cys_vAAcys) M. xanthus DK1622 pMYC20Cys_v4AcysJ, Otc
M. xanthus DK1622 R This work
DMYC20Cys_vAACysJAAMDH M. xanthus DK1622 pMYC20Cys_v4AcysJAAMDH, Otc'
M. xanthus DK1622 N This work
DMYC20Cys_ VAACysB M. xanthus DK1622 pMYC20Cys_v4AcysB, Otc
M. xanthus DK1622 This work
M. hus DK1622 pMYC2 AA R
DMYC20Cys vAACysC xanthus 622 pMYC20Cys_v4AcysC, Otc
M. xanthus DK1622 R This work
DMYC20Cys_VAACYSR M. xanthus DK1622 pMYC20Cys_v4AcysR, Otc
Protein overexpression strains
- . This work
E. coli BL21 (DE3) pET-28bcysJ E. coli DH10p pET-28bcysJ, KanR
E. coli BL21 (DE3) . . R This work
pHisSUMOTEVcysH E. coli DH10p pHisSUMOTEVcysH, Kan
E. coli BL21 (DE3) . . This work
. E. coli DH1 H MOTEVcysHAAMDH, KanR
pHisSUMOTEVcysHAAMDH coli DH10B pHisSUMOTEVcys »Kan
E. coli BL21 (DE3) . . " This work
pHisSUMOTEVCysB E. coli DH10B pHisSUMOTEVcysB, Kan
E. coli BL21 (DE3) pETduet- . R This work
ToysA-cysK-M1 E. coli DH10pB pETduet-1cysAcysK-M1, Kan
E. coli BL21 (DE3) . R This work
DETduet-1cysA-cysK-M2 E. coli DH10pB pETduet-1cysAcysK-M2, Kan
E. coli BL21 (DE3) pETduet-1cysA- This work
coli BL21 (DE3) pETduet-1cys E. coli DH10p pETduet-1cysAcysK-M3, Kan®

cysk-M3
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Bacterial strain Genotype Reference
Protein overexpression strains

E. coli BL21 (DE3) pETduet-1cysA- . This work
col (DE3) pETduet-Leys E. coli DH10p pETduet-1cysAcysK-M4, Kan®R

cysk-M4

E. coli BL21 (DE3) pETduet-1cysA- . This work
col (DE3) pETduet-1eys, E. coli DH10p pETduet-1cysA cysG-M5, Kan®

cysG-M5

E. coli BL21 (DE3) pETduet-1cysA- This work

cysG-M6

E. coli DH10p pETduet-1cysA cysG-M6, Kan®

Supplementary Table 2 | Plasmids used and generated in this work.

Plasmid Genotype Reference
Svibiol Non-integrative plasmid for cloning in E. coli; oriV and trfA from RK2 3
ed plasmid, bla (Amp®), MCS
. H R
OMYC pMYC vector backbone; p15A orl,- cat (CmF) from pACYC184, traJ, This work
oriT, CEN6/ARS4, URAS3, tp, terminator from Myxococcus phage Mx8
- i . R -
OMYC20 TetR mx8 cloned into pMYC,; tetR (OtcF) from pALTER(R)-1, mx8 This work
integrase from Myxococcus phage Mx8
_ i . R
oMYC21 _KanR mx9 cloned into pMYC; kanR (Kan®) from pACYC177, mx9 This work
integrase from Myxococcus phage Mx9
JET12 pUC ori and rep from pMB1, Pj,cuvs-€c0471 (endonuclease)/T7 Thermo Fisher
P ' promoter-MCS, bla (AmpF) Scientific
pET-28b ColE1 ori from pBR322, T7 promoter-MCS, kanR (KanR), lacl Novagen
pHisSUMOTEV - 1
pETduet-1 ColE1 ori from pBR322, T7 promoter-MCS, bla (AmpX), lacl Novagen
Gene synthesis product hPvanABC cloned into pSynbiol; h URA3
pSynbiolhPvanABC homology from pRS415, P.., promoter and vanR repressor gene, cysA, This work
cysB, cysC from native cystobactamid producer strain C. velatus Cbv34
pSynbiolhPvanABCDEF5-G  Gene synthesis product DEF5-G cloned into pSynbiolhPvanABC; cysD, This work
(+SEs) cysE, 5° end of cysG, including splitter elements (SEs) Cbhv34
pSynbiolhPvanABCDEF5-G ~ pSynbiolABCDEF5-G (+SEs) w/o SEs This work
. Gene synthesis product K1_v2 cloned into pSynbiol; K1 is the first part .
pSynbiolK1_v2 of cysK from Chva4 This work
pSynbiolK12 v2 Gene synthesis product K2_v2 cloned into pSynbiolK1_v2; K2 is the This work
second part of cysK
. Gene synthesis product K3_v2 cloned into pSynbiolK12_v2; K3 is the .
pSynbiolK123 v2 (+SEs) third part of cysK; including SEs This work
pSynbiolK123 v2 pSynbiolK123 (+SEs) w/o SEs This work
pSynbio13-KL Gene synthesis product 3-KL cloned into pSynbiol; 3’ end of cysK, cysL This work
from Cbv34
. Gene synthesis product NtD1LEU2h cloned into pSynbiol3-KL; cysN
pSynbio13-KLNID1LEU2N from Cbv34, tp; terminator, LEU2 from pRS415 plasmid, h URA3 This work
(+SEs) . .
homology, including SEs
pSynbio13-KLNtD1LEU2h pSynbio13-KLNtD1LEU2h (+SEs) w/o SEs This work
Gene synthesis product ABC3-2345tD1 cloned into pSynbiol; 3” end of
. ABC2 (ABC transporter permease), ABC3 (efflux ABC transporter), .
SynbiolABC3-2345tD1 . . . Th k
psynbto ABC4 (hypothetical protein), ABC5 (nucleoporin) from Chv34, tp; 15 wor
terminator
pSynbiolABC3- . .
9345tD1LEU2h pSynbiolABC3-2345tD1, LEU2 This work
pMYC20, hPvanABCDEF5’-G, G (cysG from Cbv34), 3-GHIJ5-K_v2
pMYC20preCysOpl_v2 (3’ end of ¢ysG, cysH, cysl, cysJ, 5° end of cysK_v2), KDummy_v2 This work
(rpsL and cysK_v2 homologies), 3-KLNtD1LEU2h
pMYC20CysOpl_v2 K123_v2 from pSynbio1K123_v2 cloned into pMYC20preCysOpl_v2 This work
pMYC21, hPvanOPQRS (h URA3 homology, cysP, cysQ, cysS from
pMYC21CysOp2 Cbv34), T-ABC15-2 (cysT, ABC1 (ABC transporter ABC-binding This work
protein) and 5’ end of ABC2 (permease) from Chv34)
pMYC20Cys_v2 CysOp2 from pMYC21CysOp2 cloned into pMYC20CysOp1_v2 This work
SEAYCZOCVS—VZAAMDHam PMYC20Cys_v2AAMDH (cysH) bla This work
pMYC20Cys_v2AAMDH pMYC20Cys_v2AAMDH (cysH) This work
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Plasmid Genotype Reference
pMYC20Cys_v2AcysQampR  pMYC20Cys_v2AcysQ bla This work
pMYC20Cys_v4AcysQ pMYC20Cys_v2AcysQ This work
pMYC20Cys_v2AcysJampR  pMYC20Cys_v2AcysJ bla This work
pMYC20Cys_v4Acys] pMYC20Cys_v2AcysJ

;l)DMH;(rSsgCys_wAcstAAM pMYC20Cys_v2AcysJAAMDH (cysH) bla This work
EMHYCZOCYS—V4ACySJAAM pMYC20Cys_v2AcysJAAMDH (cysH) This work
pMYC20Cys_v2AcysBampR  pMYC20Cys_v2AcysB bla This work
pMYC20Cys_v4AcysB pMYC20Cys_v2AcysB This work
pMYC20Cys_v2AcysRampR  pMYC20Cys_v2AcysR bla This work
pMYC20Cys_v4AcysR pMYC20Cys_v2AcysR This work
pMYC20Cys_v2AcysCampR  pMYC20Cys_v2AcysC bla This work
pMYC20Cys_v4AcysC pMYC20Cys_v2AcysC This work
pET-28bcysJ PCR-amplified cysJ from Chv34 cloned into pET-28b This work
pHisSSUMOTEVcysH PCR-amplified cysH from Cbv34 cloned into pHisSSUMOTEV This work
pHisSUMOTEVcysHAAMD PCR-arTlpIified. cysHAAMDH from pMYC20Cys_v2cysHAAMDH This work
H cloned into pHisSUMOTEV

pHisSUMOTEVcysB PCR-amplified cysB from Cbv34 cloned into pHisSSUMOTEV This work
pETduet-1cysA PCR-amplified cysA from Cbv34 cloned into pETduet-1 This work
pETduet-1cysA-cysK-M1 PCR-amplified cysK-M1 from Cbv34 cloned into pETduet-1cysA This work
pETduet-1cysA-cysK-M2 PCR-amplified cysK-M2 from Cbv34 cloned into pETduet-1cysA This work
pETduet-1cysA-cysK-M3 PCR-amplified cysK-M3 from Cbv34 cloned into pETduet-1cysA This work
pETduet-1cysA-cysK-M4 PCR-amplified cysK-M4 from Cbv34 cloned into pETduet-1cysA This work
pETduet-1cysA-cysG-M5 PCR-amplified cysK-G5 from Cbv34 cloned into pETduet-1cysA This work
pETduet-1cysA-cysG-M6 PCR-amplified cysK-G6 from Cbv34 cloned into pETduet-1cysA This work

Supplementary Table 3 | Oligonucleotides used in this work.

Oligonucleotide Sequence (5°-3”)

K-rosLF TAGCTACCCGCCCGAGCTGGCGAGGAAGGTGGCGGAGCTCAGCCGGG
P AGCCGAGACCGGCCTGGTGATGATGGCGGGATCGTTGTAT

K-rosLR CGAGCCCCCAGCGTCGCGCACATGAACTCTATGACCTTCTGGTGACGC
P TGCGAGACCGGCCTTACTTAACGGAGAACCATTAA

K-rpsLF_v2_SDM GATTAGCTACCCGCCCGCGCTGGCG

K-rpsLR_v2_SDM CGCCAGCGCGGGCGGGTAGCTAATC

Mx8-attP-up2 CGACGGTGCCGACAAATAC

Mx8-attB-up2 GCGCACTGGACCATCACGTC

Mx8-attP-down GGCTTGTGCCAGTCAACTGCG

Mx8-attB-down CGGATAGCTCAGCGGTAGAG

5-PevsH-X-KO AGCGCCCTTCTCTCCTATCCGGGGATCAAGGAATGCATCGTCGATGTG
4 GCGAGACCGACGAAAGGGCCTCGTGATAC

3-PevsH-X-KO TCCGCGGAGACATAGTAGGCGACCAGCTGGGCTTCCGCCGAGCCCACC
4 ACCGAGACCTTACCAATGCTTAATCAGTGAG

5-PeysQ-KO ATCCGCAACGGGCGGCGTTCGCGCTTCGCGAATCCAGCCACGGACGCT
4 GACGAGACCGACGAAAGGGCCTCGTGATAC

3-PeysQ-KO TTGCTGCATTGAAAGGGGAGCGAGCGCCTGCGGGCGCTGGTCGCGCGC
4 GCTCAGCGAGACCTTACCAATGCTTAATCAGTGAG

5-PevsB-KO ACATGAGGCCGAAATCGCTACGGGAAGCCCTGACGCGCAGCAACTGCT
4 GACGAGACCGACGAAAGGGCCTCGTGATAC

3-PevsB-KO TGCGTCCGCTCGTCGAGGCCGATGTTGTTGGGAAGTATCATGTTGTCTC
4 CTCAGCGAGACCTTACCAATGCTTAATCAGTGAG

5-PoysC-KO TCGACACCAGGGCGTCGCAGGCTGCCGCTCCTGCGGTGGCGGGAGCGT

AGCGAGACCGACGAAAGGGCCTCGTGATAC
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Oligonucleotide Sequence (5°-3”)
TTCCCACGAACTGCTCGCTCTTCTCCCGTCAACGATCCGACGGCTTCGT

3-PeysC-KO TCTACCGAGACCTTACCAATGCTTAATCAGTGAG
5 POV L.KO CGACGACGGCGCGTTTGCTGAAAGACCTTTGCCAGGGTGTGTACTTTT
4 GACGAGACCGACGAAAGGGCCTCGTGATAC
2 POVSLKO CCGACTGTTTTGCGCAACGGCGAAAGCGACACCACCATCGAGCCCGGC
4 CCTCAACGAGACCTTACCAATGCTTAATCAGTGAG
& POVSRKO GCACCCCCGGTGTGCCCCAGGGATACCTGGTGCACGGAGTCAAGCGCT
4 GACGAGACCGACGAAAGGGCCTCGTGATAC
S POVSRKO TAGCTGAAAAATTTACTCTCCGGCACTCTCATGTTCCTGGGTCTGCGGG
4 CTCAGCGAGACCTTACCAATGCTTAATCAGTGAG
CysJ for TATCATATGACCGGTAATTTGGATAGCGCGG
CysJ rev TATGGA-TCCTTACGAGCGCCCTGAGTTCGTTGC
CysH for TATCCATGGACAATCGAGAGATCGC
CysH rev TATGGATCCTTATCCCCTGTATGCAGGCG
CysB for TATCCATGGGTACGCCAGCAGCAGG
CysB rev TATGGATCCCTACGCTCCCGCCACCGCAG
CysA for TATCATATGAGCATGAACGGGGACG
CysA rev TATAGATCTTCAGCAGTTGCTGCGCG
TATGGATCCGGAAAACCTGTATTTTCAGGGCATGCTGCTGGAGGGAGA
CysK1 for
GCT
CysK1 rev 1 TATAAGCTTTCACTGCGTCCGCTCGACC
CysK1 rev 1/2 TATAAGCTTTCACGGCACAACGTTGGAGAGC
TATGGATCCGGAAAACCTGTATTTTCAGGGCGAGATTCCGCTCTCCTAC
CysK2 for 0
cTGC
CysK2 for 1/2 TATGGATCCGGAAAACCTGTATTTTCAGGGCGTCGAGCGGACGCAGG
CysK2 rev 1 TATAAGCTTTCACTCGGTGTTCCCCGACG
CysK2 rev 1/2 TATAAGCTTTCACGACGGAGCGAGGGC
CysK3 for 0 TATGGATCCGGAAAACCTGTATTTTCAGGGCGCGGTGCTCTCGTTCG
CysK3 for 1/2 TATGGATCCGGAAAACCTGTATTTTCAGGGCAACACCGAGGCGGTGCT
CysK3 rev 1 TATAAGCTTCCGATGGATCGACGACAC
CysK3 rev 1/2 TATAAGCTTTCCGGTCCGCTCCACC
CysKa for 0 TATGGATCCGGAAAACCTGTATTTTCAGGGCCCGCTGCCTCTGGCGTA
CysK4 for 1/2 TATGGATCCGGAAAACCTGTATTTTCAGGGCGTGGAGCGGACCGGAC
CysK4 rev TATAAGCTTTCACCGAGCCCCCAGC
TATGGATCTGGAAAACCTGTATTTTCAGGGCATGGCCACCAAATTGTCT
CysG5 for
GACTTC
CysG5 rev 1 TATAAGCTTTCACATGCTGATCAGCCTCTGCG
CysG6 for 0 TATGGATCCGGAAAACCTGTATTTTCAGGGCGCGCTTCCGCTGTCGC

CysG6 rev TATAAGCTTTCACGAAGCTCGCGTCCTC
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Supplementary Table 4 | Genetic elements used in the design of the modified gene cluster. Nucleotide position
numbering in modified cluster refers to CysOpl and CysOp2 separately. Numbering in brackets refers to full
modified cluster (GenBank accession numbers will be supplied upon acceptance of the manuscript). Genetic
elements used for TAR assembly are labelled in light blue.

Genetic element

Nucleotide position in

modified cluster

Sequence origin

(GenBank accession)

Nucleotide position in

original sequence

CysOp1

URA3 homology left 0-100 pRS416 (U03450) 606 - 705
1862 — 2941
Pvan (+vanR) 101-1,180 pPMR3679*
cysA - cysN 1,181 - 36,816 Cbv34 gene cluster (KP836244) 9,687 - 45,325
Xmall 36,817 — 36,822 - -
tD1 terminator 36,823 — 36,871 Myxococcus xanthus phage Mx82 -
Xbal, spacer, Aflll 36,872 — 36,889 - -
LEU2 36,890 — 39,124 pRS415 (U03449) 3498 - 5732
URA3 homology right 39,125 - 39,224 pRS416 (U03450) 506 - 605
CysOp2
URA3 homology left 0-100 pRS416 (U03450) 606 - 705
101 - 106
Xbal - -
(36,872 — 36,889)
107 - 236
Pvan pPMR3679* 2,812 -2,941
(36,878 — 37,007)
237-9,583
cysO - cysT Cbv34 gene cluster (KP836244) 9,347 -0
(37,008 — 46,354)
9,584 - 16,171
Orf5 - Orfl Cbv34 gene cluster (KP836244) 52,049 - 45,462

tD1 terminator

Aflll
LEU2
URA3 homology right

(46,355 - 52,942)
16,172 - 16,220
(52,943 - 52,991)
16,221 - 16,226
16,227 — 18,461
18,462 — 18,561

Myxococcus xanthus phage Mx82

PRS415 (U03449)
PRS416 (U03450)

3498 - 5732
506 - 605
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Supplementary Table 5 | Removal of restriction sites (R-sites) by point mutations from the modified gene
cluster. Recognition sequence of restriction endonucleases are underlined. Silent point mutations (labelled red)
were made to remove R-sites inside coding sequences. Random point mutations were made to remove R-sites in
intergenic regions. Nucleotide position numbering refers to original sequence. Numbering in brackets refers to
revised gene cluster sequence. Sequences which do not contain blanks are non-coding sequences. Removal of R-site
in genetic elements used for TAR cloning are labelled in light blue.

. R-site position in original
R-site removed Sequence before Sequence after
sequence

Pvan (+vanR) (from pMR3679%)

Mrel 1,900 - 1,907 CGC GCC GGC GCT CGC GCC CGC GCT
Bsal 1,998 — 2,003 CGA GAC CGC CGA GAC GGC
Bsal 2,282 — 2,287 GGT CTC CGT CTC

Cbv34 gene cluster (
Bsal 2,390 - 2,395 GGA GAC CGT GGA GAC GGT
Bsal 4,903 - 4,908 GGT CTC CGTCTC
Bsal 5,057 - 5,062 CGA GAC CGG CGA GAC GGG
Bsal 6,047 - 6,052 GGTCTC GGTCTG
Bsal 6,769 - 6,774 GGT CTC CGTCTC
Bsal 7,872 -7877 GGT CTC CGTCTC
Bsal 8,793 - 8,798 GGT CTC CGTCTC
Bsal 13,177 - 13,182 GAG ACC GAG ACG
Bsal 13,618 - 13,623 GAG ACC GAG ACG
Bsal 14,650 - 14,655 GAGACC GAGACG
Bsal 16,384 - 16,389 GAG ACC GAG ACG
Bsal 17,038 - 17,043 GAG ACC GAG ACG
Bsal 18,364 - 18,369 GAG ACC GAG ACG
Bsal 18,628 - 18,233 GAG ACC GAG ACG
Bsal 20,418 - 20,423 GCG GTC TCG GCG GTC AGC
Bsal 20,674 - 20,679 GAG ACC GAG ACG
Bsal 21,829 - 21,834 GAG ACC GAG ACG
Bsal 22,885 - 22,890 CTG GTCTCA CTG GTC AGT
Bsal 23,090 - 23,095 GAG ACC GAG ACG
Bsal 23,573 - 23,578 GAG ACC GAG ACG
Bsal 26,441 - 26,446 TGG GTC TCA TGG GTC AGT
Bsal 27,176 - 27,181 AAG GTC TCG AAG GTG TCC
Bsal 33,118 - 33,123 (33,115 — 33,120) GTGGTCTCA GTC GTGTCA
Bsal 41,424 - 41,429 (41,421 — 41,426) CTGGTCTCT CTCGTG TCT
Bsal 42,270 - 42,275 (42,267 - 42,272) CTG AGA CCG CTC CGACCG
Bsal 44,504 - 44,509 (44,501 - 44,506) GAG ACC GAG ACG
Bsal 46,013 - 46,018 (44,501 - 44,506) GGA GAC CTG GGT GAC CTG
Bsal 49,164 - 49,169 (49,164 - 49,169) CGG GTC TCG CGC GTC TCG
Ndel 9,345 -9,350 CATATG CATCGT

LEU2 (U03449)

KspAl 5,483 — 5,488 GTTAAC GTTAGC

Aflll 4,749 — 4,754 TCTTAAGTT TCT CAAGTT
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Supplementary Table 6 | Name, size and restriction sites or splitter elements (SEs) of the thirteen gene
synthesis cluster fragments. Spacer sequence (sp) was introduced between SE restriction sites.

Cluster e . . L
Description Size [bp]  Flanking restriction sites or SEs
fragment
SE1 (5°): Kpnl-sp(CGTTAA)-Nhel-Bsal
hPvanABC URA3 homology, vanR, Pvan, cysA, cysB, cysC 3,878
SE2 (3¢): Bsal-AfllI-sp(GATTGC)-Pmel
SE2 (5°): Aflll-Bsal
DEF5-G cysD, cysE, cysF, (5) 150 bp of cysG 4,413
SE3 (3¢): Bsal-Avrll-sp(AGCCTA)-Pmel-3¢
5¢-Bsal
G cysG 5,872
3“-Bsal
3%) 173 bp of cysG, cysH, cysl, cysd, (57) 250 bp of 5¢-Bsal
3-GHIJ5-K &) P Y Y At P 5,330
cysK 3‘-Bsal
3-GH1J5- (3’) 1,222 bp of 3-GHIJ5-K fragment, 1,796 bp of 3018
K_flong_v2 pGH cloning vector backbone '
SE4 (5°): Kpnl-sp(GTTACG)-Pacl-Bsal
K1 v2 cysK 2,542 .
SES5 (3¢):Bsal-HindllI-sp(GACCTA)-Pmel
SE5 (5%): Kpnl-sp(CCAGCT)-Hindl11-Bsal
K2_v2 cysK 5,499
SE6 (3¢): Bsal-Asel-sp(AGCCAT)-Pmel
SE6 (5°): Kpnl-sp(TATCCG)-Asel-Bsal
K3_v2 cysK 5,563
SE7 (3¢): Bsal-EcoRI-sp(AGCCAT)-Pmel
SE8 (5°): Kpnl-sp(AGGCGT)-Mrel-Bsal
3-KL (3”) 150 bp of cysK, cysL 3,322
SE9 (3¢): Bsal-Spel-sp(GACTCC)-Pmel
SE9 (5°): Spel-Bsal
NtD1LEU2h cysN, tD1, LEU2, URA3 homology 3,602
SE10 (3¢): Bsal-Notl-sp(GCAGTC)-Pmel
5¢-Bsal
hPvanOPQRS URA3 homology, Pvan, cysO, cysP, cysQ, cysR, cysS 5,687 3-Bsal
‘-Bsal
T-ABC15-2 5¢-Bsal
cysT, ABC1 (Orf5), (5¢) 827 bp of ABC2 (Orf4) 5,666
3‘-Bsal
(3) 1379 bp of ABC2 (Orf4), ABC3 (Orf3), ABC4 SE11 (5°): Swal-Bsal
ABC3-2345tD1 5,139
(Orf2), ABCS5 (Orf1), tD1 SE12 (3°): AfllI-A"GTTTAC-Bsal-Pmel
LEU2pc 5’- H-AfllI
URA3 homology, LEU2, URA3 homology 2,457

3’-Hr -*"GTTT"C-Bsal-3’
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Supplementary Table 7 | Genetic elements used in the design of pMY C vector system.

Nucleotide position in pMYC Sequence origin Nucleotide position in

Genetic element

building block (GenBank accession) original sequence
basic pMYC
KspAl, spacer, Nhel 0-18 - -
URA3 19-1,130 pRS416(U03450)* 187 -1,298
Apall, spacer, Xhol 1,131-1.148 - -
p15A ori 1,149 - 1,981 PACYCL177 (X06402)* 766 - 1,598
CMR (cat) 1,982 — 3,041 pACYC184 (X06403)1 3,605 - 419
IR2 3,042 — 3,090 pFNLTP16 H3 (DQ236098) 4,277 - 4,325
Pseudomonas aeruginosa plasmid
oriT/tral 3,091 - 3,781 50,687 - 51,377
Birmingham IncP-alpha (L27758)
Notl, spacer, SnaBl 3,782 -3,801 - -
CENG6/ARS4 3,802 - 4,570 pRS415 (U03449) 2,729 - 3,497
Mssl, spacer, Pacl, Smal,
spacer, Mrel 457L-4612 ’ )
] Myxococcus xanthus bacteriophage
tD2 terminator 4,613 - 4,662 -
Mx8?
Mx8-tetR
Mssl, spacer, Pacl 0-22 - -
. Bacteriophage Mx8 imm
mx8 integrase 23-1,853 4,979 - 6,809
(BMU64984)
Bst11071, spacer, Spel 1,854 -1,871 - -
tetR 1,872 — 3,250 pALTERL(R) (X65334) 451 -1,829
Smal, spacer, Mrel 3,251 - 3,270 - -
Mx9-kanR
Mssl, spacer, Pacl 0-22 - -
mx9 integrase 23-1,851 mx9 sequence (AY247757) 430 - 2,255
Bst11071, spacer, Spel 1,852 - 1,869 - -
kanR (aph(3)-1a) 1,870 — 2,849 pACYC177 (X06402)% 1,816 - 2,797
Smal, spacer, Mrel 2,850 — 2,869 - -




In vivo and in vitro reconstitution of unique key steps in cystobactamid antibiotic biosynthesis | 125

Supplementary Table 8 | Removal of restriction sites (R-sites) by point mutations from pMYC building
blocks. Recognition sequence of restriction endonucleases are underlined. Silent point mutations (labelled red)
were made to remove R-sites inside coding sequences. Random point mutations were made to remove R-sites in
intergenic regions. Nucleotide position numbering refers to original sequence. Sequences which do not contain
blanks are non-coding sequences.

R-site position in

R-site removed . Sequence before Sequence after
original sequence
p15A (X06402)
Bst11071 1,577 - 1582 GTATAC GCATAC
Nhel 1,588 - 1,593 GCTAGC GCTACC
oriT/traJ (L27758)
Mrel 51,117 -51,124 CGCCGGCG CCCCGGCG
CENG6/ARS4 (U03449)
ApalLl 3,488 —3,493 GTGCAC GTGGAC
URA3 (U03450)
Ndel 329 - 334 CATATG CATATC
Bst11071 741 - 746 GTATAC GTC TAC
Bsal 1,085 -1,090 GTG GTC TCT GTTGTCTCT
Bst11071 1,246 — 1,251 GTATAC GTC TAC
tnp (DQ236098)
KspAl 981 — 986 AGT TAA CAG AGT TAA CAG
EcoRV 1,119-1,124 TGATATCTT ACT TATCTT
Ndel 1,409 -1,414 CATATG CATATC
ampR (bla) (X06402)
ApalLl 8,342 — 8,347 GGT GCA CGA GGT GCC CGA
Bsal 8,942 — 8,947 GGG TCT CGC GGG TCACGC
mx8 (BMU64984)
Bsal 5,937 — 5,942 GAG ACC GAG ACG
Notl 6,711 -6,718 GCG GCC GCC GCC GCG GCC
tetR (X65334)
EcoRV 640 — 645 GAT ATC GAC ATT
Nhel 684 — 689 CTG CTA GCG CTGCTT GCG
mx9 (AY247757)
Ndel 985 - 990 CAT ATG CAC ATG
Bst11071 2,057 - 2,062 GGT ATA CCG GGG ATACCG
Mrel 2,139 - 2,146 GCC GCC GGC GTC 2_(;2 eee cer

kanR (aph(3)-1a) (X06402)
Xhol 1,952 - 1,957 TGC TCG AGG TGC TCA AGG
smal 2,226 2,231 CCC GGG CCA GGG
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Supplementary Table 9 | Source of vector and insert DNA and restriction endonucleases used for
construction of plasmids in this work. [ SEs were removed afterwards during desplitting with Bsal, ! blunt end

ligation since pSynbiol was linearized using only Pmel.

