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Chapter 1

Introduction

1.1. Antimicrobial Drugs from Natural Products

For millenia, bioactive compounds produced by plants and microorganisms have been
used as drugs in medicinal applications. Pharmaceutical records, created throughout
human history, attest to their use in the treatment of various diseases and illnesses. !
The egyptian Ebers Papyrus (1500 B.C.), for example, documents some 700 drugs and
remedies, most of them plant-based,! while other egyptian sources describe the topical
application of mouldy bread to infected wounds.?® Today, we can isolate and identify
these bioactive compounds from plants, bacteria, fungi and even marine animal origins.
They belong to a large and diverse family of chemical entities, termed natural products.
Natural products are produced by their hosts as secondary metabolites, for example as
molecules that are not required for survival, but provide the host some advantage in its
native environment. Natural macromolecules (DNA, RNA| proteins), their building blocks
and precursors as well as intermediates of primary metabolism are typically excluded
from the definition of natural products.?* With the progress in the natural sciences at
the beginning of the 19" century, pure and defined natural products were increasingly
explored. An event of epochal importance was A. Flemings discovery of the antibiotic
activity of the penicillins produced by fungi of the genus Penicillium (1928/29). With the
help of antibiotics and vaccines, infectious diseases, which were the main killer until the
second half of the 20" century, could finally be treated. Since then, natural products have
served as a major source for modern pharmaceutical agents and their investigation has
afforded a very large number of new compounds with strong antibiotic, antifungal, antiviral,

immunosuppressive, antitumor, and other activities.?®°® Today, most antibacterial drugs
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are either natural products or derivatives thereof, usually obtained by semi-synthetic
modification.” Important classes of antibiotic natural products include aminoglycosides
(e.g. streptomycin (1)), S-lactams (e.g. penicillin G (2)), tetracyclines (e.g. tetracycline
(3)), polyketides (e.g. rifamycin SV (4)), glycopeptides (e.g. teicoplanin As-2 (5)),
lipopeptides (e.g. daptomycin (6)) and macrolides (e.g. erythromycin (7)).® In addition,
approximately 49 % of modern chemotherapeutics as well as a large number of antivirals
are natural products or natural product derived.” A well known example for a natural
product derivative is oseltamivir (8), which was marketed as Tamiflu®to treat Influenza A,
B, and H5N1 virus infections.*!? In contrast, most antifungal drugs are totally synthetic,”
with bacterially produced amphotericin B (9) being a noteworthy exception.!1?

Despite this success of natural products, new, threatening strains of bacteria, fungi and
viruses have emerged during the last decades. For instance, more and more bacterial strains
develop (multi-) drug resistances, resulting in difficult or even un-treatable infections. Most
notable are Gram-positive methicillin-resistant Staphylococcus aureus and vancomycin-
resistant enterococci (VRE), Gram-negative multidrug-resistant (MDR) bacteria as well
as MDR or extensively drug-resistant (XDR) Mycobacterium tubercolosis.'3> Unfortunately,
a 40 year innovation gap between the 1960s and 2000s, in which antibiotic research and
development was de-emphasized in the pharmaceutical industry, combined with scientific
difficulties in the identification of novel scaffolds led to an inadequate number of novel
antibiotic drugs.'*'7 In addition to bacteria, fungal strains of Aspergillus, Cryptococcus
and, especially, Candida are increasingly responsible for severe, life-threatening infections.
Patients with weakened immune systems, caused, for example, by human immunodeficiency
virus (HIV), cancer therapy or immunosupressant drugs after organ transplantation, are
especially at risk.!®2° Moreover, virus infections, such as HI, Ebola, and Influenza A have
been proven to be difficult to combat using conventional vaccine approaches.?6:?7 Indeed,
the World Health Organization (WHO) named antimicrobial resistance as one of the major
threats against human health in 2018.2® As a result of this pressing need for new, clinically
efficient drugs, a high priority has been placed on the discovery of antimicrobial agents,

29-31

both naturally occurring and synthetic. With only a very small part of the world’s

biodiversity having been evaluated for potential biologically active compounds,®? 3> many
more useful natural products await discovery, with the challenge being how to access this

structural diversity.

A true treasure trove for natural product drug discovery lies within the realm of mi-

croorganisms, which promises abundant genetic diversity. Unfortunately, rather few
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Figure 1. Chemical structures of various natural produtcs employed as antimicrobial drugs:
streptomycin (1; aminoglycoside antibiotic), penicillin G (2; p-lactam antibiotic), tetracy-
cline (3; tetracycline antibiotic), rifamycin SV (4; polyketide antibiotic), teicoplanin Ag-2 (5;
glycopeptide antibiotic), daptomycin (6; lipopeptide antibiotic), erythromycin (7; macrolide
antibiotic), oseltamivir (8; antiviral y-amino acid), novobiocin (10; aminocoumarin antibiotic),
amphotericin B (9; antifungal macrolide).
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microorganisms, which can be cultured and express a large variety of natural products un-
der standard-laboratory conditions, exist.??3® The most important ones are actinomyctes,
pseudomonas, strains of bacilii and fungi. Therefore, many research groups have tried to
identify novel groups of prolific producers, but in 50 years only two new groups of bacteria
have been added - cyanobacteria as well as myxobacteria.3¢4? The classic approach to the
discovery of novel natural products from microorganisms is the acquisition of unexplored
strains, followed by fermentation, product isolation, and testing of fermentation broths
or purified compounds in bioactivity assays. Promising isolates subsequently undergo
structure elucidation and, in some cases, their molecular target or mode of action may be
identified. Modifications of the lead compound in structure-activity relationship (SAR)
studies help to identify the pharmacophore and to optimize potency, selectivity, toxicity or
pharmocokinetic parameters. If drug candidates are successful in preclinical and clinical
trials, they will ultimately be approved as drugs and marketed. During the Golden Age of
natural product drug discovery (1940s to 1960s), this approach was used to easily yield
large numbers of novel bioactive compounds with high structural diversity and complexity.*
A prominent example for a clinically important drug isolated from bacterial fermentation
broth is the antibiotic vancomycin (11). The compound is produced by actinomycete
strain Streptomyces orientalis (later reclassified as Amicolatopsis orientalis), which was
grown from a soil sample collected in the jungle of Borneo. After isolating the compound
from S. orientalis, scientists at Eli Lilly found that 11 exhibited potent antibacterial
activity against all tested strains of Staphylococcus and other Gram-positive bacteria.*! 44
The complex structure - a cyclic peptide decorated with sugar moeities - was deduced
only 25 years later by Williams, Harris and co-workers. *>46 In 1958 vancomycin was the
first glycopeptide antibiotic (GPA) approved for the clinic and used to combat highly
virulent MRSA. Due to its potency, the lack of cross-resistances with other antibiotics,
as well as medicinal side effects, vancomycin was hold in reserve against infections with
multiresistant pathogens. Today, vancomycin and its sister antibiotic teicoplanin (5)
(produced by Actinoplanes teichomyceticus) are indispensable - and sometimes the last
resort - in the fight against life-threatening infections with multiresistant Gram-positive
bacteria. **4748 Indeed, it features on the current World Health Organiszation’s List of
Essential Medicines.*® However, after 30 years of clinical use first resistances against
vancomycin became known in enterococi (VRE).?%5!

In the hope to improve biological activity and conquer resistance, resistance mechanisms
were investigated and the vancomycin structure readjusted. Glycopeptides function by
inhibition of bacterial cell wall biosynthesis. They bind L-Lys-D-Ala-D-Ala residues
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Figure 2. A: Vancomycin (11) inhibits bacterial cell wall biosynthesis by binding L-Lys-D-
Ala-D-Ala (12) ends of peptidoglycane strands. B: Substitution of 12 by L-Lys-D-Ala-D-Lac
(13) leads to antibacterial resistance. C: Boger and co-workers could overcome resistance by
adjusting the chemical structure to vancomycin aglycon analogon 14. Blue: hydrogen bond; red:
repulsion of free electron pairs.*”