Product generated Vector Insert Insert source Restriction
enzymes

pSynbiolhPvanABC pSynbiol hPvanABC Gene synthesis fragment ~ Kpnl/Pmel
?fé/E;)lothvanABCDEFS-G pSynbiolhPvanABC DEF5-G Gene synthesis fragment  Aflll/Pmel
pSynbiolhPvanABCDEF5-G pSynbiolnPVanABCDEFS-G ; Bsal

(+SE)
pGH-GHIJ5-K_v2 pGH-3-GHIJ5-K 3-GHIJ5-K_flong_v2 Gene synthesis fragment ~ Xhol/Scal
pSynbiolK1_v2 pSynbiol K1 Gene synthesis fragment  Kpnl/Pmel
pSynbiolK12_v2 pSynbiolK1 K2 Gene synthesis fragment :mdlll/Pm
pSynbiolK123 v2 (+SE)® pSynbiolK12 K3 Gene synthesis fragment  Asel/Pmel
pSynbiolK123_v2 pSynbio1K123 (+SE) - - Bsal
pSynbio13-KL pSynbiol 3-KL Gene synthesis fragment ~ Kpnl/Pmel
pSynbio13-KLNtD1LEU2h (+SE)®  pSynbiol3-KL NtD1LEU2h Gene synthesis fragment  Spel/Pmel
pSynbio13-KLNtD1LEU2h pSynbiol3-KLNIDILEUZh - Bsal

(+SE)

[
pSynbio1ABC3-2345tD1 pSynbiol ABC3-2345tD1 Gene synthesis fragment bslwaI/PmeI
pSynbio1ABC3-2345tD1LEU2h pSynbiolABC3-2345tD1 LEU2pc Gene synthesis fragment  Aflll/Bsal
pMYC20 pMYC TetR-mx8 Gene synthesis fragment ~ Smal/Pacl
pMYC21 pMYC KanR-mx9 Gene synthesis fragment ~ Smal/Pacl
pMYC20CysOp1_v2 pMYC20preCysOp1l K123_v2 pSynbiolK123_v2 Bsal
pMYC20Cys_v2 pMYC20CysOp1_v2 CysOp2 pMYC21CysOp2 Xbal/Aflll
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Supplementary Table 10 | UPLC-HRMS and MS? data of natural and unnatural cystobactamids produced in the heterologous M. xanthus DK 1622 strains. Linker
and R1, Rz, Rs classification shown in Figure 1. Fragmentation pattern shown in Supplementary Figure 6. BPC and EIC of minor and major natural cystobactamid derivatives
shown in Supplementary Figure 8. Previously described derivatives are marked in grey.

measured ret. Fragment a Fragment b Fragment ¢

Compound | Linker R: R, R3 nij‘zlc[l'i/llitﬁ;,, m/z Time m/z m/z m/z

[M+H] [min] | caiculated | measured | calculated measured calculated measured

natural cystobactamid derivatives
Cys449 - iPrO H H 450.1660 450.1674 | 9.15 - - - - - -
Cys507 - iPrO iPro H 508.2078 508.2067 | 10.09 - - - - - -
Cys871 B iPrO iPro H 872.2886 872.2926 | 11.43 269.0569 | 484.1257 484.1270 677.1996 677.2012
Cys861-1 E iPro H H 862.2659 8.58 269.0551 532.1452 725.2178
862.2679 725.2207
Cys861-2 A iPrO H H 862.2667 | 10.01 269.0552 532.1442 725.2185
Cys877-1 E EtO MeO H 878.2615 8.12 269.0553 532.1448 711.2027
Cys877-2 A EtO MeO H 8782628 878.2616 9.58 269.0554 532.1454 711.2051 711.2017
Cys891-1a E EtO EtO H 892.2773 8.41 269.0555 532.1451 711.2031
Cys891-1b E iPrO MeO H 892.2784 892.2771 8.54 269.0551 532.1450 725.2207 725.2183
Cys891-2a A EtO EtO H 892.2765 9.90 269.0553 532.1446 711.2051 711.2019
Cys891-2b A iPrO MeO H 892.2768 10.05 269.0551 532.1446 725.2177
Cys905-1a E iPrO EtO H 906.2935 8.65 269.0562 269.0556 532.1453 7252201 725.2192
Cys905-1b E EtO iPro H 9062041 | 906.2943 | 8.83 269.0555 | 932.1468 | 5321455 112051 711.2033
Cys905-2a A EtO iPro H 906.2923 | 10.18 269.0551 532.1439 711.2028
Cys905-2b A iPrO EtO H 906.2932 | 10.40 269.0553 532.1451 725.2182
Cys919-1 E iPro iPrO H 920.3090 9.06 269.0552 532.1452 725.2190
: , 920.3097 725.2207

Cys919-2 A iPro iPrO H 920.3097 10.67 269.0553 532.1451 725.2185
Cys933-1a E iPrO Mell;r o H 934.3233 9.20 269.0549 532.1450 725.2180
Cys933-1b E 1-MePro | iPro H 0343054 | 934.3241 | 9.25 269.0554 532.1453 | 739.2364 | 739.2350
Cys933-2b; A iPrO Mell;r o H 934.3237 9.42 269.0555 532.1454 725.2207 725.2171
Cys933-2b, A 1-MePrO iPro H 934.3236 9.47 269.0553 532.1445 739.2364 739.2328
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Fragment a Fragment b Fragment ¢

calculated measured ret.
Compound | Linker R; R, R3 m/z Time m/z m/z m/z

m/z [M+H]+ [M+H]+ [min]
calculated measured calculated measured calculated measured

natural cystobactamid derivatives

Cys935-1 E iPro iPrO OH 936.3037 9.58 269.0558 532.1436 725.2200
936.3046 269.0562 532.1468 725.2207

Cys935-2 A iPrO iPro OH 936.3038 | 11.38 269.0552 532.1446 725.2182

unnatural cystobactamid derivatives

Cys905-1c G iPrO iPro H 906.3004 | 8.77 269.0578 518.1337 711.2092

Cys905-2¢ F iPrO iPro H 906.3007 | 10.30 269.0576 518.1342 711.2090
906.2941

Cys905-2d ? iPrO iPro H 906.2928 | 10.24 269.0555 518.1298 711.2025

- - 711.2051

Cys905-2e ? iPro iPro H 906.2917 | 11.15 518.1312

Cys919-2b; A iPrO Mell;ro H 920.3058 920.3083 | 10.45 269.0562 269.0555 518.1310 711.2025

Cys919-2b, A iPrO Mell;r o H 920.3058 920.3086 | 10.67 269.0557 518.1294 711.2036

Cys889-1a | iPrO iPro H 890.3031 8.88 269.0565 502.1371 695.2116
890.2992 502.1363 695.2102

Cys889-2a H iPrO iPro H 890.3033 | 10.44 269.0565 502.1374 695.2113

Cys889-1b E iPrO iPro H 890.3396 7.98 239.0823 502.1739 695.2483
890.3355 239.0821 502.1727 695.2466

Cys889-2b A iPrO iPro H 890.3386 9.38 239.0819 502.1734 695.2474
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Supplementary Table 11 | Manipulated plasmids generated via Red/ET recombineering and restriction
hydrolysis/re-ligation.

Product generated Description Vector used for Red/ET Red/ET product
pMYC20Cys_v2AAMDH Deletion of X domain in cysH pMYC20Cys_v2 pMYC20Cys_v2AAMDHampR
pMYC20Cys_v4AcysQ Deletion of cysQ pMYC20Cys_v2 pMYC20Cys_v2AcysQampR
pMYC20Cys_v4Acys) Deletion of cysJ pMYC20Cys_v2 pMYC20Cys_v2AcysJampR
pMYC20Cys_v4AcysJAAMDH  Deletion of cysJ and X domain incysH  pMYC20Cys_v4AcysJ EHT‘;CZOCys_v4AcySJAAMDH
pMYC20Cys_v4AcysB Deletion of cysB pMYC20Cys_v2 pMYC20Cys_v2AcysBampR
pMYC20Cys_v4AcysR Deletion of cysR pMYC20Cys_v2 pMYC20Cys_v2AcysRampR
pMYC20Cys_v4AcysC Deletion of cysC pMYC20Cys_v2 pMYC20Cys_v2AcysCampR
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3 Corramycin — a novel antibiotic class from myxobacteria
hijacking inner membrane transporters of Enterobacteriaceae:
Isolation, structure elucidation, biosynthesis, total synthesis and

in vivo activity in infected mice

3.1 Abstract

Corramycins were isolated as novel secondary metabolites in a bioactivity-guided approach from
the myxobacterium Corallococcus coralloides. They represent a novel peptide antibiotic class
containing hitherto unique chemical features like a (2R,3S)-y-N-methyl-B-hydroxy-histidine moiety.
Genome sequencing of two producer strains enabled identification of the corresponding biosynthetic
gene cluster (BGC). We propose a model for the biosynthesis of corramycins by a 12-module
megasynthetase assembly line based on in silico analysis and feeding experiments with isotope-
labeled precursors. The assembly line harbors a fatty-acid activating FAAL domain in the starter
module that does not correspond to the molecules structure. In vitro reconstitution of fatty acid
activation by FAAL indicates the presence of a pre-drug mechanism, involving acylated corramycin.
Furthermore, eight stereocenters could be assigned by prediction from the BGC, eventually being
verified by achieving a total synthesis of the molecule, which also allowed elucidation of the
absolute configuration. One corramycin derivative, Cor1183, shows activity in the low uM range
against Escherichia coli and no cross-resistance with any of the known antibiotics. Therefore, an
unprecedented mode of action is postulated and shown to be dependent on uptake of Cor1183 via
two redundant systems, SbmA and YejJABEF. Administration of Cor1183 in a mouse model of
E. coli septicemia lead to a 100 % survival rate of the mice after 4 days starting from 20 mg kg™
administration. Taken together, the novel compound class of corramycins is a promising starting

point for the development of a potent antibacterial drug to tackle hospital-acquired infections.
3.2 Introduction

The rise of antimicrobial resistance (AMR), especially in pathogens belonging to the ESKAPE panel
(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumonia, Actinetobacter baumanni,
Pseudomonas aeruginosa and Enterobacter species), is a global threat for the human health care
system.>2 Particularly some multidrug-resistant Gram-negative pathogens were ranked with critical
priority by the WHO (World Health Organization). The insight that resistance is only a question of
time and all antibiotics therefore have only a limited life-span of use induces a constant need for
novel therapeutics to successfully fight infectious diseases.®™ Most of the recently FDA-approved

drugs derive from known antibiotic classes such as the 3-lactam/p-lactamase inhibitor combinations
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ceftolozane/tazobactam, ceftazidime/avibactam,® meropenem/vaborbactam,” the aminoglycoside
antibiotic plazomicin® and the tetracycline derivative eravacycline,® which makes a rapid resistance
development likely. However, a number of new structures with a new mode of action were recently
described, for example the Gram-negative outer membrane-targeting compounds darobactin,’® a
chimeric peptidomimetic combinding pharmacophores of murepavadin and polymyxin B;** and the
small molecule MRL-494.*2 Another example are the Streptomyces-derived griselimycins, which
are highly active against Mycobacterium tuberculosis by inhibiting the new antimicrobial target
DnaN, the DNA polymerase sliding clamp.!® Nevertheless, those antimicrobials are still under
investigation and the discovery of antibiotic classes with new modes of action against

Gram-negative pathogens remains indispensable.

Bacterial natural products remain a main resource in the drug discovery process.* Myxobacteria are
Gram-negative 6-proteobacteria exhibiting a complex life-cycle and advanced multicellular social
behavior, inhabiting almost every living space, including soil, deep-sea sediments, sweet water and
hydrothermal vents.’® Although poorly studied in comparison to actinomycetes, the order
myxococcales produces a large quantity of natural products with remarkable chemical diversity.®-
18 Furthermore, myxobacteria have the largest known genomes in the bacterial domain with genome
sizes ranging from 9 to 16 Mbp. The genomes contain 6-10 % of biosynthetic genes in 10 to 20
different clusters. Therefore, myxobacteria are thought to exhibit an equal potential for the

biosynthesis of natural products as actinomycetes.**2

Microbial natural products, including therapeutically valuable antibacterials, are structurally highly
diverse and exhibit complex chemical scaffolds. They are most often produced by multifunctional
enzyme complexes via two major pathways: the polyketide synthases (PKSs) and non-ribosomal
peptide synthetases (NRPSs).?? The multimodularity, functionality and plasticity of PKS and NRPS
systems are described in detail elsewhere.?2° Briefly summarized, both systems follow a similar
assembly line logic, in which a cascade of condensation reactions links simple monomeric building
blocks. In silico identification and analysis of secondary metabolite gene clusters encoding those
megaenzymes in bacterial genomes, e.g. with software like antiSMASH,?® improved genome mining
approaches in the past. Moreover, the automated annotation of potential biosynthetic gene clusters
(BGCs), the prediction of domain organization in PKS and NRPS modules or their substrate

specificity?’ 2

enables assignment of known metabolites to previously unknown clusters or
predictions of the stereochemistry based on sequence analysis.® The stereochemistry of amino acids
in nonribosomal peptides can often be predicted by determination of the functional subtype of a
condensation (C) domain.?® “C. domains catalyze peptide bond formation between two L-amino

acids, whereas °C. domains connect a D-amino acid with an L-amino acid.
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Herein, we report the discovery of the novel natural product class of corramycins, which we isolated
from the myxobacterium Corallococcus coralloides. Structure elucidation via NMR revealed some
unprecedented structural features as for example the (2R,3S)-y-N-methyl-B-hydroxy-histidine
moiety. One derivative, corramycin 1183 (Cor1183), showed antibacterial activity against the
ESKAPE pathogen Escherichia coli in the low pM range. Furthermore, we identified the
corresponding BGC after genome sequencing of two producer strains. Based on in silico analysis of
the BGC, we provide a biosynthesis model by a hybrid NRPS-PKS assembly line, including the
probable presence of a pre-drug mechanism, and predicted the stereochemistry of eight
stereocenters. The correctness of this prediction was confirmed by the total synthesis of Cor1183.
Furthermore, the absolute configuration of the molecule was elucidated by the synthesis of every
possible diastereomer and subsequent structural comparison with Cor1183. Moreover, we identified
two Corl1183 uptake systems of E. coli, SbmA and YejABEF, and observed a low frequency of
resistance in E. coli using minimal medium. Finally, we observed promising results in an infected

mouse model with a 100 % survival rate after 4 days when administering 20 mg kg™ of Cor1183.
3.3 Results & discussion

3.3.1 Identification and isolation of a novel antibiotic class from myxobacteria

We screened 3.896 myxobacterial extracts for their antimicrobial activity. Over 200 extracts were
selectively active against E. coli ATCC35218. One of them contained an unknown active metabolite
with an m/z [M+H]" value of 1184.56, which was subsequently isolated in an activity-guided
isolation process from C. coralloides ST201330. We named the compound corramycin 1183
(Cor1183). Notably, we identified another strain Corallococcus coralloides MCy10984 producing

the same compound.

To confirm the antibacterial activity of the purified compound, the MIC (minimal inhibitory
concentration) of Cor1183 against E. coli ATCC35218, other E. coli strains and some important
human pathogens was determined using a standard CLSI (Clinical and Laboratory Standards
Institute) protocol.® Cor1183 is mainly active against E.coli ATCC35218 with a MIC of
1-4 pg mL, but also against additional E. coli strains, including multidrug-resistant ones, and
S. typhimurium (4 pg mL™) (Table 1). However, Cor1183 showed only a very limited or no activity
against several Gram-negative and Gram-positive pathogens causing severe nosocomial infections
such as Staphylococcus aureus, Pseudomonas aeruginosa, Klebsiella pneumoniae and others

(Supplementary Table 1).



136 | Corramycin — a novel antibiotic class from myxobacteria

Table 1 | MIC values of Cor1183 against selected Gram-

negative and Gram-positive pathogens.

Gram-negative species Strain MIC (ug mL?)
E. coli NCTC 10418 8
ATCC 25922 6
ATCC 35218 1-4
DSM 46345 32
NCTC13441 4
ATCC25922 2-8
1705863 8
1705878 16
MG1655 WT 8-16
S. typhimurium ATCC 13311 4
E. cloacae 17059482 >64
DSM 46348 32
K. pneumoniae 1705966 >64
1705949 64
ATCC 13883 64
Gram-positive species  Strain MIC (ug mL1)
E. faecium A6349 >64
DSM 17050 64
E. faecalis 1069 VanB 16

Albeit the narrow activity spectrum of Cor1183, we tested if Cor1183 exhibits cross-resistance with
known antibiotic classes or whether there are any indications for a potentially new mode of action
(unpublished data, personal communication with Stephane Renard). As we could not observe cross-
resistance to any of the known antibiotic classes, we assessed Cor1183 as a good starting point to
develop a novel anti-Gram-negative therapeutic.

3.3.2 Elucidation of the flat structure and identification of corramycin derivatives

Next, we aimed for the elucidation of the flat structure of Cor1183 using intense NMR studies (data
will be provided in the Supplementary Information in a later stage of the writing process). Cor1183
exhibits a linear peptidic structure with eight p-amino acids including several unique structural
features such as the so far unknown y-N-methyl-B-hydroxy-histidine, an 5-amino-2,3-dihydroxy-4-

methoxy-pentanoyl moiety and an N-terminal dihydroxy butyric acid moiety (Figure 1).
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Figure 1 | Flat structure of corramycin and BPC of a methanolic crude extract from C. coralloides Mcy10984.
a: The structures of Cor1183, Cor1199 and Cor1347 were verified by NMR. b: Base peak chromatogram (BPC)
of methanolic crude extract from C. coralloides Mcy10984. The different corramycin derivatives are labelled.
*Peak intensity of Cor1169 was close to detection limit.

Interstingly, the supplementation of isotope-labelled precursors in the fermentation process coupled
with high-resolution ESI-MSn analysis enabled the identification of several corramycin derivatives
(Table 2, Supplementary Figure 1 and Supplementary Figure 2), including demethylated (Cor1169),
hydroxylated (Cor1199) and double-hydroxylated (Cor1215) corramycins. We were able to purify
Cor1183 and Cor1199 and elucidate their flat structures by NMR (data will be provided in the
Supplementary Information in a later stage of the writing process); however, the concentrations of
Cor1169 and Cor1215 in the fermentation broth were too low to allow compound isolation.
Furthermore, a species with 1348 m/z [M+H]" (Cor1347) showed identical mass shifts as Cor1183
upon supplementation of isotope labeled precursors and showed the highest peak intensities of all
corramycin derivatives (Figure 1b). Corl347 was isolated and the structure was elucidated via
2D NMR (HSQC and HMBC) experiments (data will be provided in the Supplementary Information
in a later stage of the writing process) (Figure 2). Compared to Cor1183, Corl347 is hydroxylated
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at the CH. group of glycine and additionally exhibits a second hydroxy group, which is glycosylated
with a furanose moiety and attached at position 1 of the 5-amino-2,3-dihydroxy-4-methoxy-
pentanoyl moiety. Notably, we also examined the antibacterial activity of the isolated corramycin
derivatives (data not shown), but surprisingly all of them lack antibiotic activity in the tested panel.
Thus, our follow-up experiments focused on the only active congener, Cor1183.
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Figure 2 | Flat structure of Cor1347. Structural differences compared to Cor1183 are labelled in red.

Table 2 | Supplementation experiments of isotope-labelled corramycin precursors and detection of
corramycin derivatives. On the left Am/z shows the observed mass shift in Cor1183 after supplementation of the
respective isotope-labelled precursor. The listed corramycin derivatives were identified after isotope-labelled
precursor supplementation. Am/z refers to the mass difference compared to Cor1183.

Supplementation Corramycin derivatives
Isotope Am/z Moiety Module Derivative m/z  Am/z  Maodification
ds-Met 12 4 x Me - Cor1183[ 1184 -
13C4-15N- 3 B-Ala 4 Cor1169 1170 -14 - CH3
Asp
1-18C-Ac 1 - - Cor1199l 1200 +16 +OH
2-18C-Ac 1 Ac 5 Corl1215 1216 +32 +2 OH
13C,-Ac 2 - - Cor13471 1348 + 164 +20H+
ds-Phe 5 Phe 6 pentose
d2-Gly 2 Gly 7
dg-Val 14 2 x OH- 8,10

Val

ds-Ser 6 2 X Ser 9,12
ds-Leu 3 Leu 11
de-OH-Val - - -

18C4-15N-Thr
13C;-Glycerol
&l Structure determined by NMR.

3.3.3 Identification of the corramycin biosynthetic gene cluster

We next aimed for the identification of the corresponding BGC to gain insights into the biosynthesis

and the stereochemistry of the unique structure of corramycins. Considering the peptidic structure

OH
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and the presence of the N-terminal dihydroxy butyric acid and the 5-amino-2,3-dihydroxy-4-
methoxy-pentanoyl moiety, we assumed that they are produced by a hybrid NRPS-PKS. Thus, we
sequenced the genomic DNA of both producer strains and screened for respective clusters in the
genome of C. coralloides ST201330 after antiSMASH analysis.*> We identified a locus harboring
three NRPS modules including an N-methyltransferase domain (N-MT) with predicted adenylation
(A) domain specificities for Phe-(N-MT)-Gly-Val based on the Stachelhaus code.?® This prediction
agreed with the chemical structure of Cor1183 and enabled the identification of the complete BGC
in both producer strains (for details see Supplementary Information). The 12-modular hybrid
NRPS-PKS assembly line of corramycin is encoded by five core genes (comK-O), which are
organized in one putative operon. To determine the cluster borders, we compared the genomic
regions surrounding the five genes in both producer strains with the phylogenetically closely related
non-producer strain Corallococcus coralloides DSM2259 (Supplementary Figure 3). Fifteen
putative genes were identified that presumably belong to the corramycin BGC (Table 3).

Table 3 | Proposed function of the biosynthetic genes involved in corramycin biosynthesis.

Gene Size (aa) Proposed function Homolog Identity (%)
COmA 370 JmjC domain containing protein, hydroxylase JMJ30 25
comB 378 o-Phtalyl amidase / lipase POC2Y0 25
comC 424 Glycosyltransferase (membrane-bound) arnF 31
comD 383 DNA replication and repair RecF 38
comE 130 Aspartate decarboxylase panD 78
comF 342 Luciferase-like monooxygenase BtrO 27
comG 364 Kinase murA 26
comH 388 JmjC domain containing protein, hydroxylase KDM8 32
coml 372 Limonene 1,2-monooxygenase limB 24
comJ 524 Vitamin  Bi-dependent radical-SAM  Predicted bchE 26
methyltransferase domain
specificity

comK 5379  NRPS M1 (FAAL-ACP) Acyl

M2 (C-HAD-T) D-1,3-BPG
comL 9.690 NRPS M3 (C-A-MT-T-E) L-His

M4 (C-A-MT-T) B-Ala
comM 4.554 PKS M5 (KS-AT-KR-ACP) Ac
comN 1419  NRPS M6 (C) L-Phe
comO 23328 NRPS M6 (A-MT-T)

M7 (C-A-T) Gly

M8 (C-A-T) L-Val

M9 (C-A-T) L-Ser

M10 (C-A-T) L-Val

M11 (C-A-T) L-Leu

M12 (C-A-T-TE) L-Ser
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3.3.4 Elucidation of the corramycin biosynthesis

Based on the in silico analysis of the putative genes involved in corramycin biosynthesis and feeding
experiments with isotope-labelled precursors (summarized in Table 2), we were able to propose a

biosynthesis model shown in Figure 3.

The first module of the assembly line, encoded by comK, contains a fatty-acyl AMP ligase (FAAL),
a member of the adenylate forming enzymes. FAALS are often associated with NRPS/PKS pathways
as a starter unit catalyzing the acylation of the first building block.®3-** In silico analysis revealed
that all active sites in the corramycin FAAL are present (Supplementary Figure 4) and predicted a
substrate specificity for long-chain fatty acids ranging from 5-12 C-atoms. To examine if the FAAL
domain is indeed active and to investigate its substrate specificity, we heterologously overexpressed
it in E. coli BL21 (DE3) and performed a malachite green assay®® after protein purification. We
observed activation of numerous linear fatty acids with different lengths by the FAAL domain
(Figure 4). The highest activity was observed for decanoic acid and the spectrum of activated fatty
acid ceased at tridecylic acid and hexanoic acid. The broad substrate specificity of the FAAL is not
unexpected because lipopeptides often occur with various fatty acid chain lengths on the same
peptide backbone.***"*® However, upon re-inspection we did not find fatty acid-linked corramycin

derivatives in the extracts of the producer strains.

There are numerous examples of lipopeptides harboring FAAL-incorporated fatty acid residues
which are vital for their bioactivity.>** On the contrary, in the biosynthesis of the myxobacterial
lipopeptide vioprolide, a fatty acid-linked precursor is biosynthesized and maturation of the active
product is achieved by hydrolysis of the fatty acid.”® Since the corramycin FAAL domain is
evidently active, we speculate that inactive, acylated corramycins are produced in terms of self-
protection of the producer strain and, similarly to vioprolide biosynthesis, subsequently hydrolyzed
to their active form. However, in contrast to vioprolide case, we could thus far not identify any
acylated corramycin precursors, requiring further investigations in future experiments. A
hypothetical pre-drug mechanism in corramycin maturation could include ComB and ComC, a
putative hydrolase and flippase-like exporter, respectively, the latter showing homology with
glycosyl transferases. Both harbor an N-terminal peptide signal for periplasmic localization. The
membrane bound ComC might be involved in the export of putatively inactive, acylated corramycin
precursors to the periplasm, where hydrolysis by ComB facilitates maturation to the final, active

product.
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Figure 3 | Proposed biosynthesis scheme of corramycin. The 12-modular NRPS-PKS assembly line produces a fatty acid-linked corramycin precursor which is hypothesized to
be deacylated and transported into the periplasm by ComC and ComB prior to export. FAAL.: fatty-acyl AMP ligase; ACP: acyl carrier protein; C: condensation domain; HAD:
haloacid dehalogenase; T: thiolation domain; A: adenylation domain; MT: methyltransferase domain; E: epimerization domain; KS: ketosynthase; AT: acyl transferase; KR:

ketoreductase; TE: thioesterase domain.



142 | Corramycin — a novel antibiotic class from myxobacteria

R-COOH > R-CO-AMP
0.5+ / \

0.4- ATP PP,

0.34

02
N -
o.o- -__-/. e .WWM- —

C6 C8 C9 Cl10 Cl1l1 C12 C13 Blank
linear fatty acid length

AAGZS

Figure 4 | In vitro adenylation of linear fatty acids by the FAAL
domain. Pyrophosphate (PP;) production was detected in a malachite
green assay. The shift in absorption at 625 nm (AAszs) was detected and
used to determine the substrate specificity of the FAAL domain.

Another self-protection mechanism of C. corralloides includes ComG, a member of the protein-
kinase-like superfamily. Heterologous expression of ComG in E. coli BL21 (DE3) increased the
resistance against Cor1183 by a factor of 10% (Supplementary Figure 5). With ComG showing
homology to kinases, we speculate that corramycin may be inactivated by phosphorylation similar
to aminoglycoside resistance mechanisms. Interestingly, heterologous expression of ComD in
E. coli BL21 (DE3) also lead to a 1,000-fold increase in resistance against Cor1183; however, at
this time we did not find any well-described homologs of ComD that could enable us the proposal
of a putative resistance mechanism. Future experiments may address those self-resistance
mechanisms, which could possibly lead to identification of the cellular target of corramycins and

pave the way to elucidate the mode of action.

The second module in corramycin biosynthesis, also encoded by comK, harbors an Fkbh-like domain
belonging to the haloacid dehalogenase (HAD) superfamily. The same architecture of the first two
modules (FAAL-ACP-C-HAD-T) was described for vioprolide, in which an unusual esterification
process leading to the incorporation of a glycerate building block was described.*® However,
corramycins harbor an N-terminal C-4 butyric acid moiety and glycerate only contains three
C-atoms. Thus, we assume that a glycerate moiety is incorporated and subsequently C-methylated
in corramycin biosynthesis. Based on the feeding of ds-methionine during fermentation of
C. coralloides MCy10984 with subsequent analysis using LC-MS (Supplementary Figure 1), we

propose this reaction to be performed by ComJ, a radical-SAM methyltransferase.



Corramycin — a novel antibiotic class from myxobacteria | 143

One intriguing chemical feature of corramycins is the unprecedented vy-N-methyl-B-
hydroxy-histidine moiety. Based on the architecture of module 3 including a putative
N-methyltransferase and an epimerization (E) domain, we assume that L-histidine is activated by the
A domain, N-methylated in cis and subsequently epimerized to y-N-methyl-D-histidine.
Interestingly, no NRPS-associated N-methyltransferase acting in cis on an aromatic substrate was
described before. So far, also no biosynthetic pathway for B-hydroxylation of histidine has been
described. NikQ, a heme-protein, has been described to facilitate the B-hydroxylation of histidine in
the nikkomycin biosynthesis.*” Interestingly, free histidine is not accepted and has to be loaded onto
a T domain by a respective A domain, before it is recognized by NikQ. However, we could not
identify any cytochrome P450 or other heme-containing proteins in the corramycin BGC. Thus, we
assume a different mechanism taking place in corramycin biosynthesis that has to be addressed in

future experiments.

Another intriguing feature of corramycins is the unusual 5-amino-2,3-dihydroxy-4-methoxy-
pentanoyl moiety. Based on the in silico analysis of modules 4 and 5, coupled with feeding
experiments, we propose incorporation of B-alanine by module 4 with decarboxylation by CorE and
an O-methylation performed in cis, which is followed by a C-2 extension catalyzed by the type I
PKS module 5.

Interestingly, two B-hydroxy-valines are found in corramycins, which is a rarely observed building
block in natural products. Independent supplementation of ds-L-valine, de-L-hydroxy-valine and
13C,4-1N-L-threonine during fermentation showed that only valine was accepted by the NRPS
(Table 2). Subsequently, hydroxylation occurs either on-line or after the product release. The
B-hydroxy-valine moiety was also found in the myxobacterial nonribosomal peptide
myxoprincomide,*® however the biosynthetic origin has thus far not been identified. Notably, no
enzyme was identified in the myxoprincomide BGC that catalyzes hydroxylation of valine indicating
that the responsible genes are located elsewhere in the genome. For corramycin biosynthesis, further
investigations are necessary to clarify the biosynthetic origin of p-hydroxy-valine, for example by

the independent deletion of the genes encoding putative hydroxylases.

3.3.5 In silico analysis-based prediction of eight stereocenters and elucidation of the

absolute configuration of corramycin

Based on the in silico analysis of the module and domain architecture of the corramycin assembly
line, we were able to predict the configuration of eight stereocenters (labelled in yellow in Figure 5).
The HAD (FkbH) domain was proposed to load and dephosphorylate b-1,3-bisphosphoglycerate

and was experimentally shown to activate D-3-phosphoglycerate by the vioprolide FkbH domain.*
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Consequently, we proposed an R configuration for position 2 in corramycin. The analysis of all
C domain subtypes (Supplementary Figure 6) revealed an “C. architecture for the C domain of
module 3 (histidine) and a °C architecture of the C domain of module 4. Since module 3 harbors
an E domain, we postulate that L-histidine is activated by module 3 and subsequently epimerized to
a D-histidine, which leads to an R configuration at the position 3 in corramycin. The C domain
subtypes of modules 6 and 8-12 were determined as “C. subtype and no additional epimerization
domains were identified within the respective modules. Consequently, we proposed S configuration
for phenylalanine, both B-hydroxy-valines, both serines and leucine. Since the remaining five
stereocenters biosynthetically either arose by hydroxylation through tailoring enzymes or by
downstream PKS modifications, we were not able to predict configurations due to a lack of

bioinformatics tools.
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Figure 5 | Absolute configuration of corramycin. The configuration of the thirteen stereocenters of Cor1183 is
given. Stereocenters which were correctly predicted after the in silico analysis are labelled in yellow. The remaining
stereocenters were elucidated by comparison with numerous chemically synthesized diastereomers. Stereocenters
which are only present in the corramycin derivatives Cor1199 and Corl347 and have to be elucidated in future
experiments, are labelled in green.

To verify the correctness of the predicted configuration of the eight stereocenters and to elucidate
the configuration of the remaining five stereocenters, we aimed for the comparison of the isolated
Cor1183 from fermentation with synthetic standards. Therefore, we established a total synthesis
route to synthesize all possible diastereomers, finally allowing the elucidation of the absolute
configuration of Cor1183 (the synthesis of all diastereomers and comparison with Cor1183 by NMR

will be added to the Supplemetary Information in a later stage of writing) (Figure 5).

OH
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3.3.6 Total synthesis of Cor1183

The total synthesis of Cor1183 was not only established to elucidate the absolute configuration of
the molecule, but also to overcome the low availability by fermentation and to set the basis for
structure engineering towards analogs with improved antibacterial activity profile and favorable
pharmaceutical properties. Therefore, we planned to start a solid-phase peptide synthesis (SPPS)
approach beginning from the C-terminal L-serine using a traditional Fmoc-strategy with hydroxyl
group-protected amino acids. However, since Cor1183 contains unprecedented and commercially
unavailable building blocks, we had to performed a retrosynthetic analysis, in which we separated
the peptidic C-terminal part of the molecule, including the B-hydroxy-L-valines (subsequently
referred to as 2), from the N-terminal part, including building blocks we had to synthesize separately,
such as the 5-amino-2,3-dihydroxy-4-methoxy-pentanoyl-phenylalanine moiety (3), the
(2R,3S)-y-N-methyl-B-hydroxy-histidine (4) and the dihydroxy butyric acid (5) (Figure 6).
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Figure 6 | Retrosynthetic analysis of Cor1183.

The synthesis of 2 was possible by using a previously described strategy starting from D-Serine
(Figure 7). The esterification of the carboxy group in D-Serine by addition of a methyl group was
followed by Fmoc protection of the amino group resulting in intermediate 13. The subsequent
addition of the Grignard reagent MeMgBr delivered a tertiary alcohol, followed by the oxidation of

the alcohol, resulting in an acceptable overall yield of 2 (33 % over four steps).
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Figure 7 | Synthesis of building block 2. Reagents and conditions: a) SOCI,, MeOH, 0 °C to room temperature
(RT) to reflux, 3 h (yield 94 %); b) FmocOSu, Dioxane-water (1:1), NaHCOs, 0 °C to RT, 2 h (yield 72 %); c)
MeMgBr, THF, -78 °C to 0 °C to RT, (yield 69 %); d) Tempo, NaOCI, NaClO,, pH 4 buffer, CH3;CN, 0 °C to rt
(yield 72 %).

More steps were required for the synthesis of 3 (Figure 8). The commercial availability of a protected
D-Ribose derivative (8) had the advantage having three stereocenters according to the corramycin
structure. We used this building block as starting point for the synthesis of 3. In the first two steps,
the free alcohol was replaced by an azido group to yield intermediate 17. Then the lactone ring was
opened using a derivative of L-phenylalanine (7) to yield intermediate 18 (57 % yield). Methylation
of the free alcohol and amide group, followed by deprotection of primary alcohol with TBAF and
oxidation, furnished derivative 20. Finally, the transformation of the azido group into an Fmoc-
protected amine under hydrogenation conditions allowed to obtain building block 3 in an overall

acceptable yield of 12 % over seven synthesis steps.

Due to the presence of two stereocenters in building block 4, we envisaged to create those by
enantioselective aldolisation using a titanium enolate derived from a chiral iminoglycinate (Figure
9). Using a-pinene as chiral agent, an oxidation step was followed by imine formation with protected
glycine, delivering 24. The aldolisation step with imidazole (9) using CITi(OiPr)s as Lewis acid
followed by acidic deprotection delivered 26, which was directly protected with a Fmoc group to
furnish 27. Alcohol protection and carboxylic acid deprotection yielded the final building block 4 in
a good overall yield (5 % for seven steps). Building block 5 was synthesized by a saponification of
the commercial starting material 11 with lithine in a THF/water mixture at room temperature for

15 h with a yield of 100 % (The synthesis scheme will be provided in a later stage of writing).
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Figure 8 | Synthesis of building block 3. Reagents and conditions: a) EtsN, TBSCI, imidazole, DCM, 0-15 °C,
16 h (yield 47 %); b) TsCl, pyridine, DCM, 0-15 °C, 16 h (yield 82 %); c) NaN3;, DMF, 15-60 °C, 3 h (yield 87 %);
d) 15-80 °C, 16 h (yield 57 %); €) Mel, NaHMDS, THF, -70-15 °C, 16h (yield 94 %); f) NH4F, MeOH, 80 °C, 16 h
(yield 80 %); g) NaClO, TEMPO, NaClO,, MeCN, H0, 10-15 °C, 16 h (yield 86 %); h) H, (15-30 psi), Pd/C,
FmocOSu, THF, 25 °C, 16 h (yield 45 %).

Finally, the synthesis of Cor1183 was completed by coupling all the amino acids and respective
building blocks (Figure 10). Therefore, we used traditional Fmoc-SPPS in standard conditions
(HATU, DIEA, DMF, room temperature) starting from Fmoc-TBDMSO-L-serine using Fmoc-
L-Leu, Fmoc-pB-OH-L-valine, Fmoc-TBDMSO-L-serine, Fmoc-B-OH-L-valine and glycine.
Incorporation of 3 was achieved at -20°C in order to minimize epimerization of C, in the
phenylalanine moiety. Around 10 % of the D diastereoisomer was generally observed at room
temperature, whereas only around 2 % was present at -20 °C. After incorporation of 4, the final
coupling with building block 5 was achieved. The silyl protecting groups were removed with TBAF
followed by cleavage of the peptide from the resin with HFIP. Final acidic deprotection was
followed by a reverse-phase purification step, yielding pure Cor1183. In conclusion, the first total
synthesis of Corramycin has been accomplished with the confirmation of the structure via NMR and

biological activities in comparison with purified Cor1183.
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Figure 9 | Synthesis of building block 4. Reagents and conditions: a) KMnQs, acetone/water, 0-5 °C, 26 h (yield
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Figure 10 | Synthesis of Corl1183. Reagents and conditions: a) HATU, DIPEA, RT, 18 h, DMF;
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3.3.7 Frequency of resistance and corramycin uptake

Next, we planned to investigate the potential of Cor1183 as a starting point for the development of
a new antimicrobial drug. Therefore, we first performed a time-kill curve experiment using
E. coli ATCC25922, which was cultivated in MHB full medium or M9 minimal medium, and the
4x and 8x MIC of Cor1183 (Supplementary Figure 7). This experiment revealed that Cor1183 is
rapidly bactericidal, independent of the medium used. However, we observed regrowth in MHB
after already 6 hours indicating that E. coli gained resistance towards Cor1183 with a high-frequency
of resistance (FOR) under these conditions. Therefore, we performed a FOR experiment using
E. coli ATCC25922 in MHB and M9 medium with a 4x MIC of Cor1183. The FOR was much higher
in MHB medium (3.8 x 10®) compared to M9 medium (3 x 10'%°). Next, we sequenced the genome
of resistant E. coli clones cultivated in MHB medium to identify potentially responsible mutations.
A frameshift in the gene encoding the SbmA transporter gave a first hint about the bacterial uptake
systems of Cor1183 as the potential inactivation of SbmA, caused by the frameshift, may confer
resistance towards Cor1183. Interestingly, clones harboring the mutated SbmA were only resistant
towards Cor1183 in MHB medium but not in M9 medium. Thus, we performed an additional
resistance experiment with SbomA mutants in M9 medium. We sequenced the genome of clones
which gained resistance towards Corl183 in M9 medium and found additional mutations
(frameshifts) in YejE or YejF. Independent or combined deletions of SbmA and YejEF in E. coli
ATCC25922 using A red-mediated homologous recombination (will be described in the Method
section and Supplementary Information in a later stage of writing) resulted in strains that showed
medium-dependent resistance towards Cor1183 (Table 4). The uptake appears to be dependent on
the single SbmA transporter in MHB medium and both SbmA and YejEF transporters in M9
medium. Functional complementation of SbmA and YejEF in E. coli ATCC25922 AsbmA/AyejEF
(will be described in the Supplementary Information in a later stage of writing) revealed that solely

SbmA is able to restore susceptibility to Corramycin in MHB medium.

Table 4 | Susceptibility of E. coli towards Cor1183 after deletion and
complementation of SbmA or YejEF. MIC values are given in ug mL™,

Strain/Medium E. coli ATCC25922

wild type AsbmA AyejEF AsbmA/AyejEF
MHB 4 64-128 4-8 >128
M9 2 2 2 >128

E. coli ATCC25922 AsbmA/AyejEF

Strain/Plasmid/ DBAD- yel
Medium empty pBAD VeJABEF empty pTRC pTRC-sbmA
MHB >128 >128 >128 2
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One recognized bottleneck for the identification of novel agents with specific antimicrobial activity
against Gram-negative bacteria is the difficulty for compounds to penetrate the robust permeability
barrier caused by the differing properties of outer and inner membranes.*® Cor1183 seems to hijack
several bacterial transporters in a seemingly redundant manner. SbmA is an ABC transporter that
has been described being responsible for the uptake of several antibacterial molecules such as
microcin J25% and bleomycin.>! SbmA is present in E. coli and K. pneumoniae but absent in other
enterobacteriaceae where an ortholog can be identified under the name of YddA.? YejABEF is an
inner membrane ABC transporter, which is conserved in Gram-negative bacteria and was shown to
be responsible for the uptake of microcin C.5® Both transporters were shown to play a vital role in
the uptake of Cor1183; however, SbmA seems to be the main uptake system when E. coli was
cultivated in MHB medium. The dominant role of SbmA for Cor1183 susceptibility in MHB
medium was also confirmed using other E. coli strains, such as K12, ATCC35218 and BAA2469

(data not shown).

Since compound penetration into bacteria is one of the major bottlenecks in antibiotic development,
potential drugs hijacking only a single transporter make quick resistance development likely, which
was e.g. shown for fosfomycin,>**® kazugamycin®® and GE81112.%" This was also shown here, where
SbmA is the only transporter leading to Cor1183 uptake in MHB medium. The high FoR against
Cor1183 observed in MHB medium would potentially be an exclusion criterion regarding the further
development of corramycin towards a marketable drug. However, the FoR was much lower in M9
minimal medium, where two transporter systems had to be mutated to decrease Corll183
susceptibility. As bacterial resistance development in minimal medium is more representative to an
actual infection in vivo, we decided to test the in vivo efficacy of Cor1183 in infected mice, despite

the poor FOR experiment results in full medium.
3.3.8 Invivo activity of Cor1183 in infected mice

Therefore, we evaluated the in vivo antibacterial activity of Cor1183 in a peritonitis mouse model
of infection (Figure 11). The mice were infected intraperitoneally with E. coli ATCC35218 and
treated with different doses of Cor1183 using a double administration 1 h and 3 h after infection.
We observed a dose-dependent reduction of the bacterial load 4 h after infection resulting ina 100 %
survival rate of the mice after 4 days starting from 20 mg kg™ total dose. Notably, Cor1183 is rapidly
eliminated after i.v. administration, keeping the plasma concentration above the MIC for less than
30 min. However, despite this rapid elimination, the antibacterial effect was strong enough in this

animal model to achieve survival.
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Since we previously identified two potential transporters (SbmA and YejEF) that confer resistance
towards Cor1183, we investigated the susceptibility of E. coli ATCC25922 with independent or
combined deletion of those transporters in the animal model. The ED50 (effective dose for 50 % of
the population) of the compound could not be evaluated in blood, because the tested doses were very
efficacious for the wild type E. coli and the single deletion mutants. However, we could evaluate the
ED50 in the spleen of the animals (Table 5). The deletion of a single transporter in E. coli resulted
in a mild decrease of susceptibility to Cor1183 compared to the wild type control strain, whereas the
double deletion of SbmA and YejEF lead to a significant increase in resistance.
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Figure 11 | In vivo antibacterial activity of Cor1183 in infected mice. a: -ctrl (black; negative
control): no treatment; Tienam (pink; positive control) imipenem/cilastatin treatment; Cor1183 (dark
blue, blue, light blue and green) treatment with different doses. CFU (colony forming units) load in
the blood 4 h post infection. b: Survival of the mice 96 hours after infection using the respective doses
per day.
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Table 5 | ED50 of Cor1183 in mice infected with different E. coli strains.

Strain E. coli ATCC25922
wildtype  AsbmA  AyejEF  AsbmA/AyejEF
[lTIIEgDIfgl] 6.1 233 21.4 >40

Taken together, the promising in vivo activity of Cor1183 in infected mice underlines the potential
of Cor1183 as starting point for an antibiotic drug development process. The decreased susceptibility
towards Cor1183 in E. coli strains lacking the SbmA and YejEF transporter systems results in an
increased ED50 in the infected mice, thus complementing the results that we obtained in our

previous in vitro experiments.
3.4 Conclusion and Outlook

In summary, corramycin is a novel antibiotic scaffold with unique or in natural products rarely
observed structural features and promising Gram-negative activity against numerous E. coli strains
and S. typhimurium. Based on the unprecedented chemical structure of corramycin and no observed
cross-resistance with any of the known antibiotic classes, we assume a novel, not yet elucidated,
mode of action. The identification of the biosynthetic pathway in C. coralloides undermines that
myxobacterial species are a promising source of new antibiotic natural products with completely
different chemistry compared to previously identified antibiotics, e.g. from actinobacteria.
Furthermore, we proposed a biosynthesis model revealing interesting features such as a possible
detoxification mechanism including the production of fatty acid-linked corramycin precursors,
which are exported and deacylated to secrete the active compound. Nevertheless, many proposed
biosynthetic steps require further experimental investigations. Notably, the correct prediction of
eight stereocenters, exclusively based on the in silico analysis of the assembly line, underlines the
potential of bioinformatic tools in structure prediction of NRPS-derived natural products. Although
there was a huge discrepancy between the FoR in full medium compared to minimal medium, the
involvement of two transport systems in the corramycin uptake and low FoR in minimal medium
plus the promising in vivo activity of Cor1183 in infected mice, makes corramycin a perfect
candidate for further development. With the establishment of a total synthesis route we already set
a milestone for this developmental process. Current research aims at the (semi-)synthesis of novel
corramycin derivatives with improved antimicrobial activity and a broadened activity spectrum.
Given the numerous structural and biosynthetic features of corramycins, we hope that this compound

class will serve as starting point for the development of a marketable antibiotic.
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3.5 Methods
3.5.1 Cultivation of strains

Cultivation of C. coralloides Mcy10984 for corramycin production screening was carried out in
30 mL AMB medium (0.5 % (wi/v) soluble starch, 0.25 % (w/v) casitone (bacto), 0.05 % (w/v)
MgSOs x 7TH20, 0.025 % (w/v) K2HPO4, 10 mM HEPES, pH 7.0) for 4 — 5 days at 30 °C and 200
rpm on an orbital shaker. Additionally 0.00005 % (w/v) vitamin B12 and 2 % (v/v) Amperlite XAD16
absorber resin were supplemented after medium sterilization. For isotope-labelled precursor
supplementation experiments, the cultivation volume and time were 10 mL and 3 days,
respectrively, and 1 mM of the following isotope-labelled precursors were fed: L-leucine-5,5,5-ds,
L-serine-2,3,3-ds, L-valine-ds, L-threonine-13C,-°N, L-phenylalanine-ds, L-methionine (methyl-ds),
sodium 1-*C-acetate, sodium 2-*C-acetate, 1,2-*C-acetate, L-aspartate-*C4-°N, glycine-2,2-d,
B-hydroxy-L-valine-ds and glycerol-*Cs. For genomic DNA isolation, C. coralloides ST201330 and
C. coralloides MCy10984 were cultivated in 50 mL AMB medium for 5 days at 30 °C and 180 rpm
on an orbital shaker. For compound isolation, 1 L production cultures were cultivated in 5L
Erlenmeyer flasks using E medium (0.4 % skimmed milk, 0.4 % (w/v) soy meal, 0.2 % (w/v) yeast
extract, 1 % (w/v) soluble starch, 0.1 % (w/v) MgSO4 x 7H,O, 10 mM HEPES, pH 7.4 and
supplementation with 8 mg L™ Fe-EDTA, 0.5% glycerole and 0.00005 % vitamin B12 after
autoclaving). Cultivation was carried out for 5 days at 30 °C and 200 rpm. For Cor1183 isolation,
2% Amperlite XAD16 absorber resin were added. Cultivation of E. coli for FAAL protein
expression or heterologous expression of comB and comG for resistance studies is described in the

respective section below.
3.5.2 Sample preparation and UPLC-ESI-HRMS analysis

Cells and XAD16 absorber resin of 10 mL and 30 mL screening cultures were harvested by
centrifugation at 3,200 x g for 20 min at 20 °C. Extraction was done two times for 60 min with
15 mL and 30 mL methanol under stirring at room temperature (RT), respectively. Extracts were
filtered using folded filter paper (8-12 um pore size) and dried using a rotary evaporator. Dried
extracts were dissolved in 100 pL (for isotope-labelled precursor supplementation experiments) and
1 mL methanol and analyzed using UPLC-HRMS.

Isotope-labelled precursor supplementation samples were analyzed using a Dionex Ultimate 3000
RSLC system and a BEH C18 (1.7 pum, 50 x 2.1 mm; Waters) column with an injection volume of
2 uL. Separation was achieved by a linear gradient with deionized water (A) + 0.1 % FA (formic
acid) and acetonitrile (B) + 0.1 % FA at a flow rate of 600 uL min* and 45 °C. The gradient was

initiated by a 0.33 min isocratic step at 5 % B, followed by an increase to 95 % B in 9 min to end up
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with a 1 min flush step at 95 % B before re-equilibration to initial conditions. The HPLC system
was coupled to an Orbitrap mass spectrometer (Thermo Scientic) by a Triversa NanoMate nano-ESI
system (Advion). Mass spectra were acquired in centroid mode ranging from 200 to 2,000 m/z at a
resolution of R = 30,000.

For the analysis of production screening cultures, an UltiMate 3000 LC System (Dionex) with a
Acquity UPLC BEH C-18 column (1.7 um, 100 x 2 mm; Waters), equipped with a VanGuard BEH
C-18 (1.7 pm; Waters) guard column, was coupled to an Apollo Il ESI source (Bruker) and
hyphenated to maXis 4G ToF mass spectrometer (Bruker). Separation was performed at a flow rate
of 0.6 mL/min (eluent A: deionized water + 0.1 % FA, eluent B: acetonitrile + 0.1 % FA) at 45 °C
using the following gradient: 5 % B for 30 s, followed by a linear gradient up to 95 % B in 18 min
and a constant percentage of 95 % B for further 2 min. Original conditions were adjusted with 5 %
B within 30 s and kept constant for 1.5 min. The LC flow was split to 75 pL min™ before entering
the mass spectrometer. Mass spectra were acquired in centroid mode ranging from 150-2,500 m/z
at a 2 Hz full scan rate. Mass spectrometry source parameters were set to 500 V as end plate offset,
4,000 V as capillary voltage, 1 bar nebulizer gas pressure, 5 L min™dry gas flow and 200 °C dry
temperature. For MS? experiments, CID (collision-induced dissociation) energy varied linearly from
30, 35, 45, to 55 eV with respect to the precursor m/z from 300, 600, 1,000, to 2,000 m/z. MS full
scan acquisition rate was set to 2 Hz and MS/MS spectra acquisition rates were ramped from 1 to
3 Hz for precursor ion intensities of 10 kcts to 1,000 kcts. We used Compass DataAnalysis version
4.4 (Bruker) to interpret MS data.

3.5.3 Purification and structural determination of Cor1183, Cor1199 and Cor1347

Cor1183 and Cor1199 purification from ST201330 and structure elucidation was performed
previously (unpublished data, personal communication with Stephane Renard). Corl347 was
purified directly from the supernatant without supplementation of XAD16 absorber resin. The
supernatant was dried by lyophilization or in vacua and extracted using methanol. The subsequent
preparative HPLC purification step was performed with an Autopurifier System (APS; Waters)
equipped with a Biphenyl (5 um, 250 x 22 mm) column at a flow rate of 25 mL min™. Deionized
water (eluent A) + 0.1 % FA and acetonitrile (eluent B) + 0.1 % FA were used as solvents. The
separation gradient started with a 1 min isocratic step at 25 % B, followed by a gradient to 29 % B
in 22 min, a steep increase to 95 % B in 1 min to end up with a plateau for 4 min prior to return and
re-equilibration with the initial conditions. The injection volume was 800 pL. Fraction collection
was controlled by a mass trigger which was set to 1348.5 m/z, respectively. The solvent was removed
from the collected fraction and the dry extract was resolved in a small amount of methanol for further

analysis.
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NMR spectra were recorded on a 700 MHz Avance Il (Ascend) spectrometer (Bruker BioSpin
GmbH), equipped with a 5 mm TXI cryoprobe, at 298 K. Chemical shift values of 1H- and
13C-NMR spectra are reported in ppm relative to the residual solvent signal given as an internal
standard. 13C-signals were assigned via 2D-CH and CCH correlations (HSQC and HMBC).

3.5.4 Isolation of genomic DNA and Illumina sequencing

ST201330 and MCy10984 cultures were harvested by centrifugation at 3,200 x g for 15 min at 4 °C
and the cell pellet was resuspended in 5 mL 10 mM Tris-HCI (pH 7.5) plus 300 pL Proteinase K
solution (10 mg mL™) and 600 pL SDS-solution (10 %). The mixture was incubated at 55 °C for
2 h. Subsequent extraction using phenol:chloroform:isoamylalcohol (P:C:1; 25:24:1) was conducted
three times: One volume of P:C:l was added and the mixture was incubated at room temperature
(RT) for 60 min under constant tube invertation (5 rpm). After centrifugation at at 3,200 x g for
10 min at RT, the upper phase was extracted again. A fourth extraction of the upper phase with
C:1(24:1) was performed prior to addition of 1/10 volume of 3 M Na-acetate (pH 5.5) and
2.5 volumes of ice-cold 100 % ethanol. The precipitated DNA was washed once in 1 mL of 70 %
ethanol and subsequently air-dried overnight. The DNA-pellet was resuspended in 500 pL of 10 mM
Tris-HCI buffer (pH 7.5).

Illumina sequencing of strain ST201330 was performed using a MiSeq platform (SEQ-IT GmbH &
Co. KG). The raw sequencing data comprised 26,054,366 paired-end reads and 14,483,850 mate-
pair reads with a read length of 250 bp, respectively. Assembly into contigs with Abyss-pe assembler
(version 1.3.6), resulting in 26 sequences with total length of 10,243,981 bp. Genome sequencing of
strain MCy10984 was performed using Illumina sequencing technology (MiSeq platform; in-house
service). The obtained raw sequencing data included 9,509,890 paired-end reads, each with a length
of 250 bp. Assembly of the raw sequencing data in 59 sequences resulted in a genome sequence with
a total length of 11,107,395 bp.