positioned at the end of bacterial peptidoglycan strands, which are integral for cell wall
biosynthesis, and thereby withhold necessary precursors. 444852 The most common resis-
tance mechanism is based on substitution of the terminal D-Ala moeity in the peptidoglycan
chain by D-Lac as in 13.5% This substitution prevents the formation of one hydrogen bond
and instead introduces a destabilizing interaction between free electron pairs. The binding
affinity between the antibiotic and the ligand is thereby reduced to a thousandth part.3*?5
By replacing the involved amide function in vancomycin (11) with an amidine in 14 in
a ground-breaking, rationally designed de-novo synthesis®® Boger and co-workers could
prevent the destabilizing interaction with the L-Lys-D-Ala-D-Lac (13) ligand. At the
same time, a hydrogen acceptor could be maintained for bond formation with the original

L-Lys-D-Ala-D-Ala (12) ligand. Thereby, the antibiotic activity of 14 was restored against
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VRE with equipotency against the unmutated strain.**%675 This example clearly illus-
trates the importance of SAR studies to improve activity profiles, increase medical potency
and overcome resistance. Until today, SAR studies comprise an integral part of drug de-

velopment, and have also led to the generation of novel, semisynthetic GPAs for the clinic. %

Following the Golden Age of natural product drug discovery, less and less natural products,
that were eventually approved as drugs, were discovered (1960s to 2000s).* Instead, the
pursuit of classic approaches frequently resulted in the reisolation of already known com-
pounds.'™®! At the same time, advances in combinatorial chemistry, where thousands of
unique molecules could be synthesized from hundreds of scaffolds, equipped pharmaceutical
companies with new promising sources for potential drugs. Robotics and bioassays with
facile read-outs enabled companies to search their extensive ‘combi-chem’ libraries in

high-throughput screenings (HTS).452

In contrast, natural products were thought to be
incompatible with HTS: The respective collections often consist of extracts as well as
partially purified fractions, with low or even immeasurable concentrations of bioactive
substances. Moreover, considerable time is required for compound isolation, structural
characterization and to determine, whether the isolated molecule is still unknown.%" Ac-
cordingly, pharmaceutical companies backed up from natural product research (1990s
and 2000s) and focussed on the screening of synthetic ‘combi-chem’ libraries. Although
more compounds were screened in this period than in the preceding 60 years of drug
discovery, only very few promising hits and no marketed drug were discovered.* Then,
the advent of rapid and cheap DNA sequencing (most notably next-generation sequenc-
ing), advances in bioinformatic methods, as well as a better understanding of secondary
metabolite biosynthesis opened new avenues to natural product discovery since the 2000s.
Sequencing of bacterial genomes, especially from actinomycetes and myxobacteria, has
revealed that many more biosynthetic gene clusters (BGCs) are encoded in these genomes
than predicted from their expressed secondary metabolomes.?*%364 It is estimated that
less than 10 % of BGCs are expressed in sufficient quantities to be observed under stan-
dard fermentation conditions,3%3® while the others require special conditions or genetic
manipulations to produce their secondary metabolite.% % In addition, less than 1 %
of microorganisms on Earth are thought to be readily cultivated.3?3% DNA extraction
from environmental samples and metagenome sequencing could access this inexhaustible
source of new microbial genomes.% Genome analyis with bioinformatic methods, today
already allowing prediction of novel biosynthetic pathways as well as (at least) partial

71-74

structures of novel secondary metabolites, bypasses the tedious task of reisolation of
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known compounds. !"%467 Moreover, improved technology for DNA synthesis, cloning and
heterologous expression allows transplantation of BGCs from the sequenced host into well

17,67 These methods can

engineered organisms for production of novel natural products.
also be used for combinatorial biosynthesis, which attempts to produce novel structures
by genetic manipulation and reassembly of biosynthetic pathways.™7 In combination
with medicinal chemistry combinatorial biosynthesis can further increase the number and
diversity of compounds available for drug discovery.” All in all, we have only begun to
uncover the genetic potential of microorganisms and many novel natural products and

thus potent biological activities just await their discovery.