3.5.5 Insilico experiments

Geneious v10.1.3 (Biomatters Ltd.) was used for routine DNA and protein sequence analysis tasks.
BLAST (basic local alignment search tool; https://blast.ncbi.nlm.nih.gov/Blast.cgi) and MUSCLE
alignment®® were used to compare protein sequences of the cluster with sequences of characterized
protein members of the same family. The prediction of NRPS A domain substrate specificities was
performed using NRPSpredictor2.%® Construction of phylogenetic trees was done with NaPDOS

online server.®°
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3.5.6 Protein purication and malachite green assay of the FAAL

To purify the FAAL domain, the FAAL-encoding sequence was amplified from genomic DNA of
MCy10984 via PCR according to standard protocols® using the primers FAAL-FP
(AAAAAAACATGTTGGACCTCGCTCGGA) and FAAL-RP (AAAAAAAAGCTTCTACGCC
GGCGAG). The PCR construct was cloned into a petM44 expression vector with an N-terminal
6xHis-MBP tag and heterologously expressed in E. coli BL21 (DE3) cells. Cultivation was
performed in 500 mL LB at 16 °C for 16 h after gene expression by addition of 0.1 mM IPTG.
Afterwards the culture was harvested at 3,200 x g for 10 min at 4 °C and the cell pellet was
resuspended in lysis buffer (150 mM NaCl, 25 mM Tris, 40 mM imidazole, pH 7.5), sonicated and
centrifuged under the same conditions as before. The supernatant was loaded onto a gravity flow
column, which contained NiNTA-loaded sepharose, followed by a washing step with lysis buffer
prior to elution using imidazole (250 mM). The MBP tag was cleaved using HRV3C protease during
overnight dialysis against SEC buffer (150 mM NaCl, 25 mM Tris, pH 7.5) at 4 °C, and removed
by a second Ni-NTA chromatography step. The protein was concentrated using a 30 kDa cutoff filter
after running through a Superdex 200 16/60 pg column (GE Healthcare Life Sciences). Storage of
the protein occured at -80 °C in 10 % glycerol. Protein purity was determined by SDS-PAGE. The
concentration of the protein was determined spectrophotometrically by measuring the extinction
coeficient and comparison with the calculated value obtained from PROTPARAM webserver

(http://web.expasy.org/protparam/).5

The substrate specificity of the FAAL domain was determined in a malachite green assay as
described elsewhere.®® 4 pM FAAL was incubated with 2 pM ATP and 2 puM linear fatty acid
(Ce-C13) in reaction buffer (150 mM NaCL, 25 mM Tris-HCI, pH 7.5) containing inorganic
phosphatase at 37 °C for 1 h. The reaction was stopped by adding 20 pL malachite green solution
and the absorption at 625 nm was measured after 10 min. The relative increase of absorption was
calculated based on a negative control without fatty acid substrate. Therefore, all reactions were

performed in triplicates.
3.5.7 Heterologous expression of comD and comG

First, comD and comG were amplified from genomic DNA of C. coralloides ST201330 via PCR
using the primers ORF-2-nt-FP (AAAAAACCATGGTCATGTTCGTTCAAGAGC) and ORF-2-
nt-RP (AAAAAAAAGAATTCCTACTCCTCCAAAGCGCCGTC) for comD amplification and
ORF-5-nt-FP  (AAAAAAACATGTTAGTGGGTAACAACTCGCGTG) and ORF-5-nt-RP
(AAAAAAAAGAA TTCTCAAGGACCCGGCG) for comG amplification. The PCR products
were subsequently cloned into pET-28b vector according to standard protocols.®! Next, the vector

backbone of pET-28bcomD was changed by cloning two PCR fragments originating from
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pET-28bcomD and pACYC-177 to generate pAvT1l-comD. The primers for vector backbone
extension were pAvT1-177-FP (AAAAAACCCGGGCATCAGAAGGGCACTGGTGC), pAvT1-
177-RP (AAAAAACACACGTGT CGCTCACTGACTCGCT) using pACYC177 as template and
pAvT1-28-FP  (AAAAAACACGTTGT GCGCCAATCCGGATA) and pAvT1-28-RP
(AAAAAACCCGGGGAAACGTTTGGTGGCG) wusing pET28b-comD as template. After
independent and combined transformation of E. coli BL21 (DE3) with pET-28bcomD, pET-
28bcomG and pAvT1-comD, overnight cultures (LB medium, 37 °C, 200 rpm) were diluted 1:100
(in LB) and protein expression was induced by addition of 0.1 M IPTG. 150 pL aliquots of the
diluted overnight cultures were exposed to increasing Cor1183 concentrations from 1 nM to 100 uM
and incubated at 30 °C and 200 rpm for 16 h. The optical density at 600 nm was measured to assess

resistance development.
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3.7 Supplementary Information
3.7.1 Insilico analysis of the corramycin BGC

3.7.1.1 General organization of the corramycin BGC

The cluster borders of the corramycin BGC were determined by comparing genome sequences of
the two producer strains, C. coralloides MCy10984 and C. coralloides ST201330, with the
non-producer strain C. coralloides DSM2259 using MUSCLE alignment (Supplementary
Figure 3).°® The BGC represents a well-defined insertion into the genome of C. coralloides and has
a size of 59 kb with a GC content of 71 %. Fifteen genes are presumably involved in corramycin
biosynthesis. Based on the coding strand on which the genes are located and the small intergenic
regions between adjacent genes on the same coding strand, we assume that the BGC is organized in

five putative transcriptional units: comA-C, comF-D (reverse direction), comG, comH and coml-O.
3.7.1.2 Analysis of comA

BLAST analysis of comA found cupin-like transcription factors as closest homologs. However,
InterPro scan® showed that ComA presumably contains a JmjC domain, which was shown to be
involved in the hydroxylation of aspartate residues.®* The JmjC domain was also described in JmjC
domain-containing factor inhibiting hypoxia, which shows homology to cupin-like metalloenzyme
domains.®  Furthermore, ComA showed homology to clavaminate synthase-like
2-oxoglutarate-dependent dioxygenase with an active center containing Fe (I1). Including this,
ComA is most probably a hydroxylase. Likewise, comF, comH and coml encode for various
hydroxylases. The mentioned hydroxylases are presumably catalyzing the -hydroxylation of L- or
D-histidine, L-valine and the two hydroxylations of (-alanine and the PKS incorporated acetate

moiety.
3.7.2 Analysis of methyltransferase domains

The assembly line includes three methyltransferase (MT) domains. Two N-MT domains were
identified in modules 3 and 6 embedded in the respective A domains. The third MT is located
downstream of module 4 and was not annotated automatically by standard NRPS prediction tools.
A BLAST search of module 4 revealed a stretch of approximately 300 amino acids as an FkbM-like
methyltransferase. The three known members of this MT protein family are all stand-alone O-MTs.%¢
Phylogenetic analysis of the three MTs in the corramycin assembly line with 54 MTs using the
NaPDoS online server® showed that the N-MT of module 6 clusters with NRPS-associated N-MTs
(Supplementary Figure 8) that have been shown to catalyze methylation of amide nitrogens.®”® This

is in accordance with the corramycin structure, since the A domain of module 6 is specific for
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phenylalanine (Table 3) and the phenylalanine moiety is N-methylated. The designated N-MT of

module 3 does not cluster with any known MT domain found in natural product biosynthetic

pathways. Thus, we assume that this domain catalyzes the N-methylation of histidine. So far no

NRPS-associated in cis N-MT acting on an aromatic substrate was described. Furthermore, we

assume that the stand-alone O-MT of module 4 catalyzes the O-methylation of the p-alanine moiety.

3.7.3 Supplementary Figures
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Supplementary Figure 1 | Observed mass shifts after supplementation of isotope-labelled precursors during
strain cultivation. The Cor1183 mass peak (thick black line) and the new isotope peaks (thick grey lines) are

highlighted.
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Supplementary Figure 3 | Determination of the corramycin gene cluster borders. a: MUSCLE alignments of
the BGCs and adjacent genomic regions from C. coralloides Mcy10984 and ST201330 with the genome of the non-
producer strain C coralloides DSM2259. Arrows show putative genes that belong (blue) or do not belong (grey) to
the corramycin BGC based on the respective alignment. The cluster borders were determined by integrating data
from all three alignments and are depicted as black lines. b: Corramycin BGC and putative functions of the encoded

proteins. Parts of the figure were generated with Geneious (version 2020.0 created by Biomatters; available from
https://www.geneious.com).
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Supplementary Figure 4 | MUSCLE alignment of the corramycin FAAL with other FAALS. Active side
residues (red bars) were identified using BLAST. The sequence insertion that is characteristic for FAALs® and
missing in fatty acid CoA-ligases (FACLS) is shown in blue.
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Supplementary Figure 6 | Phylogenetic tree of the corramycin assembly line C and E domains. The
phylogenetic tree was generated by NapDos online server.
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Supplementary Figure 7 | E. coli ATCC25922 time-kill curve of Cor1183 in MHB (a) or M9 medium (b).
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Supplementary Figure 8 | Phylogenetic analysis of the corramycin assembly line MT domains. The
phylogenetic tree was generated by NapDos online server.®
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3.7.4 Supplementary Table

Supplementary Table 1 | MIC values of Cor1183 against all bacterial strains tested in this study.

Gram-neagative species Gram-positive species
Strain MIC (ug mL1) Strain MIC (ug mL)
C. freundii 255041 >64 E. faecium A6349 >64
ATCC 8090 >64 E. faecium DSM 17050 64
E. cloacae 17059482 >64 E. faecalis 1069 VanB 16
DSM 46348 32 S. aureus 11540 >64
E. aerogenes DSM 12058 >64 ATCC33592 >64
K. pneumoniae 1705966 >64 NRS 643 >64
1705949 64 S. pneumoniae  02J1175 >64
ATCC 13883 16-64 ATCC700671 >64
A. baumanii ATCC 19606 64

1705943 >64
1705936 >64
P. aeruginosa ATCC 9027 >64
ATCC 27853 >64
DSM 46317 >64
ATCC BAA->64
ATCC27853 >64
1705886 >64
1705904 >64

PAO1 >64
B. bronchiseptica NCTC 8344 >64
B. cepacia ATCC 25416 >64

S. maltophilia ATCC 13637 >64
255074 >64

S. marcescens 255067 >64
ATCC 13880 >64
P. mirabilis ATCC 29906 >64

P. vulgaris DSM 46228 >64
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4 Heterologous production of corramycins and their derivatives to

allow for efficient semi-synthesis of improved congeners

4.1 Abstract

Corramycin is a NRPS-PKS product produced by the myxobacterium Corallococcus coralloides
with promising anti-Gram-negative activity e.g. against E. coli. The total synthesis of a new
corramycin derivative with modifications on the N-terminus showed improved antibacterial activity
in a mouse model of E. coli septicemia compared to native corramycin. The limiting factor in
corramycin development is the tedious chemical synthesis of the unprecedented (2R,3S)-y-N-
methyl-B-hydroxy-histidine building block. Herein, we overcame this problem by producing the
C-terminal part of corramycin via fermentation. Initially, we established a heterologous production
platform for full-length corramycin in M. xanthus DK1622. Subsequently, NRPS engineering was
applied to partially truncate the 3° end of comO at specific positions in the linker regions between
C-A, A-T and T-C domains and to test different TE, C and C/E domains as terminal releasing
domains. This approach led to heterologous production of three truncated corramycin derivatives at

significant yield and applicable for semi-synthesis.
4.2 Introduction

Emerging bacterial resistance against all clinically used antibiotic classes has become a growing
global health concern in the last decades.? Especially troublesome are the pathogens from the
ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumonia, Actinetobacter
baumanni, Pseudomonas aeruginosa and Enterobacter species) panel since they cause severe

nosocomial infections with only a few last resort antibiotics left as viable treatment options.®

The corramycins (Figure 1) belong to a recently discovered new class of linear peptide antibiotics
produced by Corallococcus coralloides strains (partly unpublished data; Tesmar et al.,* manuscript
in preparation, see chapter 3). One congener, corramycin 1183 (Corl183), showed strong
anti-Gram-negative activity against several E. coli strains with minimal inhibitory concentrations
(MIC) ranging from 1 pg mL™ to 32 pg mL™. Furthermore, antibacterial activity against Salmonella
typhimurium (4 pg mL?), Enterobacter cloacae (32 ugmL™) and Enterococcus faecium
(16 pg mL™) was described. Moreover, the efficacy to treat bacterial infections with Cor1183 was
proven in an in vivo experiment using a mouse model of E. coli septicemia. Structurally, corramycin
consists of eight a-amino acids, some of which are tailored, including two B-hydroxy-L-valines,

N-methyl-L-phenylalanine and the unprecedented (2R,3S)-y-N-methyl-p-hydroxy-histidine. The
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N-terminus is capped by a dihydroxy butyric acid and the structure also features an unusual 5-amino-
2,3-dihydroxy-4-methoxy-pentanoyl moiety.
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Figure 1 | Structure of corramycins. Cor1183, Cor1199 and Cor1347 were described previously. Scheme adapted
from manuscript in preparation (chapter 3).

Tesmar and coworkers also described a total synthesis route of Cor1183, which turned out to be
laborious with the main limitation being the synthesis of the (2R,3S)-y-N-methyl-p-
hydroxy-histidine building block (unpublished data; manuscript in preparation, see chapter 3).
However, despite the tedious chemical synthesis of Corl183, numerous novel corramycin
derivatives have been produced via total synthesis and tested for their bioactivities (unpublished
data; personal communication with Stephane Renard). Those experiments showed that the two
C-terminal amino acids (L-leucine and L-serine) can be exchanged without decrease in bioactivity.
Derivatives, in which those amino acids were replaced, e.g. by an iron chelator, showed superior
anti-Gram-negative activity and a broadened activity spectrum compared to Cor1183. Since the
chemical synthesis route for those derivatives allows for the introduction of the unprotected
N-terminal part of Cor1183 up to the glycine moiety, one could alternatively imagine the production
of this truncated corramycin fragment by fermentation (Figure 2). However, the production titer in
the native producer strains was found low with only a few pg L™. Poor genetic accessibility of the
few producing strains and time-intensive medium optimization makes heterologous production

attractive as an alternative approach.
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Figure 2 | Total synthesis and hypothetical semi-synthesis route of iron chelator-linked corramycin
derivatives. The hypothetical semi-synthetic approach using an N-terminal corramycin fragment produced by
fermentation is shown on the left. Total synthesis of the protected N-terminal corramycin fragment is achieved by
an eight step liquid-phase peptide synthesis (LPPS) and the C-terminal part including the iron chelator is
synthesized by solid-phase peptide synthesis (SPPS). Full-length corramycin derivative attached to the iron chelator
is obtained by a four steps LPPS. This scheme was generated based on personal communication with Stephane
Renard.

Myxococcus xanthus was already used for the heterologous expression of numerous myxobacterial
biosynthetic gene clusters (BGCs).>® Relatively fast growth with a doubling time of under 6 h,
transformation via electroporation and the availability of established inducible and constitutive
promoters make M. xanthus a suitable candidate for heterologous production of various
myxobacterial compounds. Furthermore, growth in production scales up to 1,000 L was achieved.’
The production titers varied from barely detectable quantities up to more than 1 g L™ depending on
the product.®1° Moreover, genetic manipulations of the BGCs opens up the opportunity to direct the

production profile towards certain preferred derivatives or to enable production of new derivatives.

The corramycin BGC includes 15 genes, 5 of which encode a 12-modular non-ribosomal peptide
synthetase (NRPS)-polyketide synthase (PKS) hybrid assembly line. The functionality of those
multimodular megaenzymes is described in detail elsewhere.'"** Shortly, in NRPSs each module is
subdivided into independent domains catalysing a single reaction: Adenylation (A) domains activate
amino acids using ATP, thiolation (T) domains tether the activated amino acid or the growing

peptide and condensation (C) domains catalyse peptide bond formation. A terminal thioesterase (TE)
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domain is usually in charge of product release from the assembly line.** However, in certain cases

C domains have been shown to perform this action in bacterial NRPSs instead.’®

Various approaches to NRPS engineering have been tested in the past, such as replacement of A or
A-T didomains, C-A-T or T-C-A tridomains, deletion and insertion of modules, subdomain
swapping in A domains and changing the ‘nonribosomal code’ by changing single amino acid
residues in the binding pocket of A domains.'® However, their success was limited as the outcome
of the majority of studies resulted in abolished or substantially reduced production titers.***® One
possible explanation for this is the disruption of the protein-protein interactions which were shown
in the NRPS structural biology to be essential for proper functioning.® Recently, the use of exchange
units (XUs)® and the exchange unit condensation domain (XUC)?' concept represented a
breakthrough in NRPS engineering. A great variety of novel peptides was produced after combining
NRPS building blocks of different origin, using specific fusion points inside C-A linker regions or

inside C pseudo-subdomains, respectively.

Herein, we describe the design, assembly and heterologous expression of a modified, synthetic BGC
for the production of corramycin in M. xanthus DK1622. Initially, we observed very low production
titers of previously described full-length corramycins. However, since the chemical synthesis of the
N-terminal part of corramycin was still not efficient due to the hard-to-synthesize (2R,3S)-y-N-
methyl-p-hydroxy-histidine building block, we then aimed for the heterologous production of
C-terminally truncated corramycins to establish a semi-synthetic synthesis route for corramycins
and their semi-synthetic congeners. Therefore, we deleted parts of the NRPS-PKS assembly line
using various new engineering sites in the C-A, A-T and T-C didomain linker regions. Finally, we
could confirm production of three truncated corramycins, one (Cor666) of which can be used in a
semi-synthetic approach to produce corramycin, also providing a powerful platform to generate new

lead structures with potent in vivo activity in mice.
4.3 Results & discussion

4.3.1 Design, assembly and heterologous expression of the corramycin biosynthetic gene

cluster in Myxococcus xanthus DK1622

A modified BGC was designed in silico for the heterologous production of corramycin in
M. xanthus DK1622 (described in Supplementary Information, see Supplementary Figure 1 and
Supplementary Table 4). The template sequence originated from C. coralloides MCy10984,
including fifteen biosynthetic genes comA-comO as described previously (manuscript in
preparation; see chapter 3).* The modified BGC was split into fragments which were chemically

synthesized (Supplementary Table 5), because of the large size, high GC content and repetitive
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sequence segments in the largest NRPS gene of the cluster, comO (Supplementary Figure 2).
Assembly of the cluster fragments was done by a combination of in vivo transformation-associated
recombination (TAR)? in yeast and a previously described in vitro three-step restriction/ligation
cloning strategy using Bsal.?® In order to minimize the risk of unspecific recombination during TAR
assembly, the comO gene was replaced by a dummy sequence. The fragments of the comO
harbouring sequence repeats were assembled separately in vitro prior to its integration into the
remaining part of the cluster. For TAR cloning and heterologous expression in M. xanthus DK1622,
we used the pMYC vector system that was described elsewhere. (manuscript under revision; see
chapter 2) The two operons of the modified BGC, CorOpl and CorOp2, were first assembled
separately on two different pMYC derivatives, yielding pMYC20CorOpl and pMYC21CorOp2,
and subsequently stitched together to generate the final expression construct pMYC20Cor. All
cloning steps are summarized in the Supplementary Information (including Supplementary Figure
3 and Supplementary Table 6). The final expression construct was integrated into the M. xanthus
DK1622 genome via the Mx8 phage attachment site.?* Subsequent UPLC-HRMS analysis confirmed
the heterologous production of Cor1183, Corl1199 (hydroxylated Cor1183) and Corl347
(hydroxylated and additionally glykosylated Cor1183) based on retention times and high-resolution
masses (Figure 3).

Cor1183

A

Corl1199

\

Corl347

Intensity

— C. coralloides

MCy10984
M. xanthus DK1622
pMYC20Cor
\
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Figure 3 | UPLC-HRMS analysis of heterologously produced corramycin
derivatives in M. xanthus DK1622. EICs 1184.56 [M+H]* (top), 1200.56
[M+H]* (middle) and 1348.59 [M+H]* (bottom) of methanolic crude extracts
from native producer C. coralloides MCy10984 (shown in black) and
heterologous producer M. xanthus DK1622 pMY C20Cor (shown in blue).
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However, the production yield was too low for quantification, as only trace amounts of Cor1183
could be detected. Medium optimization and various substrate feeding efforts did not result in
improvement of production titer (data not shown). Furthermore, we tested the MIC of Cor1183
against M. xanthus DK1622 wild-type and the heterologous producer strain, which harbors the
corramycin BGC including the resistance genes comD and comG. The highest tested concentration
was 64 pg mL™. By doing this we wanted to exclude the possibility of a potential self-toxicity effect
leading to a growth inhibition of the host strain. Even after supplementation of polymyxin B to
permeabilize the cell membrane and to potentially increase intracellular Cor1183 concentration, no
growth inhibition was observed in the wild-type strain or the heterologous host. However, we were
not able to precisely determine the intracellular concentration of Cor1183 in this experiment and
thus a potential risk that the production is limited by a negative effect on cell metabolism via the

intracellularly produced Cor1183 can not be excluded.

Low supply of unusual or modified amino acids (e.g. B-hydroxy-L-valine) required for biosynthesis
of Cor1183 could be another potential reason for the low production in M. xanthus DK1622. Feeding
experiments performed by von Tesmar and co-workers showed that modules 8 and 10 initially
incorporate L-valine which is then hydroxylated, either while being tethered to the assembly line or
after release of the corramycin precursor.* Gene(s) responsible for this modification have thus far
not been identified, nevertheless we cannot exclude that -hydroxy-L-valine is produced by one of
the putative hydroxylases present in the corramycin BGC. The same B-hydroxy-L-valine moiety was
also found in myxoprincomide,® a class of nonribosomal peptides natively produced by
M. xanthus DK1622. Interestingly, putative genes for the biosynthesis of the B-hydroxy-L-valine
moiety have neither been identified in the BGC of myxoprincomide,? indicating that the required
genetic information could be located elsewhere in the genome. If the same proteins are indeed
involved in the biosynthesis of B-hydroxy-L-valine in corramycin and myxoprincomide, then the
corresponding genes are already present in M. xanthus DK1622. However, since only low amounts
of myxoprincomide were produced by M. xanthus DK1622,% the expression level of those genes
and thus the production of B-hydroxy-L-valine might be a limiting factor for the biosynthesis of

corramycin and myxoprincomide.

Another potential reason for the low production titer of corramycin might be linked to a previously
hypothesized pre-drug mechanism. Based on the experiment of a fatty acid activation by the FAAL
domain of module 1, von Tesmar and co-workers assumed the intracellular presence of acylated
corramycin derivatives.* However, even though the FAAL domain was shown to be evidently active
in vitro, no acylated compound was identified. Thus, they stated that the acyl moiety is probably
removed prior to or during compound secretion (Supplementary Figure 4b).* A similar observation

was made in the biosynthesis of the myxobacterial lipopeptide vioprolide, in which acylated
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precursors are produced and the bioactive compound is biosynthesized by hydrolysis of the fatty
acid residue (Supplementary Figure 4a).® In contrast to the hypothesized acylated corramycin
precursor, acylated vioprolides could be identified experimentally. We also did not find acylated
corramycin derivatives produced by the heterologous host either; however, we speculate that another
potential reason for the low production titer of Cor1183 could be a defective pre-drug release

mechanism in the heterologous host.

4.3.2 Truncation of the assembly line to produce the N-terminal pharmacophore of

corramycin

The chemical synthesis of corramycin has been described and used to determine the absolute
stereochemistry of the compound (manuscript in preparation; see chapter 3). Although successful,
the synthesis required over 20 steps and especially the (2R,3S)-y-N-methyl-B-hydroxy-histidine
fragment (5 % yield over 7 steps) turned out to be the main obstacle currently preventing a total
synthesis route of Cor1183 or derivatives at a reasonable yield and cost. Therefore, we aimed to
develop a semi-synthesis approach for which the N-terminal part of Cor1183 was intended to be
generated by fermentation, including the (2R,3S)-y-N-methyl-B-hydroxy-histidine moiety. To
achieve this goal, we first developed a strategy to produce the N-terminal corramycin part up to the
glycine residue introduced by module 7, because this fragment could be integrated directly into the
established chemical synthesis route (as depicted in Figure 2). For this, we planned to delete
modules 8-11 and connect the A domain of module 7 to the T domain of module 12 and the
downstream TE (Figure 4 and Supplementary Figure 3). In a second construct we planned to directly
fuse the T domain of module 7 to the C-terminal TE. In a third construct we planned to delete the
entire C-terminal assembly line from the A domain of module 8 on, thus having the C domain of

module 8 as terminal releasing domain.
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Figure 4 | NRPS engineering strategy to truncate the corramycin assembly line. Constructs i-iii with different
parts of the assembly line deleted (shown in yellow).

Since the linkers between the domains are critical to maintain domain-domain interactions and to
ensure structural integrity and functionality of the NRPS,*® we searched for suitable engineering
sites in the linkers to fuse domains, which are natively not adjacent in the corramycin assembly line.
Bozhiyik et al. have shown that an intact conserved helix structure in the C-A linker is crucial to
maintain domain interactions and identified an engineering site downstream thereof. Here, we used
XtalPred®® to search for secondary structures in the respective domain linkers in ComO.
Furthermore, we aligned primary amino acid sequences of all ComO linkers using MUSCLE
alignment?’ to find putative conserved amino acids in the linker regions where definite secondary

structures could not be identified (Figure 5).
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Figure 5| MUSCLE protein sequence alignment of all ComO linker regions. The sequence logos (on top) show
amino acid conservation. Fully conserved amino acids are labelled black and partly conserved or non-conserved
amino acids are shown in dark grey, light grey or white in each linker sequence, respectively. a: Sequence alignment
of the C-A linker regions. The helix structure (red annotation) prediction was performed using XtalPred
(http://xtalpred.godziklab.org/XtalPred-cgi/xtal.pl). No conserved sequence motif downstream of the predicted
helix structure was found. b, c: Sequence alignment of the A-T and T-C linker regions, respectively. XtalPred
analysis identified disordered regions in all A-T and T-C linkers explaining their low similarity. Created using
Geneious version 2020.0 (Biomatters).

Notably, we did not find the previously described consensus motif WNATE that was located
downstream of the helix structure in the C-A interface (Figure 5a).° A potential reason for this might
be that Bozhuyik et al. focused on NRPSs from Photorhabdus and Xenorhabdus strains, which are
phylogenetically only distantly related to myxobacteria. Thus, we expected that the consensus motif
in myxobacteria would differ from the one identified by Bozhiiyuk and coworkers. No reliable
secondary structures could be identified in the corramycin A-T and T-C linker regions of ComO
(Figure 5b and c), respectively, as analysis by XtalPred identified those linkers as disordered regions.
A primary sequence alignment was therefore used to identify the last conserved amino acid after the
upstream domain (e.g. A domain in case of A-T and T domain in case of T-C interface). The

engineering site was therefore defined directly after this last conserved residue (Figure 6).
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Figure 6 | Engineering sites (e-sites) used for the deletion of parts in ComO. MUSCLE protein sequence
alignment of the A-T linkers from modules 7 and 12 (a) and the T-C linker from modules 7/8 and T-TE linker from
module 12 (b). c: Primary protein sequence of the C-A linker from module 8 with e-site downstream of the helix
structure. Created using Geneious version 2020.0 (Biomatters).

After identification of suitable engineering sites, we subsequently cloned constructs (i-iii) using
pMYC20CorOp1 as template. This template harbors the first synthetic operon including the genes
encoding the entire NRPS-PKS assembly line (Supplementary Figure 3). We used in vivo
recombineering in E. coli to replace a specific part of comO by a kanamycin resistance cassette,
which was flanked by Bsal restriction sites (R-sites). Since Bsal R-sites were removed from the
synthetic cluster during gene cluster design (see the Supplementary Information), this enzyme was
subsequently used to excise the resistance gene. The generated compatible sticky ends allowed
re-ligation of the expression vector without extant R-sites (Supplementary Figure 5). We choose
homology sequences for in vivo recombineering in a way that they enabled recombination at the
specific engineering positions in the linker regions between C-A, A-T and T-C didomains as shown
in Figure 6. Next, we generated the strain M. xanthus DK1622 pMYC21CorOp2 by integration of
the second synthetic operon into the genome via the Mx9 phage integration site.?® Constructs (i), (ii)
and (iii) were afterwards also independently transformed into this strain, resulting in strain (i):
M. xanthus DK1622 pMYC21CorOp2 pMYC20CorOpl(i), strain (ii): M. xanthus DK1622
pMYC21CorOp2 pMYC20CorOpl(ii) and strain (iii): M. xanthus DK1622 pMYC21CorOp2
pMY C20CorOp1(iii), respectively.

Strain (i) and (ii) indeed produced the target mass of 667.29 Da [M+H]*, which matches the
corramycin fragment with glycine as C-terminal amino acid (Cor666) (Figure 7), whereas strain (iii)

did not produce any corramycin-related compounds, which most likely shows that the C domain of
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module 8 does not operate as a terminal releasing domain. Surprisingly, we also identified a
corramycin fragment with phenylalanine as C-terminal amino acid (610.27 Da [M+H]"; Cor609) in
strain (i) and (ii). Retention times, high-resolution masses and MS? fragmentation patterns of Cor609
and Cor666 were confirmed by comparison with synthetic standards (Figure 7, Supplementary
Figure 6 and Supplementary Figure 7). The fact that Cor609 was produced either means that the
C domain of module 7 acts as a releasing domain or the TE is rather unspecific and prone to perform
precursor release at various processing states. To our knowledge, a release of the precursor peptide
by a C domain located in the middle of the assembly line was not described yet. Another possible
scenario may include the spontaneous release of the Cor609 intermediate without the action of any
catalytic domain. A similar phenomenon was observed, for example, in the biosynthesis of the type
I PKS product bacillaene, where the deletion of the terminal TE domain lead to the spontaneous
hydrolysis of 13 bacillaene intermediates.? Similar observations were made in the biosynthesis of
rifamycin, in which premature chain termination lead to the production of intermediates after
deletion of the terminal lactamization enzyme RifF.*® However, we assume that both scenarios, the
release by the C domain of module 7 and the spontaneous release, are highly unlikely because
Cor609 was also not found in strain (iii), which lacks the TE but still harbors the module 7 C domain.

Furthermore, the corramycin BGC does not contain a gene encoding a type Il TE, which could
catalyze the release of peptide intermediates from a stalled NRPS.3! NRPS stalling usually occurs
when false building blocks that are not accepted by the downstream modules are incorporated into
the growing peptide chain. Since Cor609 and Cor666 only contain building blocks that are also
present in full-length corramycins, blocking of the assembly line by those derivatives appears
unlikely in any case. However, there is still an option that another type 1l TE encoded somewhere
else in the genome of the heterologous producer strain catalyzes the release of corramycin

intermediates.

Consequently, we decided to verify if the TE has a relaxed substrate specificity as it was e.g. shown
for the TE in tyrocidin biosynthesis.*>** To do so, we cloned another construct (iv), in which we

connected the C domain of module 9 with the A domain of module 12 (Figure 8).
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Figure 7 | UPLC-HRMS analysis of truncated corramycins in the methanolic extracts of M. xanthus DK1622
strains (i, ii and iii). EICs 667.30 [M+H]* (a) and 610.26 [M+H]* (b) of strains (i) (black), (ii) (blue) and (iii)
(green). The structures of Cor666 and Cor609 are shown. The production of Cor666 and Cor609 was confirmed by
comparison of the MS? fragmentation pattern with synthetic standards (Supplementary Figure 6 and Supplementary
Figure 7).
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Figure 8 | Engineering site to generate construct (iv). a: MUSCLE protein sequence alignment of the C-A linkers
from modules 9 and 12. Sequence logo is shown on top. The engineering site was upstream of the conserved helix
structure. Created using Geneious version 2020.0 (Biomatters). b: Scheme of the assembly line with the yellow
part being deleted to obtain construct (iv).
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Both modules are responsible for serine incorporation and show 99.8 % identity on the nucleotide
level from the 3’ end of the C domain to the end of the A domain, which is why we did not rely on
the previously described C-A linker engineering site downstream of the helix structure.?® We thus
decided to place the engineering site in the C domains of modules 9 and 12 where the sequences
started being identical (see Figure 8a). After deletion of modules 10, 11 and parts of module 9 using
the same strategy as described above (Supplementary Figure 5), the resulting sequence was almost
identical to module 9 fused with terminal T-TE didomain. We here expected the production of two
new truncated corramycin derivatives with B-hydroxy-L-valine and serine as C-terminal amino
acids, respectively. Expression of construct (iv; pMYC20CorOpl(iv)) in M. xanthus DK1622
pMYC21CorOp2 (strain (iv)) lead to the production of the expected corramycin derivative Cor868
(869.38 Da [M+H]"), which harbours serine as C-terminal amino acid and is missing a B-hydroxy-
L-valine, L-leucine and L-serine (Figure 9 and Supplementary Figure 8). Indeed, Cor666 and Cor609
were also detected implying that the TE is unspecific and facilitates early release of intermediates
from the assembly line. However, we failed to identify the truncated corramycin derivative with
B-hydroxy-L-valine as C-terminal amino acid. We thus speculate that the TE exhibits a certain degree
of specificity and is only able to release specific peptide intermediates from the assembly line.

Corg68 o o o o J;% joi(Hﬂ
/\ OH O, ~, O OH o o gy
/NJ

synthetic
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Cor609
Cor868
Cor666
strain (iv)
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Figure 9 | UPLC-HRMS analysis of truncated corramycins in the methanolic extracts of M. xanthus DK 1622
strain (iv). EICs 869.38 [M+H]* (orange), 667.30 [M+H]* (green) and 610.26 [M+H]* (blue) of strains (iv) and
EIC 869.38 [M+H]" of the synthetic Cor868 standard (black; shown on top). The structure of Cor868 is shown.
Production of Cor868 was confirmed by comparing retention time and MS? fragmentation pattern with a synthetic
standard (Supplementary Figure 8).

Next, we analyzed if the unspecific release of peptide intermediates also happens in the native
producer strain or in the heterologous producer harboring the full cluster. Surprisingly, we found
production of Cor609 in the heterologous producer and Cor609, Cor666 and Cor868 in the native
producer strain as well (Supplementary Figure 9). This makes the previously discussed presence of
a type Il TE catalyzing the release of corramycin intermediates unlikely, because the same type 11
TE would have to be encoded in both the genome of the native and the heterologous producer strain.

Nevertheless, partial deletions of the assembly line, significantly directed the production towards
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truncated products. The production yields of the truncated corramycins in strains (i-iv),
C. coralloides MCy10984 and M. xanthus DK1622 pMYC20Cor were relatively quantified based
on MS by comparing the peak surface areas. Table 1 summarizes the strains, the corresponding
constructs and the architecture of the terminal NRPS module. Table 2 shows the relative production
yield of truncated corramycins of the best producing clone from each strain. The complete relative
quantification including all tested clones is shown in Supplementary Figure 10 and discussed in

detail in the Supplementary Information.

Table 1 | Summary of the strains tested for the production of truncated corramycins.

Terminal NRPS

Description  Strain Construct
module
MYC21CorOp2
strain (i) M. xanthus DK1622 P P ) ee@@
pMYC20CorOpl(i)
strain (ii) M. xanthus DK1622 pMYC21CorOp2 eae@

pMY C20CorOp1(ii)

strain (iii) M. xanthus DK1622 pMYC21CorOp2 @Qe @
pMYC20CorOpi(iii)

strain (iv) M. xanthus DK1622 pMYC21CorOp2 Q @
pMY C20CorOpi(iv)

MCy10984  C. coralloides MCy10984 - Q @

- M. xanthus DK1622 pMYC20Cor

Table 2 | Relative production yields of truncated corramycins in strains (i-iv), M. xanthus DK1622
pMYC20Cor and MCy10984. The given percentage values originate only from the best producing clone of each
strain. Each clone was measured in technical duplicates and the calculated percentages are the mean values from
the technical duplicates compared to the strain with the highest production (shown in bold). A detailed discussion
about the production yields including all tested clones was added in the Supplementary Information (see
Supplementary Figure 10).

Strain i i i iv MCy10984 DK1622
(i) (i) (iii) (iv) y oMY C20Cor

Cor609 7% 7% - 11% 100 % 5%

Cor666 96 % 100 % - 67 % 19 % -

Cor868 - - - 100 % 11% -
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The production of Cor666 was substantially increased in strains (i), (ii) and (iv) compared to the
native producer strain, with the highest production in strains (i) and (ii). As Cor666 is the fragment
that can eventually be introduced into a semi-synthesis route to generate modified corramycins, we
were interested in the absolute production yield of Cor666 in the best producing strain (ii), which
was 0.5 mg L. Although this production yield is not sufficient for industrial application yet, which
requires yields in the gram-scale, the basis for the supply of the hard-to-synthesize N-terminal
corramycin part by fermentation was set. However, in future experiments the production of Cor666
has to be improved, which could e.g. be obtained by medium optimization including the
supplementation of precursors such as D-3-phosphoglycerate, L-histidine, B-alanine, acetate,
L-phenylalanine and glycine (those precursors were previously identified by Tesmar and
coworkers?). Furthermore, for M. xanthus DK1622 fermentation procedures with scales up to
several hundred liters have already been established,” whereas the native corramycin producer
strain C. coralloides was so far only cultivated in shake flasks. The use of large-scale fermentors
instead of shake flasks has the great advantage that cultivation conditions like pH value and aeration
can be monitored and kept stable over a longer time period, which bears the potential to increase the
heterologous production yield of Cor666. Another option to potentially increase the Cor666
production is testing different promoter systems to achieve optimal gene expression of the modified
corramycin BGC, which does not necessarily mean the highest possible gene expression as it was
shown in several studies.®3" Induction of the heterologous gene expression by the addition of
vanillate (described in the method section) at a later time point when higher cell densities are reached
is another way to potentially improve Cor666 production. If Cor666 is toxic for the producer strain,
growth might be inhibited by early induction of the gene expression, finally leading to decreased
overall production. A potential self-toxicity issue might also be adressed by overexpression of genes
that mediate resistance towards corramycin, such as comG and comD (Tesmar et al.,* manuscript in

preparation, see chapter 3).

Summarized, rational NRPS engineering in combination with heterologous expression was
successfully applied to produce truncated corramycin derivatives, one of which can be used for
semi-synthetic generation of novel corramycin lead structures in an already existing synthesis route.
Thereby, the inefficient chemical synthesis of the (2R,3S)-y-N-methyl-B-hydroxy-histidine building
block was circumvented. However, as previously discussed, the low production titer of Cor666 even
in the best producing strain (ii) has to be improved in order to achieve industrial applicability.
Nonetheless, the hitherto achieved production titer might be sufficient, especially in large scale
fermentations, to provide enough material to be used for the semi-synthesis of small amounts of new
corramycin analogs. In general, this approach is applicable as an alternative to complex total

syntheses of drug lead structures harboring an unaltered natural product-derived pharmacophore.
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Furthermore, our results showed that also NRPS engineering sites in the A-T linkers and between T
and TE domains can yield functional NRPS assembly lines. However, we cannot draw general
conclusions about those engineering sites as no reliable secondary structures were identified within
the A-T and T-C/T-TE linkers, which is why we relied on sequence aligments. Nevertheless, our
strategy to choose the position of the engineering sites based on conserved or highly similar residues,
may also be successful in other cases. The alignment of a variety of linker sequences originating
from phylogenetically close (e.g. from one organism) or distant (e.g. from the order of
myxococcales) NRPSs might give further information about suitable engineering sites and their
general application in NRPS engineering. Moreover, we used the engineering site downstream of
the previously described helix structure within C-A linkers? (strain (iii)), but we could not detect
any corramycin derivatives produced by this strain. Admittedly, we did not use this engineering site
to connect the C domain (of module 8) to another domain, but we intended to use the C domain as
terminal releasing domain. We speculate that the C domain simply does not work as releasing
domain and that the part of the C-A linker that is attached is not the reason for this, because no
domain-domain interactions to a downstream domain have to be ensured. Since we used another
engineering site inside the C domains of modules 9 and 12 (strain (iv)), we cannot draw conclusions
about the general applicability of the previously described engineering site by Bozhlylk and
coworkers in the case of myxobacterial NRPSs. The engineering site we used is not transferable to
other cases, because it only based on the sequence alignment of two almost identical modules
originating from the same NRPS. This sequence similarity is not found when comparing other
C-A linker regions as seen when comparing Figure 5 and Figure 8. Thus, to confirm if the previously
described C-A linker engineering site is also applicable for engineering of myxobacterial NRPSs,

further experiments have to be performed in the future.
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4.4 Methods
4.4.1 Cultivation of strains

E. coli DH10B, HS996 and NEB10p strains were used for cloning and cultivated in LB medium
(10 g L™ tryptone, 5 g L™ NaCl, 5 g L™ yeast extract, pH 7.6) at 37 °C or 30 °C (handling plasmids
larger than 15 kb). Ampicillin (100 ug mL?), chloramphenicol (34 ug mL™?), kanamycin
(50 pg mL™Y) and oxytetracyclin (10 pug mL™) were used as selection markers. M. xanthus DK 1622
was used as heterologous expression host. C. coralloides MCy10984 is a native corramycin
producer and was used as control in production screening experiments. Cultivation on solid medium
was performed using M7 medium (5 g L™ probion (ME069), 5 g L? corn starch, 2 g L glucose,
1 g L? yeast extract, 1 g L™}, MgSO4 x 7H,0, 1 g L, CaCl, x 2H,0, 10 g L™ HEPES, pH 7.4) or
solid CTT medium. Liquid cultivation was performed in CTT medium (10 g L™ casitone, 1.21 g L*
TRIS, 8 MM MgSOs, 1 mM KH2PO; (pH 7.6), pH 7.6) to grow M. xanthus DK1622 cultures for
plasmid transformations. M7/s4 medium (5 g L™ soy flour, 5g L™ corn starch, 2 g L™ glucose,
1 g L? yeast extract, 1 g LT MgSO4 x 7H,0, 1 g L™ CaCl; x 2H,0, 10 g L'* HEPES, pH 7.4 and
supplemented with 0.1 mg L™ of vitamin B12 and 5 mg L™ of FeCls after autoclaving) was used for
production screening cultures (50 mL scale). M7/s4 starting cultures (without supplements) were
inoculated from solid CTT or M7 agar starting cultures. Production screening cultures were
inoculated from 1-3 d old M7/s4 pre cultures (10 % (v/v) inoculation volume) and cultivated for 5 d.
After 1 d, heterologous gene expression in M. xanthus DK1622 was induced by adding vanillate
(1 mM final concentration). XAD16 absorber resin was added after 2 d (2 % (v/v)). All liquid
cultivations were performed in 300 mL baffled Erlenmeyer flasks on an orbital shaker at 160 rpm at
30 °C. Kanamycin (50 pg mL™) and oxytetracyclin (10 pg mL™) were used as selection markers
when cultivating heterologous M. xanthus DK1622 strains. S. cerevisiae ATCC4004247 was used
for TAR cloning. Cultivations were performed at 30 °C in YPAD medium (20 g L™ glucose, 10 g L
peptone, 10 g L™ yeast extract, 100 mg L™ adenine-hemisulfate, pH 7.0). YNB medium (20 g L
glucose, 8 g L™ YNB base w/o leucine, 2 g L amino acid mix w/o leucine, 100 mg L™ adenine-
hemisulfate, pH 7.0) was used for selection of transformants.

4.4.2 Insilico experiments

Geneious v10.1.3 (Biomatters Ltd.) was used to analyze the native corramycin BGC sequence of
MCy10984 and to design the modified BGC in silico. Repetitive sequence segments in comO were
analyzed using dotplot (EMBOSS 6.5.7 tool dottup: http://emboss.sourceforge.net/). All in silico
experiments are described in detail in the Supplementary Information. GenBank accession numbers

will be provided upon acceptance of the manuscript.
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4.4.3 DNA synthesis and BGC assembly

The modified BGC was synthesized in fragments (fragment description listed in Supplementary
Table 5). DNA synthesis was carried out by ATG: biosynthetics GmbH. Sequence-verified DNA
synthesis fragments were delivered in pGH standard vector harboring an ampR (bla) gene for
selection on ampicillin. Restriction endonuclease hydrolysis, DNA ligation, E. coli transformation
and plasmid DNA isolation were done according to standard protocols.®® Both operons of the
modified BGC (CorOp1 and CorOp2) were assembled in two separate TAR cloning reactions using
the vectors pMYC20 or pMYC21 (manuscript under revision; see chapter 2), respectively. TAR
cloning was performed according to standard protocols.® The comO gene was replaced by a dummy
sequence in order to minimize the risk of unspecific recombination during TAR assembly. The
fragments of comO harboring repetitive sequence segments were assembled separately in vitro by a
three-step restriction/ligation cloning strategy using Bsal (Supplementary Information in manuscript
under revision; see chapter 2) prior to its assembly with the rest of the cluster.?® Supplementary
Figure 3 schematically depicts all cloning steps performed to obtain the final expression construct

pMYC20Cor. Supplementary Table 6 summarizes all in vitro cloning steps performed in this work.
4.4.4 Genetic manipulation of expression constructs

Red/ET recombineering*® in combination with restriction hydrolysis and re-ligation was used to
delete part of comO from the plasmids and thus truncate the assembly line for the production of
shorter corramycin derivatives. Amplification of kanR gene from pDPO-mxn116-Pvan-Tpase*! was
done via PCR. Apart from template binding sites, primers contained Bsal R-sites and 50 bp
sequences that are homologous to the sequence part in comO, which was adjacent to the part that
was deleted. Supplementary Table 3 lists all primers used for this experiment. After Red/ET
recombineering, we selected clones harboring the correct recombination products on kanamycin and
oxytetracycline. After the plasmid isolation, we verified the clones by restriction analysis. Next, the
recombination product was hydrolysed with Bsal and re-ligated to remove kanR from the construct.
Clones, which lost their resistance towards kanamycin, were selected for plasmid isolation and
restriction analysis. Supplementary Table 7 lists all manipulated plasmids that were generated in this
study. Supplementary Table 1 and Supplementary Table 2 list all strains and plasmids generated

during the cloning process, respectively.
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445 Transformation of M. xanthus DK1622 and verification by colony PCR

Expression constructs were transformed into M. xanthus DK1622 via electroporation using
established standard protocols.*? Integration of the constructs pMYC20Cor and pMYC20CorOp1
into the chromosome occurred by site-specific phage recombination in Mx8 attachment site.?* The
construct pMYC21CorOp2 was integrated into the chromosome by site-specific phage
recombination in Mx9 attachment site.?® Integration was verified by colony PCR using different
combinations of primers. The primers Mx8-attB-up2, Mx8-attB-down, Mx8-attP-up2 and Mx8-attP-
down were used to verify Mx8 attachment site integration and Mx9attB1_up, Mx9attB1_down,
Mx9attP_up and Mx9attP_down to verify Mx9 attachment site integration (Supplementary Table 3).
DNA preparation, suitable primer combinations, reaction conditions and PCR product sizes are
described by Pogorevc et al.** and Gemperlein et al.*®* Supplementary Table 1 lists all expression

strains generated in this work.
4.4.6 Sample preparation and UPLC-ESI-HRMS analysis

Cells and XAD16 absorber resin of 50 mL screening cultures were harvested by centrifugation at
3,200 x g for 15 min at 4 °C. Extraction was done two times for 60 min with 30 ml methanol under
stirring at room temperature (RT). Extracts were filtered using folded filter paper (8-12 um pore
size) and dried using a rotary evaporator. Dried extract was dissolved in 3 mL methanol and
analyzed using UPLC-HRMS. An UltiMate 3000 LC System (Dionex) with a Acquity UPLC BEH
C-18 column (1.7 pm, 100 x 2 mm; Waters), equipped with a VanGuard BEH C-18 (1.7 um; Waters)
guard column, was coupled to an Apollo Il ESI source (Bruker) and hyphenated to maXis 4G ToF
mass spectrometer (Bruker). Separation was performed at a flow rate of 0.6 mL min? (eluent A:
deionized water + 0.1 % formic acid (FA), eluent B: acetonitrile + 0.1 % FA) at 45 °C using the
following gradient: 5% B for 30 s, followed by a linear gradient up to 95 % B in 18 min and a
constant percentage of 95 % B for further 2 min. Original conditions were adjusted with 5% B
within 30 s and kept constant for 1.5 min. The LC flow was split to 75 puL min before entering the
mass spectrometer. Mass spectra were acquired in centroid mode ranging from 150-2,500 m/z at a
2 Hz full scan rate. Mass spectrometry source parameters were set to 500 V as end plate offset,
4,000 V as capillary voltage, 1 bar nebulizer gas pressure, 5 L min™ dry gas flow and 200 °C dry
temperature. For MS? experiments, CID (collision-induced dissociation) energy was ramped from
35 eV for 500 m/z to 45 eV for 1,000 m/z. MS full scan acquisition rate was set to 2 Hz and MS/MS
spectra acquisition rates were ramped from 1 to 4 Hz for precursor ion intensities of 10 kcts to

1000 kcts. We used Compass DataAnalysis version 4.4 (Bruker) to interpret MS data.
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4.4.7 Relative quantification of truncated corramycins

To quantify the relative production of truncated corramycins Cor609, Cor666 and Cor868 in the
heterologous producers (strains (i-iv) and M. xanthus DK1622 pMYC20Cor) and native producer
strain (MCy10984), we analyzed the methanolic extracts (see previous section) of 2-3 different
clones from each strain (originating from 50 mL screening cultures). The extract of each clone was
measured twice using the maXis 4G ToF mass spectrometer as described above. The MS peak
surface of the target compounds (EICs 610.27 [M+H]", 667.29 [M+H]" and 869.38 [M+H]") were
integrated manually using DataAnalysis version 4.4 (Bruker). The best producing clone of each
strain was selected for calculation of the relative production of truncated corramycins normalized to
the clone showing highest production in all strains (Table 2). A detailed analysis including all clones
was described in the Supplementary Information (Supplementary Figure 10).

4.4.8 Absolute quantification of the Cor666 production

Quantification of Cor666 in the heterologous producer strains M. xanthus DK1622 pMY C21CorOp2
pMYC20CorOp1(ii) was done using an amaZon speed 3D ion trap MS system (Bruker) with an
Apollo 11 ESI source. ESI source settings were identical as described above. We measured Cor666
standard solutions with concentrations of 0.001 mg mL™, 0.01 mg mL™?, 0.1 mgmL™*, 1 mg L and
10 mg L. Solutions for each concentration were prepared three times and measured two times. The
peak surface areas of Cor666 EICs were integrated and the calculation of the quantities in the crude

extracts was done using QuantAnalysis version 4.4 (Bruker), respectively.
4.4.9 MIC determination of Cor1183 against M. xanthus DK 1622

For MIC determination of Corl183, M. xanthus DK1622 wild-type or M. xanthus DK1622
pMYC20Cor cultures were grown in CTT medium until an optical density at 600 nm wavelength
(ODeoonm) of 1.0 was reached. The cultures were diluted 1/10 by adding fresh CTT medium. 150 pL
of the diluted culture were transferred into the wells of a 96-well plate with doubling Cor1183
concentrations from 0.125 ug mL* to the highest concentration of 64 ug mL™* and optionally
3 pug mL*t polymyxin B. A culture without Cor1183 supplementation in CTT was cultivated as
control. The cultures were grown for 2 days at 30 °C under shaking and subsequently the ODegog nm
was determined using an Infinite F200 Pro microplate reader (Tecan) and Tecan i-control version
1.10.4.0 software.
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4.6 Supplementary Information

4.6.1 Insilico analysis of the native corramycin BGC sequence

In silico analysis of the native corramycin BGC sequence from MCy10984 revealed a GC content
of 71.8 %. By looking at the size of intergenic regions and the coding strand on which the genes are
located, five putative transcriptional units were identified within the corramycin BGC: comA-C,
comF-D, comG, comH and coml-O and one additional gene (comP) downstream of comO encoding
a methyltransferase. Dotplot analysis (EMBOSS 6.5.7 tool dottup: http://emboss.sourceforge.net/)
of the entire BGC revealed several repetitive sequence segments in comO spanning over 15 kb. One
large sequence repeat was identified between modules 6 (C6, A6, T6) and 8 (C6, A6, T6), which
catalyze the incorporation of B-hydroxy-L-valine, respectively. Another large sequence repeat was
identified between modules 7 (C7, A7) and 10 (C10, A10), which catalyze the incorporation of

serine. Furthermore, numerous shorter sequence repeats were identified in comO.
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4.6.2 Insilico design of the modified BGC

The modified BGC sequence was designed in silico based on the sequence of MCy10984. We
included all genes from comA to comP. The modified BGC was organized in two transcriptional
units CorOpl and CorOp2. CorOpl contains the putative native operon coml-O (without native
promoter, RBS of coml and terminator). CorOp2 combines all other genes in the following order:
comB-C, comP, comA, comH, comF, comE-D, comG (native promoters, the RBSs of comB and
terminators excluded). Vanillate-inducible promoter system* was used for inducible gene
expression in M. xanthus DK1622.

Pvan, including vanR encoding repressor gene, was engineered upstream of CorOpl and only Pyan
(without vanR) was added upstream of CorOp2. tD1 terminator sequence from M. xanthus
bacteriophage Mx8%* was engineered downstream of both modified operons, respectively. For TAR
assembly, we engineered LEU2 gene encoding B-isopropylmalate dehydrogenase auxotrophy
marker downstream and 100 bp sequences originating from URA3 gene downstream and upstream
of both operons, respectively. We added unique R-sites for cloning purposes. Supplementary Table
4 lists all genetic elements including sequence origin and unique R-sites used for the design of
CorOp1 and CorOp2. We removed 27 R-sites (e.g. Bsal) by synonymous codon substitutions while
keeping the codon usage bias for a single amino acid as similar as possible to the native codon usage
bias in the BGC. To reduce costs and turnaround time for DNA synthesis, we divided the modified
BGC into twelve fragments (Supplementary Table 5). We added 100 bp homologous sequences to
all adjacent cluster fragments used for TAR cloning. R-sites were engineered at the 5 and 3’ ends
of all fragments for DNA synthesis vector release or for step-wise assembly in cloning vectors. We
flanked some fragments by splitter elements (SEs) if they were used for three-step assembly in
cloning vectors.”? SEs consist of unique ‘conventional’ type II R-sites flanked by two Bsal
recognition sequences extended with 5 bp sequences. Bsal is a type IS restriction endonuclease
cutting outside of the recognition sequence. This allowed generation of variable and unique 5 bp
sticky ends for ligation. Unique ‘conventional’ R-sites allowed stepwise cloning of several

fragments into a cloning vector.
4.6.3 Assembly of the modified BGC

comO fragments 1-4 were assembled by restriction/ligation-based in vitro cloning techniques using
pSynbiol as cloning vector. The SEs were removed by restriction hydrolysis with Bsal and
re-ligation using T4 ligase. After rejoining of the fragments, the generated construct did not contain
additional R-sites. TAR cloning was used to assemble pMY C20preCorOpl and pMYC21CorOp?2.
For pMYC20preCorOp1 assembly, DNA fragments a-e, dummy and EcoRV-linearized pMYC20
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were used. The dummy was used instead of comO fragments to avoid unspecific recombination
caused by repetitive sequence segments. pMYC21CorOp2 was cloned from fragments f-h and
EcoRV-linearized pMYC21. During TAR assembly, the counter selection marker URA3 in the
vectors was disrupted whereas LEU2 was introduced into the plasmid together with the cluster
fragments. Transformation of S. cerevisiae ATCC4004247 was done according to the standard
high-efficiency transformation protocol | described by Agatep et al.*®* However, centrifuging was
done at 3,200 x g and heat shock lasted for 45 min. Constructed plasmids were isolated according
to the protocol from Kouprina & Larionov* (ldentification of gene-positive pools) and transformed

into E. coli DH10B. Clones harboring the correct construct were verified by restriction analysis.

13Dummy was replaced by comO (fragment 1-4) in pMYC20preCorOp1 via restriction/ligation to
generate pMYC20CorOpl. To generate final expression construct pMYC20Cor, we ligated CorOp2
into pMYC20CorOp1. Supplementary Figure 3 schematically depicts all cloning steps performed to
obtain the final expression construct pMYC20Cor. Supplementary Table 6 lists all conventional
cloning steps for the generation of pMYC20Cor. We verified all generated constructs by restriction
analysis. Additionally, the Illumina paired-end technology on a MiSeq PE300 platform (in-house)
was used to verify the sequences of pMYC20CorOpl (2,646-fold mean sequencing coverage),
pMY C21CorOp2 (7,537-fold) and pMY C20Cor (681-fold). Furthermore the sequences of modified
expression constructs were sequenced: pMYC20CorOpl(i) (1,517-fold), pMYC20CorOpl(ii)
(1,313-fold), pMYC20CorOpAi(iii) (1,539-fold), pMYC20CorOp1(iv) (1,693-fold). Supplementary

Table 1 and Supplementary Table 2 list all strains and plasmids generated during cloning process.
4.6.4 Relative quantification of truncated corramycin production

The relative production of truncated corramycins was determined as described in the method section.
Supplementary Figure 10 shows that the production of Cor609 is around 20 times higher in the
native producer strain C. coralloides MCy10984 as compared to strains (i), (ii), (iv) and M. xanthus
DK1622 pMYC20Cor (Supplementary Figure 10a). On the contrary, the production of Cor666 was
only 20 % in the native producer strain compared to the production in strains (i) and (ii)
(Supplementary Figure 10b). Strain (iv) showed a production of Cor666 of around 40 % compared
to strain (i), but the standard deviation was high meaning that the tested clones produced strongly
differing amounts of the target compound. This high variation was also observed in the production
of Cor868 (Supplementary Figure 10c). Nevertheless, the average production of Cor868 in strain
(iv) was around 10 times higher compared to MCy10984. Huge differences in the corramycin
production between different clones of one strain can e.g. be explained with different cell densities
that were achieved during cultivation. At this time we cannot make a statement about the achieved

cell densities as we did not monitor the optical density (OD) of the cultures during cultivation. For



Heterologous production of corramycins and their derivatives | 201

more accurate results, the cell dry weight (CDW) should be determined and the relative production
should be set in ratio with the CDW. However, the use of clumpy M7/s4 medium makes the
determination of the CDW and OD difficult. The use of a different, clearer medium might solve this
problem, but only if the low production of corramycins is not further reduced, which could
potentially result in compound peaks being downsized on noise level, thus preventing any
quantification. Another reason for the high variation between different clones of one strain can be
mutations, which lead to improved or decreased growth and overall fitness. In future experiments,
more clones have to be screened for the production of truncated corramycins and the best producing

clone(s) have to be cultivated in greater numbers to get more accurate results.

4.6.5 Supplementary Figures
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Supplementary Figure 1 | Design of the modified corramycin BGC based on the native BGC from
MCy10984. The modified BGC consists of two operons: CorOpl: URA3 homology left for TAR assembly, vanR
repressor, vanillate inducible promoter Pyan, biosynthetic genes coml-O, tD1 terminator, LEU2 auxotrophy marker
and URA3 homology right for TAR assembly. CorOp2: URA3 homology left, Pvan, biosynthetic genes comB-C,
comP, comA, comH, comF, comD-E and comG, tD1, LEU2 and URA3 homology right. Location of important R-
sites are shown by dashed lines.
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Supplementary Figure 2 | Dotplots of entire gene cluster and comO. a: Dotplot of entire gene cluster. Two
large repetitive sequence segments (red and blue bars) and numerous smaller repeats (red/blue dots) span over 15
kb in comO (highlighted in light grey). b: Dotplot of comO. Magnification of the grey area in a. The Dotplot was
created using the EMBOSS 6.5.7 tool dottup in Geneious (Geneious version 2020.0 created by Biomatters.
Available from https://www.geneious.com).
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Supplementary Figure 3 |Assembly and modification strategy of the synthetic corramycin BGC. Both operons
of the modified gene cluster are shown on top (see also Supplementary Figure 2). Conventional restriction/ligation-
based cloning steps were used to assemble comO from synthesized DNA fragments. TAR cloning was used to
assemble fragments a-e and Dummy to generate pMYC20preCorOp1l and f-h to generate pMYC21CorOp2. The
dummy was replaced by comO (fragments 1-4) in a restriction/ligation-based cloning step to generate
pMYC20CorOpl. Final expression construct pMYC20Cor was generated by cloning CorOp2 downstream of
CorOpl in pMYC20CorOp1l. Supplementary Table 6 lists all restriction/ligation-based cloning steps.