1.2. The Vancomycin Group of Nonribosomal Peptides

For more than half a century glycopeptide antibiotics have been a key weapon in the fight
against serious infections with Gram-positive bacteria, including highly virulent MRSA.
Several GPAs, including natural products vancomycin (11) and teicoplanin (5), as well as

second-generation semisynthetic derivatives, are currently in use in the clinic.43:44:48,60
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Figure 3. Nonribosomal peptides kistamicin A (15) and B (16), as well as complestatin (17)
are closely related to GPAs vancomycin (11), balhimycin (18), and teicoplanin As-2 (5).
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GPA aglycones are comprised of a heptapeptide backbone with a high percentage of
non-proteinogenic amino acids. Their aromatic side chains are constricted by biaryl and
biarylether bonds, which thereby induce a rigid and well defined 3D structure. This
three dimensional shape confers both biological activity — by allowing ideal binding
to the molecular target (Figure 2) — and also metabolic stability, for example, against
proteases of a target pathogen. "™ Vancomycin and teicoplanin aglycons are produced by
megaenzymes, so called nonribosomal peptide synthetases (NRPS). They are structurally
closely related to several other nonribosomal peptides, including balhimycin (18), an
antibiotic from Amycolatopsis mediterranei with an identical aglycon when compared to
11, complestatin (17) and, putatively, kistamicin A (15) and B (16).%34* Complestatin (17)

80782 and shows a wide range of biological activities,

84
L,

is produced by Streptomyces lavendulae
including antiviral activity against HIV,® antibacterial,® or neuro-protective® effects.
The kistamicins 15 and 16, isolated from Actinomadura parvosata, have been found to
exhibit potent antiviral activity against Influenza virus type A, and moderate antimicrobial
activity against S. aureus.®%%" The kistamicins 15 and 16 as well as complestatin (17) thus
represent potential new drug candidates. However, the complex structural frameworks of
vancomycin-type compounds are a big challenge and current total synthetic routes require
an excess of steps, the use of large amounts of metal catalysts resulting in low overall
yields.®® Together, these hurdles do not only render chemical total synthesis economically
and environmentally unsustainable for industrial production, but also impede SAR studies
to further improve biological activity or overcome resistance. Research into the biosynthetic
machinery of vancomycin-type compounds can contribute to facilitate efficient synthetic

access to these molecules and their analogues.

1.2.1. Biosynthesis of Vancomycin-Type Nonribosomal Peptides

1.2.1.1. NRPS Assembly Line of Complestatin

Nonribosomal peptides are synthesized on large, multidomain enzymes, the nonribosomal
peptide synthetases (NRPS). NRPS multienzymes can be further subdivided into distinct
sections, the so-called modules, each of which being responsible for the incorporation of
one specific amino acid building block into a linear peptide chain by peptide coupling
reactions. The modules consist of a catalytically independent set of domains responsible
for substrate recognition, activation, binding, modification, elongation and release. 8991
The mechanism of NRPS-catalyzed peptide formation will be briefly discussed exemplarily

for complestatin (17). This cyclic heptapeptide is built from proteinogenic amino acids,
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tyrosine (Tyr, 19) and tryptophane (Trp, (20)), as well as non-proteinogenic amino acids,
4-hydroxyphenyl glycine (Hpg, (21)) and its derivative 4-hydroxyphenyl benzoylformate
(Hbf, 22). Hbf and two out of four Hpg building blocks are chlorinated twice. Moreover,
three amino acids are linked by one biarylether (forming ring B-O-D) and one biaryl bond
(forming ring D-F), respectively.®!