204 | Heterologous production of corramycins and their derivatives

OH

o - =

R oAy H oAy H
YN o NH YN g~ NH

FAAL —_— NH hydrolysis ~NH
ACP [ C T - = /I O - ©
AMP ; g B —— CN 0 Oy NH
o) .
= +PP S>:O S, Kfoo OH
\_/ b :<O _i HNQ& HN A A0
o OH =
R HO ™™ ©
Acylated vioprolide precursor
o
O=(_ +ATP
R o
FkbH OH OH
ACP | C T N R N OH
AMP y —_— W HWN NQ&Q N%H E
0= +pp, H é OH QAN O OH I o 0 gy O \( o
R =0 o N7 .
R o} I Acylated corramycin precursor
o= oH
Cytoplasm R |
N ComC
ComB
] corramycm
\ Periplasm N ‘

'

Supplementary Figure 4 | Biosynthesis of acylated vioprolide and corramycin precursors. a: ATP-dependent
fatty acid activation by the FAAL domain leads to the production of an acylated vioprolide precursor. Maturation
of the active product is achieved by hydrolysis of the fatty acid residue. Scheme was modified from Ref. &. b: It
was hypothesized by Tesmar and coworkers that the production of acylated corramycin precursor is followed by
export from the cytoplasm into the periplasm by ComC and subsequent hydrolysis by ComB.# Scheme was
modified from Ref. 4.
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Supplementary Figure 5 | Cloning strategy to delete parts of comO. In vivo homologous recombination was
used to replace the part to be deleted (yellow) in comO on pMYC20CorOpl by a kanamycin resistance marker
(green). Hydrolysis with Bsal was used to remove the resistance marker. Re-ligation of the plasmid lead to
generation of the desired deletion constructs.
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Supplementary Figure 6 | UPLC-HRMS and MS? data of Cor666 produced in strain (i) compared to
synthetic standard. a: EIC 667.30 [M+H]*. b: MS? fragmentation pattern.
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Supplementary Figure 7 | UPLC-HRMS and MS? data of Cor609 produced in strain (ii) compared to
synthetic standard. a: EIC 610.30 [M+H]*. b: MS? fragmentation pattern.
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Supplementary Figure 8 | UPLC-HRMS and MS? data of Cor868 produced in strain (iv) compared to
synthetic standard. a: EIC 869.30 [M+H]*. b: MS? fragmentation pattern.
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Supplementary Figure 9 | UPLC-HRMS analysis of truncated corramycins in the methanolic extracts of
C. corralloides MCy10984 and M. xanthus DK1622 pMY C20Cor. EICs 610.26 [M+H]" (black), 667.29 [M+H]*
(blue) and 869.38 [M+H]* (green) are shown for the extracts of C. corralloides MCy10984 (top) and M. xanthus
DK1622 pMYC20Cor (bottom). Cor609 was produced in both strains, whereas Cor666 and Cor868 was only
detected in the extract of MCy10984.
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Supplementary Figure 10 | Relative production yields of truncated corramycins in strains (i-iv), M. xanthus
DK1622 pMYC20Cor and MCy10984. Relativ production levels of truncated corramycins Cor609 (a), Cor666
(b) and Cor868 (c) in strains (i-iv), MCy10984 and DK1622 pMYC20Cor. The samples were analyzed using
HPLC-HRMS and the peak surface area was integrated manually for yield comparison. The mean values from
biological duplicates or triplicates (each measured in duplicates) were calculated and normalized to the mean value
of the highest producing strain. Error bar: standard deviation.



208 | Heterologous production of corramycins and their derivatives

4.6.6 Supplementary Tables

Supplementary Table 1 | Strains used and generated in this work.

Bacterial strain Genotype Reference
Native cystobactamid producer strains
C. corralloides MCy10984 - HIPS/MINS
Cloning strains

F, mcrA, A(mrr-hsdRMS-mcrBC), ®80/acZAM15, AlacX74, recAl, araD139,

E. coli DH10B A(ara-leu)7697, galU, galK, rpsL (StrR), endA1, nupG, A Invitrogen

E. coli HS996 F, mcrA, A(mrr-hsdRMS-mcrBC), ®80lacZAM15, AlacX74, recAl, Invitrogen

' araD139, A(ara-leu)7697, galU, galK, rpsL (Str®), endAl, nupG, fhuA::1S2 9

mcrA, spoT1A(mrr-hsdRMS-mcrBC), ®80d(lacZAM15)recAl, relAl, New Enaland

E. coli NEB10B AlacX74, recAl, araD139, A(ara-leu)7697, galK16, galE15, rpsL (Str®), Biolabs g

E. coli GB05-red

m m m Mm mmmmmMmMmMmMmMTmMTIMTMTMTMTMMmMmMMmMm ©

. cerevisiae ATCC4004247

. coli HS996 pUC57-a

. coli HS996 pUC57-b

. coli HS996 pUC57-c

. coli HS996 pUC57-d

. coli HS996 pUC57-¢

. coli HS996 pUCS57-f

. coli HS996 pUC57-g

. coli HS996 pUC57-h

. coli HS996 pUC57-1

. coli HS996 pUC57-2

. coli HS996 pUC57-3

. coli HS996 pUC57-4

. coli HS996 pUC57-Dummy
. coli DH10p pSynbiol-1

. coli DH10p pSynbio1-12

. coli DH10p pSynhio1-123

. coli DH10p pSynbio1-1234 (+SEs)
. coli DH10p pSynbio1-1234

S. cerevisiae ATCC4004247
pMYC20preCorOpl

S. cerevisiae ATCC4004247
pMYC21CorOp2

E. coli DH10B pMYC20preCorOpl

E. coli DH10B pMYC21CorOp2

E. coli DH10B pMYC20CorOpl

E. coli NEB10p pMYC20Cor

E. coli NEB10B pMYC20CorOp1(i)kanR

E. coli NEB10B pMYC20CorOpl(ii)kanR

E. coli NEB10B pMYC20CorOp1(iii)kanR

endAl, nupG, fhuA

F, mcrA, A(mrr-hsdRMS-mcrBC), ®80/acZAM15, AlacX74, recAl, araD139,
A(ara-leu)7697, galU, galK, rpsL (StrR), endAl, nupG, X, AfhuA, Peao-gbaA

AybcC, ArecET19

MATa, his3A1, leu2A0, met15A0, ura3A0, ydrdllc::KanMX4
E. coli HS996 pUC57-a, AmpR

E. coli HS996 pUC57-b, AmpR

E. coli HS996 pUC57-¢c, AmpR

E. coli HS996 pUC57-d, AmpR

E. coli HS996 pUC57-e, AmpR

E. coli HS996 pUC57-f, AmpR

E. coli HS996 pUC57-g, AmpR

E. coli HS996 pUC57-h, AmpR

E. coli HS996 pUC57-1, AmpR

E. coli HS996 pUC57-2, AmpR

E. coli HS996 pUC57-3, AmpR

E. coli HS996 pUC57-4, AmpR

E. coli HS996 pUC57-Dummy, AmpR

E. coli DH10B pSynbiol-1, Amp~®

E. coli DH10B pSynbio1-12, AmpR

E. coli DH10pB pSynbiol-123, AmpR

E. coli DH10p pSynbiol-1234 (+SEs), AmpR
E. coli DH10B pSynbiol-1234, AmpR

S. cerevisiae ATCC4004247 pMYC20preCorOp1, LEU2

S. cerevisiae ATCC4004247 pMYC21CorOp2, LEU2

E. coli DH10B pMYC20preCorOp1, OtcR, CmR

E. coli DH10B pMYC21CorOp2, Otc?, CmR

E. coli DH10B pMYC20CorOp1, Otc?, CmR

E. coli DH10B pMYC20Cor, OtcR, CmR

E. coli NEB10p pMYC20CorOp1(i)kanR, Otc?, CmR, Kan®

E. coli NEB10p pMYC20CorOp1(i)kanR, Otc?, CmR, Kan®

E. coli NEB10p pMYC20CorOp1(i)kanR, Otc?, CmR, Kan®

Gene Bridges

ATCC

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

This work

This work
This work

This work

This work

This work

This work

This work

This work
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Bacterial strain Genotype Reference
Cloning strains

. . . . This work
E. coli NEB10B pMYC20CorOpi(iv)kanR  E. coli NEB10B pMYC20CorOp1(i)kanR, OtcR, CmR, Kan®

. . . . This work
E. coli NEB10B pMYC20CorOp1(i) E. coli NEB10B pMYC20CorOpi(i)kanR, Otc?, CmR

. . . . This work
E. coli NEB10B pMYC20CorOpl(ii) E. coli NEB10B pMYC20CorOpi(i)kanR, Otc?, CmR

. . . This work
E. coli NEB10B pMYC20CorOpl(iii) E. coli NEB10B pMYC20CorOpl(i)kanR, Otc?, CmR

. . . . This work
E. coli NEB10B pMYC20CorOpl(iv) E. coli NEB10B pMYC20CorOpl(i)kanR, Otc?, CmR

Heterologous host and production strains
HIPS/MINS
M. xanthus DK1622 -
This work

M. xanthus DK1622 pMYC20Cor M. xanthus DK1622 pMYC20Cor, Otc®
M. xanthus DK1622 pMYC20CorOp1(i) . R This work
PMYC21CorOp2 M. xanthus DK1622 pMYC20CorOp1(i) pMYC21CorOp2, Otc
M. xanthus DK1622 pMYC20CorOp(ii) N R This work
PMYC21CorOp2 M. xanthus DK1622 pMYC20CorOp1(ii) pMYC21CorOp2, Otc
M. xanthus DK1622 pMYC20CorOp(iii) R This work
PMYC21CorOp2 M. xanthus DK1622 pMYC20CorOpl(iii) pMYC21CorOp2, Otc
M. xanthus DK1622 pMYC20CorOp1(iv) ) R This work
MY C21CorOp2 M. xanthus DK1622 pMYC20CorOp1(iv) pMYC21CorOp2, Otc'

Supplementary Table 2 | Plasmids used and generated in this work.

Plasmid Genotype Reference

Non-integrative plasmid for cloning in E. coli; oriV and trfA from RK2 3

pSynbiol plasmid, bla (AmpR), MCS
pMYC vector backbone; p15A ori, cat (CmR) from pACYC184, tral, .
pMYC oriT, CEN6/ARS4, URA3, tp, terminator from Myxococcus phage Mx8 This work
-] i - R -
BMYC20 TetR mx8 cloned into pMYC; tetR (Otc®) from pALTER(R)-1, mx8 This work
integrase from Myxococcus phage Mx8
~ H . R
pMYC21 !(anR mx9 cloned into pMYC; kanR (Kan®) from pACYC177, mx9 This work
integrase from Myxococcus phage Mx9
pSynbiol-1 Gene synthesis product 1 (fragment 1 of comO) cloned into pSynbiol This work
pSynbiol-12 Gene synthesis product 2 (fragment 2 of comO) cloned into pSynbiol-1 This work
pSynbiol-123 Gene synthesis product 3 (fragment 3 of comO) cloned into pSynbiol-1 This work
pSynbiol-1234 (+SEs) Gene.synthesm product 4 (fragment 4 of comO) cloned into pSynbiol-1; This work
contains SEs
pSynbiol-1234 Gene synthesis product 4 (fragment 4 of comO) cloned into pSynbiol-1; This work

SEs removed

Gene synthesis product a (ura3 homology, vanillate promoter and

repressor vanR, coml, comJ and 5” end of comK), gene synthesis product

b (3’ end of comK and 5’ end of comL), gene synthesis product ¢

pMYC20preCorOpl (comL), gene synthesis product d (3” end of comL and 5” end of comM), This work
gene synthesis product e (3” end of comM and comN) and Dummy

sequence (rpsL, LEU2 and ura3 homology) cloned into pMYC20 by

TAR

Gene synthesis product f (ura3 homology, vanillate promoter, comB,
pMYC21CorOp2 comE and comP), gene synthesis product g (comA, comH, comF, comE)  This work

and gene synthesis product h (comD, comG, LEU2 and ura3 homology)
pMYC20CorOpl comO fragments 1-4 (without SEs) cloned into pMY C20preCorOpl This work

pMYC20Cor CorOp2 cloned into pMYC20CorOpl This work
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Plasmid Genotype Reference
pMYC20CorOpl(i)kanR kanR cloned into pMYC20CorOp1 via RedET recombineering This work
pMYC20CorOp1(ii)kanR kanR cloned into pMYC20CorOp1 via RedET recombineering This work
pMYC20CorOpi(iii)kanR kanR cloned into pMYC20CorOp1 via RedET recombineering This work
pMYC20CorOp1(iv)kanR kanR cloned into pMYC20CorOp1 via RedET recombineering This work
pMYC20CorOpl(i) kanR removed from pMYC20CorOp1(i)kanR This work
pMYC20CorOp1(ii) kanR removed from pMYC20CorOp1(ii)kanR This work
pMYC20CorOpl(iii) kanR removed from pMYC20CorOp1(iii)kanR This work
pMYC20CorOpl(iv) kanR removed from pMYC20CorOp1(iv)kanR This work

Supplementary Table 3 | Oligonucleotides used in this work. Restriction sites (R-sites) are underlined and
binding regions are marked in bold.

Oligonucleotide Sequence (5°-3”)

Mx8-attP-up2 CGACGGTGCCGACAAATAC
Mx8-attB-up2 GCGCACTGGACCATCACGTC
Mx8-attP-down GGCTTGTGCCAGTCAACTGCG
Mx8-attB-down CGGATAGCTCAGCGGTAGAG
Mx9attB1_up TGCCAGGGCTTACGGCTTC
Mx9attB1_down CAGCACGGGTGCAGCAAC
Mx9attP_up GCGCCGAACTTAACAAGTTG
Mx9attP_down TCCAGGTCCTCACGCTTGAC

AGGTGGACCGCAAGGCGCTGCCGGCTCCGGAGGCGGTGGCCGCCGAG

KanR-1-F ACGTGAGACCTTGGACAGCAAGCGAACCGG

KanR-1-R CGAACGAGCTGCAGCTCCAATGCGTCTCGCGGGGCCACCGCCGAGGCC
GACGTCTGAGACCTCAGAAGAACTCGTCAAGAAG
TCTTCGAAGCGTCCACCGTGGAGGTGCTGGCCGCGCAGGTGGAGCAGG

KanR-2-F CATGAGACCTTGGACAGCAAGCGAACCGG
CGGCCTGTTCCCTTCGTGGCGAGGGGAACCAGCGACGAGGCGLCGCCCC

KanR-2-R GGTGCCTGAGACCTCAGAAGAACTCGTCAAGAAG
AGTTGCCCCTGCAGAGCGCGGAGGATCAGCGACTGCTGCTCTCCGCGT

KanR-3-F GGTGAGACCTTGGACAGCAAGCGAACCGG
TGCCTGAGACCTCAGAAGAACTCGTCAAGAAG

KanR-3-R
TGACCGAGACGGATCAGGGGCTCTCAGGTGCGCTGGAGTTCAACAGCG

KanR-4-F ACTGAGACCTTGGACAGCAAGCGAACCGG

AGCAGCTTCAGGTGCCTCAGCATCCGCTCCGCTGTCGCCGGCTCGAAC
KanR-4-R AGGTCGTGAGACCTCAGAAGAACTCGTCAAGAAG
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Supplementary Table 4 | Genetic elements used in the design of the modified gene cluster. Nucleotide position
numbering in modified cluster refers to CorOp1 and CorOp2 separately. Genetic elements which are not part of the
cluster but necessary for cloning are labelled in light blue.

Genetic element

Nucleotide position in

modified cluster

Sequence origin

(GenBank accession)

Nucleotide position in

original sequence

CysOpl
URA3 homology left 0-100 pRS416 (U03450) 606 - 705
Pvan (+vanR) 101 — 1,180 PMR3679% 1602 ~2941
coml - comO 1,181 — 46,943 MCy10984 BGC unpublished (chapter 3)
XmaJl 36,817 — 36,822 - -

tD1 terminator

Xbal, spacer, Aflll

48,130 — 48,178

48,179 — 48,196

Myxococcus xanthus
phage Mx82*

LEU2 48,197 — 50,431 pRS415 (U03449) 3498 - 5732
URA3 homology right 50,432 — 50,531 pRS416 (U03450) 506 - 605
CysOp2

URA3 homology left 0-100 pRS416 (U03450) 606 - 705
Xbal 101 - 106 - -
Pvan 107 — 236 PMR3679% 2,812 -2,941
comB, E,P,A H, F,E,

237 -10,192 MCy10984 BGC unpublished (chapter 3)

D, G
tD1 terminator

Aflll
LEU2
URA3 homology right

10,193 - 10,241

10,242 — 10,247
10,248 — 12,482
10,483 — 10,582

Myxococcus xanthus
phage Mx8%*
pRS415 (U03449)
pRS416 (U03450)

3498 - 5732
506 - 605
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Supplementary Table 5 | Name, size and restriction sites or splitter elements (SEs) of the thirteen gene
synthesis fragments. Spacer sequence (sp) was introduced between SE restriction sites.

Fragment  Description Size [bp] Flanking restriction sites or SEs
a URA3 homology, vanR, Pvan, coml, 5,245 5¢-Bsal, 3¢-Bsal
comJ, (5°) 1273 bp of comK
b (3”) 4143 bp of comK, (5’) 1037 bp 5,216 5¢-Bsal, 3°-Bsal
of comL
c comL 5,216 5¢-Bsal, 3°-Bsal
d (3”) 3,485 bp of comL, (5”) 1726 bp 5,216 5¢-Bsal, 3¢-Bsal
of comM
e (3”) 2,838 bp of comM, comN 4,415 5¢-Bsal, 3¢-Bsal
f comB, comE, comP 4,176 5¢-Bsal, 3°-Bsal
g comA, comH, comF, comE, (5) 425 4,216 5¢-Bsal, 3°-Bsal
bp of comD
h (3°) 872 bp of comD, comG 4,399 5¢-Bsal, 3°-Bsal
1 comO fragment 1 6,240 SE (5°): Kpnl-Bsal
SE (3°): Bsal-Hindll1-sp(GACCTA)-Pmel
2 comO fragment 2 6,244 SE (5°):Hindll1-Bsal
SE (3°): Bsal-Ndel-sp(GACCTA)-Pmel
3 comO fragment 3 5,844 SE (5°):Ndel-Bsal
SE (3¢): Bsal-Xbal-sp(GGCCTA)-Pmel
4 comO fragment 4 5,057 SE (5°):Xbal-Bsal
SE (3): Bsal-Pmel
Dummy  comO homology, rpsL, comO 3,177 -

homology, LEU2, URA3 homology
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Supplementary Table 6 | Source of vector and insert DNA and restriction endonucleases used for
construction of plasmids in this work.

Product generated Vector Insert Insert source Restriction enzyme
pSynbiol-1 pSynbiol Gene synthesis fragment  Kpnl/Pmel
pSynbiol-12 pSynbiol-1 2 Gene synthesis fragment  HindllI/Pmel
pSynbiol-123 pSynbiol-12 3 Gene synthesis fragment  Ndel/Pmel
pSynbiol-1234 (+SEs)  pSynbiol-123 4 Gene synthesis fragment  Xbal/Pmel
pSynbiol-1234 pSynbiol-1234 - - Bsal
pMYC20CorOp1l pMYC20preCorOpl 1234 (comQO) pSynbiol-1234 Bsal

pMYC20Cor pMYC20CorOpl CorOp2 pMYC21CorOp2 Xbal/AfllI

Supplementary Table 7| Modified plasmids generated via Red/ET recombineering and restriction

hydrolysis/re-ligation.

Product generated

Description

Vector used for Red/ET  Red/ET product

pMYC20CorOp1(i)

pMY C20CorOpi(ii)

pMY C20CorOpi(iii)

pMYC20CorOp1(iv)

Deletion of comO module 7 T
domain to module 12 A domain

Deletion of comO module 8 C
domain to module 12 T domain

Deletion from comO module 8 A
domain on

Deletion of comO module 9 A
domain to module 12 C domain

pMYC20CorOpl

pMYC20CorOpl

pMYC20CorOpl

pMYC20CorOpl

pMYC20CorOp1(i)kanR

pMYC20CorOp1(ii)kanR

pMYC20CorOp1(iii)kanR

pMYC20CorOp1(iv)kanR

4.7 Supplementary Information References

44. Iniesta, A. A., Garcia-Heras, F., Abellon-Ruiz, J., Gallego-Garcia, A. & Elias-Arnanz, M. Two

systems for conditional gene expression in Myxococcus xanthus inducible by isopropyl-R-D-
thiogalactopyranoside or vanillate. J. Bacteriol. 194, 5875-5885; 10.1128/JB.01110-12 (2012).

45. Kouprina, N. & Larionov, V. Selective isolation of genomic loci from complex genomes by

transformation-associated recombination cloning in the yeast Saccharomyces cerevisiae. Nat.
Protoc. 3, 371-377; 10.1038/nprot.2008.5 (2008)
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5 Discussion

The central topic of this thesis is the heterologous expression of bacterial secondary metabolite
pathways for the production of pharmaceutically relevant NPs. The major focus was placed on the
elucidation of the biosynthesis pathways and the production of structurally altered NP congeners.
Therefore, not only heterologous expression but also in vitro reconstitution of enzyme activities and
in silico analysis of the respective BGCs proved to be powerful tools to shed light on complex

biosynthesis steps.

The second and fourth chapter focus on the in silico design, assembly and heterologous expression
of modified BGCs in M. xanthus DK1622 for the production of the antibiotic classes of
cystobactamids and corramycins. In both cases, targeted deletions of entire genes or part of genes
lead to the production of entirely new or truncated congeners of the NPs. More specifically, chapter 2
discusses the elucidation of the cystobactamid biosynthesis based on the heterologous expression
experiments in combination with in vitro experiments, whereas chapter 4 discusses the heterologous
production of truncated corramycins for the implementation into a semi-synthetic approach to obtain
pharmaceutically improved congeners. Chapter 3 discusses the first isolation of corramycins from
two C. coralloides strains, the identification of the respective BGC and proposal of a putative
biosynthesis pathway. The work in chapter 3, which was mainly performed by Dr. Alexander von
Tesmar (from HIPS side),! therefore set the basis for the establishment of the heterologous

production platform described in chapter 4.
5.1 Major drawbacks in antibiotic development

The development of an antibiotic into a marketable state is a laborious process with a failure rate of
95 %,2 costs of hundreds of millions of US dollars and time scales up to 10 and more years.® The
discovery and early phase development of antibiotics is often undertaken by small and medium-sized
companies. A recent study investigated costs and durations of the early phase antibiotic development
by conducting a survey with 25 companies participating.* It was estimated that lead compound
identification costs from 100 thousand to over a million US dollars taking 6 months up to 4 years.
A lead compound is defined as a compound with biological activity and pharmacological properties
bearing the potential to be developed to a therapeutic after refinement of suboptimal structures.
Lead-like compounds serve as starting point for chemical modifications for the generation of
congeners with more drug-like properties. Apart from a promising antibacterial activity (ideally
against clinically relevant pathogenic strains), a lead-like antibacterial has to fulfill specific selection
criteria such as structural novelty, a new target or mode-of-action, a minimal number of

diversification points and low cytotoxicity.®> Physicochemical properties such as aqueous solubility,
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microsomal stability, CYP450 inhibition and cell permeability of lead-like compounds may be
suboptimal and have to be targeted in optimization processes to attain drug-like properties.® For lead
compound optimization the companies spent (or plan to spend) around 1 to 5 million US dollar over
a time period of another 6 months to 4 years.* Preclinical testing takes 6 months to 2 years and costs
around 1 to 10 million US dollar, whereas phase Il clinical trials take 1 to 4 years costing 1 to 20
million US dollars. Reasons for the high failure rate in antibiotic development are the overall
profitability,® the discovery process to identify structures exhibiting new targets, and the clinical
trials, where only 25% of the antibiotic candidates succeed.? As antimicrobial resistance
development positively correlates with the prevalence of antibiotic use in human health care,’ the
thoughtful use of established antibiotic classes is still sufficient to treat most of the infections.® As a
result, new antibiotics are often only used as choice of last resort to treat multidrug-resistant

pathogens, finally resulting in low unit sales.

5.2 Limitations and solution approaches in antibiotic drug discovery from

microbial sources

Most of the major antibiotic classes discovered in the “golden age of antibiotics” derived from
actinobacteria,® which nowadays increases the probability to rediscover known compound classes
with known targets when continuing the same screening approaches and source organisms. For
instance, this led to a decrease in the discovery rate from 70 to 100 new antibacterial compound
classes per year in the 1970s to early 1980s to only around 20 per year in the late 1980s to 1990s
deriving from actinomycetes.’® Without a paradigm change in the traditional screening
methodology, the discovery of new compound classes in actinomycetes becomes more and more
unlikely. Nevertheless, this does not mean that the time of NP-based screening is over, because in
general most of the FDA-approved drugs, and antibiotics in particular, are still based on the
structures Nature provided.! It means that new NP screening systems have to be developed. One
recent example is the identification of darobactin.®> The chosen source organism was a
Photorhabdus strain, which is a gut commensal in entomopathogenic nematodes and was thus
hypothesized to share similar requirements for antibiotics with human commensals. Darobactin
showed superior antimicrobial activity against a large number of Gram-negative human pathogens,
whereas almost no toxicity in human cell lines or antimicrobial activity against human gut
commensals, including Gram-negative symbionts of the genus Bacteroides, were observed. This
activity was attributed to the new target BamA, which is an outer-membrane chaperone in
Gram-negative bacteria. Notably, the authors did not discuss why Gram-negative human gut
commensals are not affected by darobactin. Possible explanations might be e.g. an altered darobactin

target site in BamA or the presence of an analog compensating the functional loss of BamA.
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Switching the source organisms from highly explored to underexplored bacterial orders is a
promising alternative that allows discovery of new compound classes even with old screening
methods. The main reason for this is that the biosynthetic machineries in underexplored bacteria
generally differ from those in highly explored bacteria with higher probability. The growing number
of NRPS and PKS systems, which differ in their structure and functionality from previously
classified systems (mainly deriving from actinobacteria), is due to a reinforced exploration of other
bacterial sources. The different chemistry executed by these uncharacterized systems make the
discovery of completely new structures with unprecedented modes of action more likely. As
described before, myxobacteria were shown to have a large potential to produce NPs with various
biological activities.® Interestingly, only a minor fraction of the myxobacterial strains living in
various habitats were isolated and cultivated under laboratory conditions so far. It was estimated that
1 g of soil can harbor 108! bacterial cells and 10*° different species,'**> whereas, only 5 to 10
different myxobacterial species and less than 10° myxobacterial cells are typically yielded from this
amount of soil.1**8 This displays less than 0.1 % of the total cells and species estimated in 1 g of
soil. However, based on a 16S rRNA pyrosequencing experiment of a soil sample from Shandong
University campus, the order of myxococcales accounted for 4.1 % of the total bacterial sequences,®
indicating that the vast majority of myxobacterial species was not accessed yet. Although the
proportion of myxobacterial species compared to total bacterial species might vary tremendously in
different soil samples, this study gives a clear indication of the biosynthetic potential that lies hidden

behind the huge number of yet uncultured myxobacteria.

Furthermore, myxobacteria harbor a great genetic potential for the production of NPs as they have
the largest genomes in the kingdom of bacteria. However, the production titers of promising
antimicrobials are often below the desired threshold that is required for further lead development.
Naturally, bacteria produce antibiotics to gain a competitive advantage over rival strains that are
living in the same habitat and fighting for the same resources. In contrast to the conditions in the
natural environment, under laboratory conditions bacteria are often isolated and cultivated without
nutritional limitations. These cultivation conditions eliminate the necessity for the bacterium to
produce antibiotics, resulting in downregulation of the gene expression of BGCs (cryptic or silent
BGCs) encoding the biosynthetic machinery for antibiotic production. Thus, the antibiotic
production that scientists observe may be only the result of basal gene expression by so-called leaky
promoters. On the other hand, the lack of knowledge about newly discovered bacterial strains and
appropriate cultivation media may also lead to unwanted nutritional limitations, which result in slow
growth and thus low production titers. It was shown that nutrient stress or the accumulation of
specific stimulator molecules such as N-acetylglucosamine (part of the bacterial cell wall),®

desferrioxamines (siderophores),?® promomycin (ionophore)? or y-butyrolactone® may trigger the
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production of antibiotics by inducing a signal cascade leading to the activation of global antibiotic
biosynthesis transcription regulators in Streptomyces. The knowledge about global antibiotic
biosynthesis activators in actinobacteria was for example used for high-throughput screening of
silent BGCs.?*?* However, if only limited information about nutritional requirements and global
activators are available, finding optimal cultivation conditions for a certain production strain is a
ridge walk between sufficient nutrients and enough stress to achieve acceptable yields. Especially
most of the myxobacteria are not yet cultivable with an efficacy that enables high-throughput
screening of global activators for antibiotic production. Nevertheless, in a few cases the regulation
of secondary metabolite production was investigated, e.g. for Sorangium cellulosum and

Cystobacter fuscus.?%

Another approach to trigger antibiotic production is the microbial co-cultivation including the
cultivation of bacteria with other bacteria but also with microbes like fungi. The secretion of small
molecules by one strain thereby induces the expression of formerly silent BGCs leading to increased
production titers of the respective secondary metabolites. Interestingly, not only antagonistic but
also mutualistic interactions between the cocultivated species can lead to stimulation of antibiotic
production.?” Another method to activate silent BGCs is the insertion of a heterologous promoter
upstream of the BGC, thereby forcing the strain to express the genes and produce the desired
metabolite. This method was for example used to activate a type 1l PKS BGC in the myxobacterium
Pyxidicoccus fallax An d48, leading to the production of the new topoisomerase inhibitors called
pyxidicyclines.? However, this method has some major drawbacks. The target strain has to be
genetically accessible, e.g. in terms of transformability or the availability of usable selection markers
and heterologous promoters. Furthermore, complex BGCs consisting of numerous transcriptional
units cannot be fully activated by the insertion of one heterologous promoter, resulting in unbalanced
or incomplete gene expression of only a few biosynthetic genes, probably leading to the production
of precursor molecules missing their biological activity. Thus, this method is more applicable for
BGCs with a simple organization level. Figure 1 shows some of the above-mentioned strategies that
are used to activate silent BGCs.
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Figure 1 | Example strategies to induce gene expression of silent BGCs. The cultivation of bacterial strains in
nutrient-poor medium might lead to nutrient stress inducing gene expression. The direct supplementation of
stimulators or the cocultivation with competitive or mutualistic bacteria or fungi can also induce gene expression.
The introduction of a heterologous promoter upstream of the BGC might lead to (partial) activation of the gene
expression.

In this thesis, the discovery of the new myxobacterial antibiotic corramycin was described
(chapter 3),! following a traditional screening approach in which a huge library of nearly 4,000
myxobacterial crude extracts was tested in a high-throughput manner for their activity against
E. coli. In the underexplored bacterial order of myxococcales this screening method may still be the
simplest way to find new interesting molecules. However, one may expect a decline in
myxobacterial antibiotic discovery comparable to that after the “golden age of antibiotics” when the
screening methodology for actinomycetes had to be improved to further yield novel antibiotic
classes. One advantage for the screening process in myxobacteria is that for actinomycetes many
innovative screening approaches have already been established, which only have to be adapted. This

may quench the decline in the myxobacterial compound screening process in the future.

After the initial discovery process, the low production titers of the target compounds often tempt
pharmaceutical companies to develop chemical synthesis routes. Total synthesis (in many cases)
does not only provide sufficient amounts of the target molecule, but also opens up nearly unlimited
options for structure engineering to improve the antibacterial activity spectrum or other
pharmacokinetic properties. However, due to the complex structure of some NP building blocks,
total synthesis sometimes reaches its limits. Another elegant way to circumvent the low production
titer issue, e.g. caused by slow growth and genetic inaccessibility of native producer strains, is the
heterologous expression of the entire secondary metabolite pathway in a well-described host strain.
This method also offers the structure engineering of the target compound; however, within the

limitation of natural building blocks. Nevertheless, the (heterologous) production of potentially
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structure-engineered NPs also allows the combination with chemical synthesis approaches

(semi-synthesis), thus opening up even more possibilities for structure engineering.
5.3 Heterologous expression of myxobacterial secondary metabolite pathways

As described before, due to a lack of knowledge many myxobacterial strains are difficult to cultivate
or genetically manipulate, if at all. Consequently, many interesting secondary metabolites remain
undiscovered behind silent BGCs. Heterologous expression of the respective BGCs in well
characterized host strains has not only been proven to enable production of the desired metabolites,
but also to increase the production titer, perform structure engineering and enlighten the crucial
biosynthetic steps. For myxobacterial NRPS/PKS pathways a number of heterologous host strains
have already been employed such as several M. xanthus strains, Corallococcus macrosporus,
Burkholderia, Streptomyces sp., Pseudomonas sp. and E. coli (Table 1).

The size of the expressed BGCs ranged from a small 1 kb cluster, exemplified by the flaviolin BGC
from Sorangium cellulosum So ce 56,% up to large clusters over 60 kb such as the soraphen BGC
from S. cellulosum So ce 26%° or the corallopyronin BGC from C. coralloides.® The production
yields vary significantly from 1 pg L™ of epothilone heterologously produced in E. coli®® up to over
500 mg L of myxochromide A, myxochromide S and vioprolide in M. xanthus DK1622 and
C. macrosporus GT-2.404143%0  Even though there is one example of a heterologous
Pseudomonas putida KT2440 strain producing 8 mg L™ of myxochromide S,** myxobacterial
strains seem to be the better choice as heterologous host strains for the expression of myxobacterial
BGCs. To stick to the example of heterologous production of myxochromide S, M. xanthus DK1622
and C. macrosporus GT-2 produced more than 60-fold up to 75-fold of the target compound
compared to P. putida KT2440. Consequently, phylogenetic relatedness seems to play an important
role for the heterologous expression as GC content, codon usage bias and the overall transcriptional

and translational protein machinery are influencing factors.
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Table 1 | Selected examples of heterologously produced compounds from myxobacteria and in myxobacteria. The given yields may refer to one or several analogs of a
certain compound class. Mm: Minimal medium; CDW: cell dry weight. [ additionally supplemented with amino acid mixture. [’ additionally supplemented with L-leucine and
vitamin Bi.. [ additionally supplemented with D,L-pipecolic acid. This table was modified based on Ref. %°.

Compound Cluster origin Heterologous producer Pathway type Size [kb] Promoter Medium Yield Ref.
Argyrin A, B Cystobacter sp. SBCb004 M. xanthus DK 1622 AmchA-tet NRPS 33 Prptii M7/s4l8 160 mg L? 30
33 Prpti/Pyan ~ M7/s48 250 mg L* 2
Bengamide Myxococcus virescens ST200611 M. xanthus DK1622 PKS/NRPS 25 Prptii CTT >10mgL? s
Corallopyronin A Corallococcus coralloides B035 M. xanthus DK 1622 AmchA-tet PKS/NRPS 65 Prpti M7/s6 37mg L~ %2
M. xanthus DK1622 65 Puan M7/s6 100 mg L 3
Corramycin Corallococcus coralloides M. xanthus DK1622 PKS/NRPS 58 Pvan M7/s4 0.5mgL? this work
Mcy10984
Cystobactamid Cystobacter velatus Cbhv34 M. xanthus DK1622 NRPS 55 Pvan M7/s4 >10mgL? this work
Epothilone Sorangium cellulosum So ce90 M. xanthus DK 1622 PKS/NRPS 56 native CMM 0.1-04mgL?t 343
S. cellulosum SMP44 Streptomyces coelicolor CH999 56 actl R2YE 50-100pg Lt 36
S. cellulosum So ce90 Streptomyces venezuelae DHS2001 56 pikAl R2YE 0.4 ugL? 87
S. cellulosum So ce90 Escherichia coli K486-62-1 54 Psap 2xXYT 1pglL? 38
Flaviolin S. cellulosum So ce56 Pseudomonas putida KT2440 PKS 1.1 Pm LB 6mgL? %
Myxochromide A Myxococcus sp. M. xanthus DK 1622 AmchA-tet PKS/NRPS 29 Prptii CTT ~500mgL* 40
Myxochromide S Stigmatella aurantiaca DW4/3-1 M. xanthus DK 1622 PKS/NRPS 29 Prpti CTT > 500 mg L* 4
P. putida KT2440 29 P LB 8mg L 42
Corallococcus macrosporus GT-2 29 Paphii M 600 mg L* a3
Myxopyronin Myxococcus fulvus Mx 50 M. xanthus DK 1622 AmchA-tet PKS/NRPS 53 Phptil M7/s6 156 mg L 82
Myxothiazol S. aurantiaca DW4/3-1 M. xanthus DZF1 PKS/NRPS 57 Pm CTT 20 mg L 44
P. putida FG2005 57 Pm Mm [l 0.6mgL? 4
Oxytetracycline Streptomyces rimosus M. xanthus DK1622 PKS 32 native CTTYE 10 mg L* 4%
Pretubulysin Cystobacter sp. CBCb004 M. xanthus DK 1622 PKS/NRPS 40 Pret CTTM 0.2mgL? 4
P. putida 40 Pret LB 1.76 pug L a
PUFAs Aetherobacter fasciculatus M. xanthus DK1622 PKS/FAS 18 Pret CTT ~ 1 mg/CDW a8
SBSr002
Soraphen A S. cellulosum So ce26 Streptomyces lividans ZX7 PKS 67 tipA YEME 0.3mgL? 4
Vioprolide Cystobacter violaceus Cb vi35 M. xanthus DK 1622 NRPS 56 Pret CTT 500 mg L*! 50




222 | Discussion

Interestingly, C. macrosporus GT-2 showed the higher production yield of myxochromide S with
600 mg L than the well-established and more commonly used strain M. xanthus DK1622.4143
C. macrosporus GT-2 is a thermophilic strain with a faster generation time than M. xanthus
DK1622. However, since the heterologous gene expression was regulated by different promoter
systems, a direct classification as a better or worse heterologous expression strain does not make
sense. M. xanthus DK1622 was already used for the expression of numerous diverse myxobacterial
BGCs with relatively high yields. Furthermore, in contrast to other myxobacteria (including
Corallococcus species), for M. xanthus DK1622 a relatively large number of genetic engineering
tools are available. The broad applicability of M. xanthus DK1622 as heterologous host was e.g.
shown by successfully expressing the actinobacterial oxytetracycline BGC from
Streptomyces rimosus, resulting in the production of 10 mg L™ of oxytetracycline.*® However,
similar to the heterologous production of myochromide S in P. putida KT2440, the production yield
of oxytetracycline in M. xanthus DK1622 was much lower compared to other heterologous host
strains that were phylogenetically closer related to S. rimosus.® Nevertheless, the oxytetracycline
BGC was expressed using the native promoter from S. rimosus, thus leaving room for production
optimization by using established promoter systems. Furthermore, it shows that M. xanthus DK1622

has a sufficient potential to heterologously express BGCs from phylogenetically distant origin.

The heterologous expression of the cystobactamid BGC (52 kb; described in chapter 2) and the
corramycin BGC (59 kb; described in chapter 4) in M. xanthus DK1622 resulted in the production
of over 8 mg L™ of the major derivative Cys919-1 and only trace amounts of Cor1183, respectively.
The reasons for high, low or no production of heterologously produced metabolites can be complex
and often depend on several factors. In case of the heterologous production of cystobactamids, the
production titer decreased significantly (< 0.1 mg L™) when we scaled the cultivation volume up
from 50 mL to > 1 L. Potential reasons for this decrease in production could be worse aeration or
different cell densities in bigger shaking flasks. The reached cell density as well as the supply with
essential precursors play an important role in production cultures. For example, medium
optimization experiments led to the development of acetate-rich M7/s6 medium and therefore to a
significant yield improvement of heterologous myxopyronin and corallopyronin production (two
PKS products deriving from acetate building blocks) in M. xanthus DK1622 compared to the
standard CTT medium.3>*2 For the heterologous production of argyrins in M. xanthus DK1622, a
3.5-fold increase in yield could be achieved by the addition of specific amino acids to M7/s4
medium.*®® Furthermore, the supply of cofactors that are essential for the activity of biosynthetic
enzymes has to be ensured. For instance, vitamin Bi2 is a vital cofactor for the radical SAM
(S-adenosyl methionine) biosynthesis, which was shown in the biosynthesis of vioprolides.*® We

observed the same in the biosynthesis of cystobactamids, where the lack of vitamin Bi, lead to



Discussion | 223

complete abolishment of cystobactamid production in the heterologous producer (data not shown),
probably because the vitamine Bio-dependent radical SAM methyltransferase CysS lost activity.>

As stated before, the choice of the heterologous host strain for the expression of a certain BGC is
the first and probably most critical decision one has to make. In contrast to myxobacteria,
actinobacteria have been extensively studied for nearly 40 years and thus several improved strains
have been generated with deletion of multiple BGCs.> One example is the sequential deletion of all
of the 10 PKS and NRPS BGCs in Streptomyces coelicolor.>* A total of 1.22 Mbp, representing
14 % of the entire genome, were deleted. Another more recent example is a cluster-free
Streptomyces albus strain, which is used for the heterologous expression of cryptic BGCs, e.g.
leading to the isolation of the previously unknown fralnimycin.>® Moreover, genome-minimized
strains that do not belong to actinobacteria were also described, such as the Bacillus subtilis 168
strain PG10 that has a 36 % reduction in genome size and was used for the production of lantibiotic
peptides.>®>" Another engineered Bacillus strain, B. amyloliquefaciens CH12, was used for the
production of bacillaene.®® In this strain all PKS pathways were inactivated. Notably, also an E. coli
genome-minimized strain was generated harboring a 4 Mb synthetic genome with genome-wide
replacement of synonymous two sense codons and a stop codon.® This strain was hypothesized to
be an optimal heterologous host for the production of non-canonical biopolymers.>*®° The above
mentioned strains may serve as perfect chassis for the heterologous expression, especially of silent
BGCs, because only a minimal number of endogenous pathways compete for the same pool of
precursor building blocks. Furthermore, genome-minimized strains often show significantly reduced
metabolic background, which simplifies the identification and isolation of target metabolites. For
myxobacteria such a chassis strain does not exist yet; however, a first step was made by deleting the
myxochromide A BGC in M. xanthus DK1622, generating M. xanthus DK1622 AmchA-tet.®
Myxochromide A is one of the major products in the extract of M. xanthus DK1622 when cultivated
under laboratory conditions. The deletion of the BGC was expected to reduce metabolic background
and increase amino acid supply for potential heterologously produced peptides. Furthermore, the
insertion of a tetracycline resistance gene into the genomic locus of the deleted myxochromide A
BGC was assumed an optimal genomic locus to serve as target site for chromosomal integration of
potential heterologous BGCs. M. xanthus DK1622 AmchA-tet was e.g. used for the heterologous
production and production optimization of the myxobacterial compounds myxopyronin and
corallopyronin.®>3® Nevertheless, M. xanthus DK1622 AmchA-tet is still far from being a
heterologous chassis strain as M. xanthus DK1622 possesses further 23 BGCs, 18 of which are
PKS/NRPS gene clusters, that would have to be deleted to get a cluster-free strain (Figure 2).%

Importantly, one has to keep in mind that the deletion of genomic regions may lead e.g. to impaired
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or unstable growth even if the deleted regions do not seem to be involved in this process at first

glance.®
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Figure 2 | PKS/NRPS BGCs in the genome of M. xanthus DK1622. BGCs of known metabolites with elucidated
structure are labelled in orange. Exemplary structures of one representative from each compound class are shown.
This figure was modified based on Ref. 2°.

The transformation of the cystobactamid and corramycin BGCs into M. xanthus DK1622 AmchA-tet
would be the next step to potentially achieve higher production of the target compounds.
Furthermore, the integration of multiple cluster copies into the M. xanthus DK1622 AmchA-tet
genome, e.g. into the AmchA-tet integration site and the mx8% and mx9% attachment sites, or by
using transposon-mediated genome integration** may lead to yield enhancement. The positive
influence of the copy number of BGCs on the antibiotic production level was e.g. shown for
heterologous pamamycin and demethoxyaranciamycinone production in S. albus J1074 and S. albus
T11, respectively, resulting in a 3.5-fold production increase with three BGC copies (pamamycin)
and a 7.7-fold increase with four BGC copies (demethoxyaranciamycinone).®® However, a similar
approach was not successful in M. xanthus DK1622 where two corallopyronin BGC copies were
introduced into the genome without beneficial effects on the corallopyronin production.?® It was
hypothesized, and later proven, that the production bottleneck was the insufficient self-resistance of

the heterologous strain.
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The self-toxicity of potent antibacterial compounds produced in bacterial host strains is a common
issue, especially in heterologous expression. Bacterial producers of antibiotics have developed
certain self-protection mechanisms such as antibiotic efflux, antibiotic modification, target
modification, antibiotic degradation, sequestration and target bypass.®>®’ The resistance-mediating
proteins are often encoded within the respective BGCs that encode the protein machinery for
antibiotic production. Issues with self-toxicity of the produced compounds were e.g. overcome by
overexpression of those resistance genes.®® In chapter 4, the heterologous production of full-length
and truncated corramycins was discussed. Although the determination of the Cor1183 MIC revealed
insensitivity of the heterologous producer strain M. xanthus DK1622 pMYC20Cor up to a
concentration of 64 pug mL?, we only detected trace amounts of Cor1183 in the crude extract. In the
cystobactamid project (chapter 2) the self-toxicity towards the major product Cys919-1 was also
tested in a MIC experiment (not discussed in chapter 2) according to the protocol for MIC
determination in chapter 4. Here, we also observed insensitivity up to 64 ug mL™ in the heterologous
producer M. xanthus DK1622 pMYC20Cys_v2. At first this may lead to the interpretation that
self-resistance is not the limitation and reason for low production titers, which was especially
observed in case of corramycin. After deleting parts of the assembly line, truncated corramycins,
such as Cor666, were produced in sufficient amounts for quantification implying that either
self-toxicity is reduced or the hypothesized pre-drug mechanism (see chapter 3) is somehow
influenced. One can also question if the MIC determination experiment is appropriate to test the
self-toxicity limitation of strains to produce a certain compound, because the compound has to be
taken up by the bacterium in sufficient amounts to achieve intracellular concentrations similar to
those achieved by the biosynthesis. The solution would be measuring the intracellular concentration,
e.g. by attaching a fluorophore to the antibiotic;® however, it is not unlikely that the uptake of the
antibiotic is influenced in a negative way, especially when the fluorophore-attached molecule
exceeds 600 Da, which is the cutoff for compounds to penetrate the outer membrane of
Gram-negative bacteria.”® Even if the antibiotic is actively imported via a membrane transporter as
it is the case for corramycin, which is clearly exceeding a size of 600 Da, an attached fluorophore
might prevent the active transport process. Recently, a LC-MS/MS method was evaluated to
measure intracellular accumulation of compounds within bacteria.”* In this study, the authors
exposed E coli and efflux-deficient E. coli AtolC to different antibiotics and compared the shift in
MIC with their LC-MS/MS analysis obtained after extraction of the bacterial lysates.”* As the
different amounts of compound detected by LC-MS/MS correlated with the shift in MIC, this
method might be an option to measure intracellular antibiotic concentration. However, in case of

corramycin even the precise determination of the intracellular Cor1183 concentration might not be
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meaningful because the hypothesized pre-drug mechanism (see chapter 3) may lead to the presence
of intracellular acylated corramycin precursors, which potentially exhibit a different self-toxicity in
M. xanthus DK1622 compared to Cor1183.

Another common method to improve the expression of BGCs, potentially leading to increased
production titers, is the use of various heterologous promoter systems. In general, promoters regulate
the first stage of gene expression. The use of native promoter systems harbor the danger of natural
regulatory networks influencing the gene expression in a negative way, whereas the use of synthetic
regulatory elements that are not depending on cellular control mechanisms allow to bypass it.”?
Promoters are commonly subdivided into two groups: The constitutive promoters, which exhibit a
well-defined and usually constant transcriptional activity, and the inducible promoters, which can
be used to turn on the gene expression at a certain time point under the addition of a specific inducer
molecule. However, the level of gene expression of certain constitutive promoters can vary, e.g.
depending on growth conditions and stage, and the addition of inducers using inducible promoter
systems may have (negative) impact on the global gene expression level.”? Notably, the level of gene
expression is not necessarily proportional with the NP production yield. Several studies have shown
that an optimal enzyme expression for yield maximization lies between very low and very high
expression.”>" Consequently, the choice of an appropriate promoter system is thus of vital

importance for the outcome in heterologous expression experiments.

For M. xanthus DK1622 so far a small number of different promoters has been evaluated for the
heterologous expression of NP BGCs, such as the constitutive Pnpui, the Pret, the Pm and the inducible
Pvan and Piprc promoter systems (Table 1). However, there are only a few studies on systematic
comparison of the different promoter systems and their impact on the production level of certain
NPs. For instance, the exchange of the constitutive Pnoui promoter by the inducible Pvan promoter
lead to a twofold increase in corallopyronin A production.®® Another more extensive study compared
certain available promoter sequences using the same 5° UTRs (untranslated region) and their impact
on argyrin production level, showing that the Pnpui and Pyan are superior to other tested promoters.?®
For the heterologous production of cystobactamids and corramycins (see chapters 2 and 4) we used
the inducible Pvan promoter, because of its superiority in the previously mentioned studies and
because we wanted to ensure the heterologous producer strains to reach high cell densities before

inducing the gene expression and subsequent production of potentially toxic compounds.

Summarized, the heterologous expression is a versatile tool enabling to achieve high production
titers of the respective compounds, to isolate novel compounds by expressing cryptic BGCs or to
investigate the complex biosynthetic routes of NPs. However, compared e.g. to actinobacterial

heterologous expression systems, which provide numerous options for modifications, myxobacterial
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heterologous expression systems are still in their infancy with a lot of room for development. The
following sections discuss the possibilities that synthetic biology approaches in combination with

genetic engineering of NP biosynthetic pathways and heterologous expression open up.
5.4 Heterologous expression in the field of synthetic biology

By broad definition, synthetic biology is a multidisciplinary research area focusing on the
engineering of man-made lifeforms from standardized building blocks that can perform a predefined
function.”® Two general approaches in the field of synthetic biology are discussed: First, the
“top-down” approach, in which existing natural systems are modified towards reduced but more
specialized systems that are e.g. capable of producing drugs, biofuels and fine chemicals. Second,
the “bottom-up” approach, in which novel biological systems are designed from scratch,
independently from existing systems, being able to synthesize chemical entities that are not found
in nature. The second approach is a more knowledge-driven approach, not infrequently with the goal
to design minimal biological systems.”® The advances in the field of synthetic biology, e.g. in
de novo synthesis of DNA’ and the development of bioinformatics tools (discussed in chapter 1),
even go so far that entire synthetic bacterial genomes are not an utopian dream anymore.>®
Furthermore, today nearly unlimited options to modify BGCs in silico for the heterologous

expression exist.

In the cystobactamid (chapter 2) and corramycin (chapter 4) projects, the design of the heterologous
expression constructs followed the top-down approach, in which only a minimal amount of
modifications was made to leave the BGCs as native as possible. As the native producer strains of
the compound classes (Cystobacter sp., Myxococcus sp. and Corallococcus sp.) are phylogenetically
closely related with the heterologous host M. xanthus DK1622, we speculated that essential
requirements such as the ability for functional expression, proper translation and post-translational
modifications of the biosynthetic enzymes were given. Since there is only very little knowledge
about gene expression and the necessary regulatory systems in myxobacteria at present, we assessed
a de novo design of a BGC in a bottom-up approach too likely to fail. To uncouple the expression
of the BGCs from their native regulatory constraints, and because we had literally no information
about the native promoter systems from the BGCs, we introduced the Pva, promoter (discussed in
the previous section) and tried to force the gene expression of the entire BGCs under its control.
Therefore, we had to re-organize the structure of the transcriptional units to a certain extent, because
we wanted to keep the number of promoters limited (< 2) as they could serve as unwanted interfering
repetitive sequence segments during BGC assembly. Furthermore, we did not completely reduce the
number of operons to only one, because the native clusters also harbor several operons and we tried

to avoid the production of too large transcripts, which may not be stable or lead to an inefficient
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translation process. Another important modification we made was the removal of several R-sites by
synonymous codon substitution. The removal of Bsal R-sites enabled the assembly of the BGCs
parts harboring repetitive sequence segments or the deletion of (part of) genes using sequence
homology-independent techniques, such as conventional restriction hydrolysis/ligation, without
leftover sequences that could disrupt protein functionality. Consequently, this modification was
essential in both projects, not only for BGC assembly but also as basis for the manipulation of the
pathways resulting in the production of new derivatives and providing insights into underlying

biosynthetic processes.

In the time when de novo DNA synthesis was still in early development, capturing and cloning of
entire secondary metabolite pathways for heterologous expression relied on certain techniques that
were discussed in chapter 1. Recently, an attempt to heterologously express the corramycin BGC
after PCR-based cluster fragment amplification and assembly via TAR failed, because unwanted
homologous recombination events lead to the deletion of parts of the assembly line.! Thus, no
production of corramycin or related shunt-products was achieved. However, not only assembly of
complex BGCs harboring repetitive sequence segments, but also their refactoring, e.g. regarding
operon structure, or manipulation of the pathway, e.g. scarless gene deletions or removal of R-sites,
is much more difficult compared to the opportunities synthetic biology approaches offer. However,
despite all the advantages, major disadvantages of de novo DNA synthesis with subsequent BGC
assembly for the heterologous expression is that it is time consuming, expensive (compared to
classical techniques) and the success rate heavily relies on the quality of the sequencing data. For
instance, in the cystobactamid project (chapter 2) an entire NRPS-encoding gene had to be
re-synthesized because the template sequence was wrong due to sequence read miss-assembly,
finally delaying the progress in BGC assembly. Furthermore, also the de novo synthesis of entire
BGCs is still challenging and is often complemented by traditional cloning techniques, a problem
that was already addressed in the early 2000s.”® Consequently, instead of directly spending the
resources in a synthetic biology approach, the use of classical approaches has to be considered
beforehand. E.g. if a NP BGC is not of the highest complexity regarding size and repetitive sequence
segments, direct cloning techniques and evaluation of a heterologous host strain may be used to

gather necessary information as basis for the design of a modified and more flexible synthetic BGC.
5.5 Structure engineering of bacterial NPs

In the period from 1981 to 2019 only 7 % of the antibacterial drugs approved by the FDA were
unaltered NPs, whereas 48 % were NP derivatives.!! The reason why only such a minor percentage
of unaltered NPs reached the market is that NPs, despite their potent bioactivities, often lack the

pharmaceutical properties required for medical applications, such as solubility, low toxicity and
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metabolizability. Furthermore, to overcome rising AMR, the pharmaceutical industry is forced to
constantly develop new antibiotics. Consequently, various methods were developed to modify the
structure of NP antibiotics, including supplementation of certain building blocks during
fermentation in precursor-directed biosynthesis and mutasynthesis, genetic engineering of the
producer strains, semi-synthetic methods, combinations from those methods and even establishment
of total chemical synthesis routes (see chapter 1). The development of the latter is often challenging
and inefficient in the context of NPs, because typically many synthesis steps are required finally
resulting in low overall yields. The reason for this lies within the complex chemical structure of NPs.
Sometimes only one complex building block is sufficient to limit a whole total synthesis approach.
One option to tackle this problem is the semi-synthesis, in which a natural product that was produced
by fermentation is chemically modified after its purification. Even if the possible options for
structure modification are limited compared to the options total synthesis offers, the structural
modifications are not restricted to building blocks that are accepted by the biosynthetic machineries

of the producer strains.
5.5.1 Semi-synthesis for structure diversification of NPs

One prominent example of a semi-synthetically optimized myxobacterial compound that was
approved by the FDA in 2007 as anticancer drug is ixabepilone.” It is synthesized by chemically
substituting a lactone with a lactam in the natural derivative epothilone B, thus making the generated
derivative more stable compared to the natural compound (Figure 3a). Another example are
semi-synthetically produced erythromycin analogs to overcome acid lability and macrolide-
resistance in certain bacterial pathogens (Figure 3b). The selective O-methylation at one position in
erythromycin lead to the development the analog clarithromycin, which is acid-stable and exhibits
an improved antibacterial spectrum. 88! Later, the introduction of alkyl-aryl side chains and the
removal of the cladinose sugar moiety with subsequent introduction of a keto group resulted in a
new subclass and the 3" generation of macrolides, the ketolides.®’ One member of this new subclass,
telithromycin, showed 4-8-fold greater potency, activity against macrolide-resistant strains and
finally received market authorization; however, it is no longer widely used due to adverse side
effects.t8! In a 4™ generation of macrolides, the fluoroketolides, the imidazolyl-pyridine side chain
was removed, because it was hypothesized to cause the previously mentioned side effects.
Furthermore, the first member of this class, solithromycin, contains a fluorine on the macrocyclic
ring which was shown to prevent the group from enolizing as seen with telithromycin.®%8 The
generation of semi-synthetic analogs has also been performed in other antibiotic classes such as the

B-lactams, cephalosporins, glycopeptides and aminoglycosides.®®
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Figure 3 | NP structure diversification using semi-synthesis. a: The semi-synthetic modification (shown in red)
of epothilone B lead to the generation of the marketed anticancer drug ixabepilone. b: Erythromycin macrolide
antibiotics from first generation to fourth generation via semi-synthesis. Structural modifications compared to the
previous generation are shown in red. c: Two examples of semi-synthetically produced siderophore-conjugated
antibiotics. The warhead is shown in orange and the siderophore part is shown in blue.

One proven approach to tackle the issue with permeability-related resistance in Gram-negative
bacteria is the conjugation of antibiotics to iron-chelators.®* Since the human immune response
maintains an iron poor environment and iron availability is crucial for the virulence of the pathogenic
bacteria, up-regulation of the iron uptake systems in the bacterium is the consequence, finally
promoting the uptake of siderophore-conjugated antibiotics.®® Therefore, naturally occurring

microbial siderophores such as hydroxamic acids, catechols, hydroxyl carboxylic acids or
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ortho-hydroxy phenyl-substituted oxazoles are used to exploit iron uptake pathways for antibiotic
delivery through the bacterial cell envelope. This strategy was inspired by natural
siderophore-antibiotic conjugates, the sideromycins,®® and is known as the “Trojan Horse”
approach.® There are numerous decisions to make prior to (semi-)synthesis of those conjugates, e.g.
which type of warhead (antibiotic) has to be combined with which type of siderophore and also
which type of linker between those components will be used, depending on whether the warhead
needs to be released after uptake or not. An early example of a semi-synthetically produced
siderophore-antibiotic is a ferrioxamine-sulfonamide and was already reported in 1977 (Figure 3c).®’
Since the chemical synthesis of siderophores from the scratch is often impractical, most
semi-synthetic approaches start from siderophores isolated by fermentation with subsequent
conjugation of the antibiotic warhead by chemical synthesis.® In contrast to many other antibiotics,
B-lactams tolerate extensive peripheral substitution and are thus a common choice for the design of
sideromycins. For instance, the semi-synthesis of pyoverdin-ampicillin conjugates resulted in a
compound that is selectively active against Pseudomonas, because Pseudomonas naturally utilizes
pyoverdin for iron sequestration.>® On the contrary, a recent example of a cephalosporin-catechol,
cefiderocol (Figure 3c), showed broad-spectrum activity primarily against multi-drug resistant
Gram-negative pathogens and is now in clinical phase 111 trials.8*8 Furthermore, the conjugation of
siderophores to antibiotics, which are naturally solely active against Gram-positive bacteria, resulted
in an extended activity spectrum including Gram-negative strains. For example, the large size of
daptomycin is disadvantageous for the penetration of the outer membrane of Gram-negative bacteria
and daptomycin is thus only used to treat infections caused by Gram-positive pathogens; however,
recently reported siderophore conjugates showed remarkable potency in the low pM range against
multi-drug resistant A. baumanii strains in vitro and in vivo.2>%°! However, although there is great
potential to modify the antibacterial activity spectrum in terms of potency and selectivity by
conjugating siderophores to antibiotics, no such compound has yet been approved for clinical use.®
The major reason for this lies within the rapidly developing bacterial resistance towards the
siderophor-antibiotics, which was mainly observed in in vitro experiments.?® The resistance
mechanism was often the deletion of siderophor receptors that are specific for a certain siderophore.
As bacteria possess several of those uptake systems, they can afford to inactivate one of them.
However, despite a high FoR observed in vitro, numerous siderophore-antibiotics showed promising
in vivo activity with a lower FoR in animal models or in humans, e.g. in the case of albomycins,
salmycins and ferrimycins.®%2-% The authors explain this incongruence with different conditions in
in vitro laboratory assays compared to the situation in vivo where the loss of one essential iron uptake
system might not be compensated by up-regulation of another system. The reserve system, if
available, taking over the iron uptake may be less efficient at the site of infection, thus giving the

immune system precious time to react. Notably, one solution to circumvent fast resistance
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development was the combination of more than one iron-chelating moiety attached to an antibiotic
warhead. A so-called mixed ligand conjugate combining bis-catechol and mono-hydroxamate
siderophores attached to carbacephalosporin minimized the development of resistance by using
multiple transport processes in E. coli.2>%” Reduced resistance development was even observed in
E. coli strains, which were defective in one type of siderophore uptake system and showed resistance

towards bis-catechol conjugates or mono-hydroxamate conjugates.

In the corramycin project, a high FoR was observed in vitro when using MHB medium, because the
uptake of Cor1183 was only mediated by one transporter, SomA (chapter 3). The use of M9 minimal
medium, which reflects an in vivo infection in a more realistic way, resulted in a substantially lower
FoR. This result is congruent with the results observed when using mixed ligand conjugates, which
also showed reduced resistance development when uptake relied on multiple transport systems.
Furthermore, native corramycin exhibited a rather narrow activity spectrum, which makes it an
interesting candidate for structure engineering. It was shown that conjugation with an iron-chelating
moiety via semi-synthesis lead to a broadened activity spectrum (chapter 4; unpublished data;
personal communication with Stephane Renard). The basis for a semi-synthetic approach was set by
producing truncated derivatives, which can be introduced into an existing but inefficient total
synthesis route (chapter 4). This was achieved by engineering the NRPS-PKS assembly line and
thus the targeted approach for corramycin structure diversification is a combination of production
by fermentation using a heterologous strain with an engineered biosynthesis pathway and chemical

synthesis.
5.5.2 Engineering of tailoring enzymes

Tailoring enzymes play an important role in the biosynthesis of NPs as they lead to greater structural
diversity. The different types of tailoring enzymes and domains involved in the biosynthesis of NRPs
are described in chapter 1. The structural diversity influences the bioactivity and pharmaceutical
properties within a compound class. Native producers often produce a whole cocktail of derivatives,
which all together help a certain strain to defend against a variety of competitors. However, from a
pharmaceutical point of view the partitioned production of multiple derivatives results in decreased
production of a specific analog of interest. Thus, the demand to redirect the production profile
towards a specific analog or to modify a certain compound derivative for improved pharmaceutical

properties made tailoring enzymes good candidates for engineering approaches.

There are several ways tailoring enzymes can take influence on the final structure of the NP. Some
independent tailoring enzymes modify the simple biosynthetic precursors that are later utilized by
the assembly line. An advantage of those enzymes in terms of structure engineering is that they do

not have to be specific for the final compound produced, but only specific for the precursor molecule.
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Furthermore, no or fewer protein-protein interactions between the precursor tailoring enzymes and
the assembly line enzymes have to be considered. This allows introduction of such tailoring enzymes
into unrelated biosynthetic pathways leading to a broader precursor substrate pool. However, the
major disadvantage of this approach is that the biosynthetic machinery has to accept the modified
precursor prior to incorporation. One example is the expression of the tryptophane-7-halogenase
PrnA from Pseudomonas fluorescens Pf-5, natively involved in pyrrolnitril biosynthesis, in
Streptomyces coeruleorubidus aiming for the production of halogenated pacidamycin (Figure 4a).%
Indeed, halogenated tryptophane was accepted and incorporated by the pacidamycin assembly line;
however, the new derivative was only a minor derivative alongside the native compound, clearly
showing the limitation of this approach. In the cystobactamid project the precursor tailoring enzyme
encoding gene cysC was deleted leading to complete abolishment of cystobactamid production
(chapter 2). CysC catalyzes the hydroxylation of the precursor building block pABA prior to further
tailoring steps involving an O- and iterative C-methylations. However, the hydroxylation step seems
to be critical, because the deletion of cysC from the BGC lead to complete abolishment of the
cystobactamid production, showing how sensitive the biosynthetic machineries can be when it
comes to changes in the availability of precursors. In future experiments it has to be investigated
whether the supplementation of 3-hydroxy-pABA and 2,3-dihydroxy-pABA during cultivation of
the cysC deletion strain may lead to complementation of the production. In the case of a successful
complementation, a mutasynthesis approach with feeding of pABA derivatives that naturally do not
occur in cystobactamid biosynthesis would be a follow-up experiment, potentially leading to the

production of novel cystobactamids.

Other tailoring enzymes that can be addressed by structure engineering can act independently,
in trans, during or after biosynthesis of the NP, which is attached to the assembly line or released
from it, respectively. As those enzymes are usually much more specific towards the compound class
they natively modify, the success of heterologous expression of the respective gene in different hosts
for the modification of other compound classes is limited by the enzymes substrate specificity.
Nevertheless, there are some examples of the heterologous expression of tailoring enzymes from
similar metabolic pathways, which lead to successful modification of natural analogs. For example,
clorobiocin and novobiocin are potent inhibitors of the bacterial DNA gyrase which are structurally
very similar; however, among further structural differences, clorobiocin contains a chlorine at
position 8 of its aminocoumarin group whereas novobiocin harbors a methyl group at this position.*
Inactivation of the gene clo-hal encoding the halogenase in the clorobiocin BGC of Streptomyces
roseochromogenes var. oscitans and subsequent heterologous expression of novO, encoding the
C-methyltransferase from the novobiocin BGC (Streptomyces spheroides), resulted in the

production of the new hybrid compound novclobiocin 102.
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Figure 4 | NP structure modification via tailoring enzyme engineering. Deleted enzymes are shown in grey
spheres, heterologously expressed enzymes are shown in red spheres and structural differences of the modified
compound are highlighted in red. a: Modification of precursor building blocks. Heterologous expression of the
tryptophane-7-halogenase PrnA from Pseudomonas fluorescence Pf-5 in Streptomyces coeruleorubidus resulted in
the production of cloropacidamycin. b: Structure engineering using compound-specific trans-acting tailoring
enzymes. Deletion of the halogenase Clo-hal from clorobiocin biosynthesis and heterologous expression of the
methyltransferase NovO from novobiocin biosynthesis in Streptomyces roseochromogenes leads to the production
of novclobiocin 102. c: Deletion of NovO and heterologous expression of Clo-hal in Streptomyces spheroides
results in novclobiocin 114 production. d: Deletion of novO from the novobiocin BGC and heterologous expression
of the BGC with the halogenase BhaA in Streptomyces coelicolor yielded novclobiocin 117, which was also
observed in the NovO deletion mutant without BhaA.
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Structurally it differs from clorobiocin by having a methyl instead of a chlorine group at position 8
of the aminocoumarin moiety (Figure 4b).%® Moreover, the heterologous coexpression of the entire
novobiocin BGC and Clo-hal in Streptomyces coelicolor lead to the production of novclobiocin 114,
a novobiocin analog harboring a chlorine group instead of a methyl group at position 8 of the
aminocoumarin moiety (Figure 4c).’® However, an attempt to functionally replace Clo-hal by
BhaA, a halogenase involved in the biosynthesis of the glycopeptide antibiotic balhimycin, did not

result in the production of chlorinated novobiocin analogs in S. coelicolor (Figure 4d).1®

Another example is the heterologous expression of ram29, a gene encoding a transmembrane-
spanning mannosyl transferase from the ramoplanin BGC,'® in Streptomyces fungicidicus, the

102 \which is closely related to ramoplanin.’®1% Among

producer of the lipopeptide enduracidin,
other structural differences, ramoplanin is di-mannosylated whereas enduracidin exhibits no
mannosylation. The mannosyl substituents in ramoplanin were shown to enhance aqueous solubility,
which was a critical property in the development as a potential drug for Clostridium difficile
infections.1®® Enduracidin, however, shows only poor aqueous solubility preventing its development
as a drug for human infections. Initially, the expression of ram29 did not result in mannosylation of
enduracidin, but after exchanging the native Shine-Dalgarno and the GTG start codon mannosylated
enduracidin was produced. Surprisingly, enduracidin was only mannosylated once, not twice.*® The
authors hypothesized that either another enzyme, which is not encoded within the ramoplanin BGC,
catalyzes the second mannosylation or that S. fungicidicus expresses an a-mannosidase that removes
the second mannosyl group.1®® Another explanation could be that the substrate specificity of Ram29
is too narrow to catalyze a di-mannosylation, since the mono-mannosylated enduracidin derivative
was only a minor product alongside the native enduracidin. Those examples underline that the
substrate specificities of tailoring enzymes acting in trans may limit their broad applicability in

structure engineering.

The deletion of trans-acting tailoring enzymes is another method used for structure engineering. For
instance, the independent or combined deletions of corO, encoding a cytochrome P450, and corN,
encoding an ECH-like enzyme, from the corallopyronin BGC resulted in heterologous production
of the non-hydroxylated pre-corallopyronin A and two new derivatives, corallopyrinin D and
oxyCorallopyrinin A, bearing a hydroxyl group at a different position in M. xanthus, respectively
(Figure 5a-c).® The simultaneous deletion of corO and corN resulted in the exclusive production of
corallopyronin D (Figure 5d). Similarly, endogenous tailoring enzymes were deleted from the
cystobactamid BGC, which lead to the heterologous production of novel cystobactamids (see
chapter 2). The independent deletions of cysQ, encoding an O-methyltransferase, and cysJ, encoding
a hydroxylase, yielded the production of cystobactamids with desmethylated and desmethoxylated

linker moieties, respectively.
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Figure 5 | NP structure engineering by deletion of tailoring enzymes. Deleted enzymes are shown in grey
spheres, active enzymes are shown in red spheres and positions in the structures that are affected by the (deleted)
enzymes are highlighted in red. a: Final hydroxylation step in the corallopyronin biosynthesis mediated by CorO.
b: Deletion of CorO prevents formation of corallopyronin A. c: Deletion of CorN leads to a different hydroxylation
pattern and the production of corallopyronin D and oxyCorallopyronin A. d: Deletion of CorN and CorO resulted
in the production of corallopyronin D but not oxyCorallopyronin A.

There are only a few examples of deletions or inactivations of cis-acting NRPS tailoring domains
that lead to the production of novel NP derivatives. For example, the daptomycin-related antibiotic
Ab4145 has an N-methylated glycine residue at amino acid position 5 and the respective NRPS
module has a C-A-MT-T architecture. The deletion of the MT domain yielded a functional C-A-T
module that incorporated glycine instead of N-methylated glycine, leading to new derivatives with
improved MIC against S. aureus.®” Another example, in which an cis-acting NRPS tailoring domain
was inactivated by rational mutation of conserved residues, is the inactivation of the N-MT domain
of module 10 in the vioprolide biosynthesis (Figure 6).° The mutation of the conserved GXGXG
motif to GXGXC finally resulted in the production of N-desmethyl vioprolides.
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Figure 6 | Inactivation of an in cis NRPS tailoring domain for NP structure diversification. a: Biosynthesis of
vioprolide B by the native vioprolide NRPS megasynthetase with an active N-MT domain. b: Targeted mutation
of the native GXGXG motif to a GCGXC motif in the N-MT domain (shown in red) yielded desmethylated
vioprolides, exemplified by desmethyl-vioprolide B. Up- and downstream modules of the vioprolide
megasynthetase are not shown (indicated by dashed line) for reasons of simplicity. The structural difference
between vioprolide B and the desmethyl-analog is highlighted in red.

In this thesis another example of a successful domain deletion was given. The newly characterized
bifunctional AMDH domain was deleted independently or in combination with CysJ to achieve
redirection of the production profile towards one series of cystobactamids with L-asparagine instead
of L-isoasparagine linkers and to produce novel derivatives, respectively (see chapter 2). One critical
point when deleting NRPS tailoring domains are the engineering sites, because choosing suboptimal
engineering sites may negatively affect folding of the entire protein or influence protein-protein
interactions. This is especially important for tailoring domains that are embedded into other NRPS
domains such as MT domains or the AMDH domain, which are integrated into A domains. When
we deleted the AMDH domain from the stand-alone NRPS module CysH, we had no information
about the 3D structure of the protein, because previous attempts to crystalize CysH failed and no
known structure template was available in public databases. The engineering sites we used were
based only on sequence alignments of the A domain (and AMDH domain) in CysH with other
A domains, which clearly showed the insertion borders of the AMDH domain. However, the
deletion of the AMDH domain also lead to disruption of potential protein-protein interactions,
because the O-methyltransferase CysQ was not functional in the AMDH deletion strain. In future
experiments, targeted point mutations in certain conserved catalytic residues in the AMDH domain

may lead to functional inactivation but maintained protein-protein interactions.
5.5.3 Engineering of NRPS/PKS megasynthetases

As an alternative and more complex approach to engineering of tailoring enzymes, direct
engineering of NRPS/PKS assembly lines can be used to increase the structural diversity of NPs.
With this approach more profound changes, e.g. in the core structure of a NRP, are possible as
compared to engineering of tailoring enzymes. Several possibilities to engineer NRPS/PKSs were
described, such as active site modifications of A domains or deletions, insertions and exchanges of

NRPS subunits, domains and modules.*®
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As discussed in chapter 1, A domains were used for numerous manipulation attempts, e.g. to change
their substrate specificity or to narrow down the substrate tolerance in case they were
promiscuous.®*!%-111 One advantages of A domain engineering is that the introduction of single or
few point mutations can lead to an altered substrate specificity but does not affect the overall domain
structure and thus also not interactions with adjacent domains or modules. Furthermore, this method
is independent from domain and module linker regions. For example, in the myxobacterial
vioprolide NRPS megasynthetase, the first A domain activates alanine; however, the

112 js highly similar to A domains activating serine.*

specificity-conferring code of the A domain
The exchange of a single residue lead to the incorporation of serine and the production of new
vioprolide derivatives, one of which showed a 650-fold decreased cytotoxicity (Figure 7).%°
Interestingly, a broad tolerance for alanine was retained in the A domain, resulting in the production

of native vioprolides harboring alanine as minor component alongside the new derivatives.

DVWHLSLIDK

DVWHLSLIEK

Vioprolide B Vioprolide B,

Figure 7 | Alteration of the A domain-specificity by targeted mutation of a critical binding pocket residue.
Essential binding pocket residues by Stachelhaus et al.*? are shown in the box. a: Biosynthesis of vioprolide B by
the native vioprolide NRPS megasynthetase with an A; domain-specificity for L-alanine. b: Targeted mutation of
one critical residue (shown in red) lead to the production of hydroxylated vioprolides (by the incorporation of
L-serine instead of L-alanine), exemplified by desmethyl-vioprolide B;. Up- and downstream modules of the
vioprolide megasynthetase are not shown (indicated by dashed line) for reasons of simplicity. The structural
difference between vioprolide B and the hydroxylated analog is highlighted in red.

One disadvantage and limiting factor of this method are the substrate specificities of the downstream
A and C domains. If those downstream domains do not, or only barely, accept the new substrate,
further processing is hampered leading to no or very low production of a potential new product. For
instance, the engineering attempt of the promiscuous A domain of the first module in the
myxobacterial argyrin NRPS aimed for increasing the substrate specificity to drive the production
profile towards more desirable analogs.®® Although the production profile shifted towards analogs
with the desired alanine residue, total argyrin production was reduced substantially. Another attempt
was performed with the goal to modify the substrate specificity of the fourth module of the argyrin
NRPS including the extended region of the A domain binding pocket.3%® However, this approach
resulted in complete abolishment of argyrin production, clearly showing that rational A domain

engineering is a challenging task. In another example, the well-described L-phenylalanine-specific



Discussion | 239

A domain of GrsA was chosen to create a library in which the eight variable specificity-conferring

residues*?

contain single point mutations. It was shown that the mutation of one specific residue
within the binding pocket changed the substrate specificity towards L-tyrosine and non-natural
para-substituted phenylalanine derivatives like p-azido-L-phenylalanine and O-propargyl-

L-tyrosine. 104114

Apart from the manipulation of A domains, the deletion, insertion and exchange of NRPS domains,
modules or entire subunits is another strategy to engineer the structure of NRPs. The key initial work
in this field was done at Cubist Pharmaceuticals with the development of daptomycin (Figure 8).1%
The exchange of entire NRPS subunits such as the terminal two modules of the daptomycin pathway,
encoded by dptD, with the terminal modules of the highly similar A54145 and CDA pathways,
encoded by cdaPS3 and IptD, respectively, was already discussed in chapter 1 (Figure 8b).}*> After
successful NRPS subunit exchanges, Cubist Pharmaceuticals aimed for the exchange of modules.
The replacement of the C-A-T tridomain from the D-alanine-specific module 8 with the highly
homologous C-A-T tridomain of the D-serine-specific module 11 resulted in the production of the
expected daptomycin analog harboring a D-serine at position 8.194116 Both modules, 8 and 11, have
a C-A-T-E architecture, but the E domains were not included in the replacement to preserve
inter-module downstream associations. The replacement of the module 11 C-A-T tridomain by the
module 8 C-A-T domain yielded a new analog harboring a p-alanine at position 11.1%411¢ However,
for both new analogs reduced production levels, between 15 % and 45 % of the wild-type
daptomycin production level, have been observed. The independent exchange of the modules 8 and
11 C-A-T tridomains with the D-asparagine-specific C-A-T tridomain from module 11 in the
A54145 pathway also lead to the production of new daptomycin analogs harboring D-asparagine at
the specific position, however with further reduced production titers (Figure 8c).1%*1!® Furthermore,
it was shown that the exchange of entire C-A-T-E modules is possible, but the production titers were
significantly decreased, which underlines the importance of maintaining module-module
interactions. The exchange of the four modules 8 to 11 from the daptomycin pathway with modules
8 to 11 from the A54145 pathway also yielded novel daptomycin analogs, albeit with only 0.5 %

production level compared to the wild-type control (Figure 8d).1%411
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Figure 8 | NRPS engineering on the example of the daptomycin, A54145 and CDA megasynthetases. a: The
daptomycin megasynthetase is shown in blue, the A54145 megasynthetase is shown in orange and the CDA
megasynthetase is depicted in dark green. The corresponding structures are shown below. b: Terminal NRPS
subunit exchanges lead to the production of new daptomycin analogs. ¢: C-A-T tridomain exchanges yielded new
daptomycin derivatives. d: Exchange of four modules from the daptomycin megasynthetase by four modules of
the A54145 megasynthetase resulted in the production of a hybrid daptomycin/A54145 analog. For reasons of
simplicity only the modified parts of the entire assembly lines were shown.

Another set of experiments using only A domains or C-A didomains for exchange was performed
using the pyoverdine pathway in Pseudomonas aeruginosa PAO1.1%4" The A domain or C-A
didomain of the terminal L-threonine-specific module 11 was replaced by the respective (di)domain
with the same or different substrate specificity from the same BGC or from homologous pyoverdine
BGCs in related Pseudomonas strains. Production levels of 29 % to 100 % compared to wild-type
level were observed when A domain or C-A didomains which are also specific for L-threonine were
introduced into the pathway. Furthermore, also the production of pyoverdine analogs with L-lysine
or L-serine at position 11 was observed with 76 % and 18 % of the wild-type production level when
C-A didomains were exchanged. However, many exchanges lead to complete abolishment of the
pyoverdine production and the exchange of C-A didomains resulted in the production of truncated

products in the majority of the cases.

As discussed in chapter 1, the insertion of a NRPS module has for example been performed in the
assembly line of the glycopeptide antibiotic balhimycin.}® In this case, a chimera module of
modules 4 and 5, both specific for b-hydroxyphenyl glycine, was inserted between the fourth and
fifth module. The chimera module consisted of the C-A of module 5 and the T-E of module 4. Except
of the desired balhimycin analog harboring three instead of two D-hydroxyphenyl glycine residues,

also truncated products were detected. In contrast to module insertions, also the deletion of modules
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have been performed, leading to products with reduced length. For instance, the deletion of the
L-leucine-specific module 2 (C-A-T architecture) in the NRPS subunit SrfA-A resulted in the
production of a surfactin analog with reduced ring size.*® Another more recent example is the
deletion of domains and modules in the plipastatin NRPS assembly line in B. subtilis.’? Plipastatin
is an antifungal lipopeptide consisting of a cyclic 10 amino acid core with a B-hydroxy fatty acid
chain attached. The independent deletion of the entire modules 6 and 7 lead to complete abolishment
of the plipastatin production. However, the deletion of only the A domains of the respective modules
or the T domain of module 7 resulted in the production of penta- and hexapeptide derivatives.

As described in the previous examples and numerous other studies, NRPS engineering attempts
often result in non-functional assembly lines going along with complete abolishment of compound
production or in negatively affected assembly lines leading to decreased productivity and shunt
products. The main reason for this is that alterations in the NRPS domain and module structure
disrupt the domain-domain and module-module interactions. This also highlights the importance of
the linker regions. Two recent studies from Bozhuyiik and coworkers described two new engineering
sites between C and A domains as well as between C subdomains (chapter 1).'2%'22 Those
engineering sites allowed for the combination of NRPS A-T-C tridomains (exchange units — XUs)
and Cpsup-A-T-Casub UNits (exchange unit condensation — XUC) from different assembly lines
yielding various unnatural peptides. However, all successful engineering attempts were performed
with NRPS assembly lines from closely related Photorhabdus and Xenorhabdus strains. The
combination of XUs and XUCs from phylogenetically distant organisms failed. Thus, the broad

applicability of these approaches has to be proven in future experiments.

In this thesis NRPS engineering was performed to achieve the production of truncated corramycin
derivatives (chapter 4). Therefore, protein sequence alignments from C-A linkers, A-T linkers and
T-C linkers as well as a protein secondary structure prediction tool were used to identify conserved
regions and potential secondary structures in the linkers, respectively. Notably, in the C-A linkers
of the corramycin pathway we did not find the conserved motif WNATE downstream of the helix
structure in the C-A linker that was described by Bozhiiyiik and coworkers.!?* In our case, we did
not identify any conserved motif downstream of the potential helix structures, but a potential helix
structure was predicted for every C-A linker from modules 7 to 12. Deletion of the assembly line
from the module 8 C-A linker downstream of the potential helix structure did not result in the
production of truncated corramycins, which either means that the terminal C domain did not act as
releasing domain or that the engineering site does not work for this specific myxobacterial case. In
another attempt, we instead chose an engineering site inside the Casus domain, because modules 9
and 12 were highly similar starting from this specific position in the C domain. Thus, we did not

rely on an engineering site inside the C-A linker region. In this case, truncated corramycins were
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produced showing that the domain-domain interactions were not disrupted. However, the question
remains if this engineering site will find broad applicability, because both modules were specific for
L-serine thus explaining their high similarity. Furthermore, we identified and used two new
engineering sites in A-T and T-C linkers resulting in the production of truncated corramycins. As
the A-T and T-C linkers were predicted as disordered regions with low similarity even though they
originate from the same pathway, our engineering sites may not find broad applicability in other
systems. In future experiments, alignments of C-A, A-T and T-C linkers from other pathways and
other myxobacterial strains may help to identify conserved regions in those linkers that may serve

as engineering sites with broad applicability.
5.6 Conclusion and Outlook

This thesis focused on two myxobacterial antibiotic compound classes, the cystobactamids and the
corramycins. For both compound classes heterologous expression systems were established. Studies
on the biosynthesis of cystobactamids provided insights into the biosynthesis of the unique
cystobactamid linker moiety, involving a newly described bifunctional aminomutase dehydratase
(AMDH) NRPS domain, and the shuttling of the linker between two NRPS subunits. Furthermore,
various novel natural and unnatural cystobactamids were identified after targeted deletion of
biosynthetic genes. Future experiments will focus on further characterization of the AMDH domain,
e.g. by targeted mutations in conserved core motifs, and the isolation and characterization of the
novel cystobactamids described herein. The studies on the AMDH domain provide new knowledge
about cis-acting NRPS tailoring domains and may serve as basis for further investigation of the
unique biochemistry. In the corramycin project, new NRPS engineering sites were identified and
their application in engineering lead to the production of truncated corramycins, which was desired
to yield the pharmacophore building block of corramycin for semi-synthetic optimization. The
engineering sites may be applied in future experiments on other myxobacterial NRPS pathways to

achieve production of new compound derivatives.
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