The complestatin biosynthetic gene cluster was first sequenced and annotated in 2001.%2
Bioinformatic analysis of the 48.7 kb long DNA section revealed genes encoding for four
NRPS proteins, designated ComA, ComB, ComC, and ComD. These proteins harbor seven
NRPS modules, M1 to M7 (Scheme 1).%2 Complestatin biosynthesis is initiated by the
adenylation domain (A) of the first module M1. Tt is responsible for the specific recognition
and activation of the relevant building block, here 22. The reactive intermediate is then
transferred onto the free thiol group of the phosphopantetheine (ppant) prothetic group
of the adjacent peptidyl carrier protein domain (PCP) by utilizing coenzyme A (23),
establishing a covalent thioester bond between enzyme and substrate. Peptide synthesis
proceeds by condensation with a second amino acid, catalyzed by a condensation domain
(C), which was recognized, activated, and transferred to the next PCP? by the second AZ.
At this stage, the peptide attached to PCP? can undergo further modifications, such as
epimerization or N-methylation, by suitable, optional catalytic domains. Indeed, in the
biosynthesis of 17 the second amino acid introduced is epimerized from L to D by an
epimerization domain (E). Alternative modifications are also feasible: replacing E with,
for example, a methylation domain (M) would lead to N-methylation of the respective
amino acid, as seen for L-Hpg (L-21) in module M6. Peptide biosynthesis proceeds
along all modules of the complestatin biosynthetic assembly line, thereby attaching all
required amino acids to the growing linear peptide precursor. After the last elongation
step, the mature peptide reaches the end of the machinery. It can then be cleaved from

the synthetase by a thioesterase domain (TE) and be further structurally modified (prior

1kb
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comD comF coml hmo hpgT pd
—————————————————————————————————— -Ieeeen) | EpE) )| dEm) )
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B NRPS Ml Hpg biosynthesis  [J] halogenase [ unknown function
W P450 | ferredoxin [ regulator transporter 48.7 kb

Figure 4. Gene organization of the complestatin biosynthetic gene cluster.?
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or after the release form the NRPS) by so-called tailoring enzymes. The complestatin BGC
harbors a number of genes encoding proteins likely responsible for such post assembly-

78.82.9091 These include a non-heme dependent halogenase (ComH),

line modifications.
putatively responsible for chlorination of the respective aromatic residues (two Hpg
building blocks as well as Hbf).%? The exact timing of halogenations remains unclear,
although newer studies into teicoplanin and balhimycin systems suggest that halogenation
during GPA biosynthesis occurs at the PCP-bound amino acid. In contrast, free amino
acids or PCP-bound peptides are not halogenated.>% Other encoded tailoring enzymes
are two cytochrome P450 oxidases (Coml and ComJ), which are responsible for biaryl and
biarylether bond formation between rings B-O-D and D-F.52949 One of these oxidases,
Coml, presumably requires the assistance of a special NRPS domain to be catalytically
active. The X domain is located in the final NRPS module M7, just before the terminal
TE domain, and is involved in the recruitment of P450 oxidases to the linear peptide

precursor (Chapter 1.2.1.3).95°97

1.2.1.2. Biosynthesis of Non-Proteinogenic Amino Acids

NRPS can use all 22 proteinogenic as well as a wide variety of non-proteinogenic amino
acids for peptide assembly. Genes required for the biosynthesis of non-proteinogenic
amino acids are usually encoded in the respective BGC. ™91 In the case of complestatin
(17), the genes hmasS, hmo, hpgT, and pd are responsible for L-Hpg (L.-21) formation
(Figure 4).% The L-Hpg biosynthetic pathway starts with the decarboxylation and hydrox-
ylation of 4-hydroxyphenylpyruvate (24) to L-4-hydroxymandelate (25) by the enzyme

4-hydroxymandelate synthase (HmaS). The HmasS reaction is coupled with the next enzyme

. e

OH ~—a

OH OH 25
Hmo
OH OD OH

L-21 o} 27
OH
NH,
L-19

Scheme 2. Catalytic cycle for the biosynthesis of L-Hpg (L-21).%®
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1. Introduction

of the pathway, L-4-hydroxymandelate oxidase (Hmo), which catalyzes the oxidation
of 25 to L-4-hydroxybenzoylformate (27). 27 is finally converted to L-Hpg (L.-21) by
Hpg transaminase (HpgT) in a reductive amination reaction, using L-tyrosine (L-19) as
co-substrate. In the same step, L-19 is transformed to 24, which serves again as substrate
for HmaS and primes the three enzyme cycle HmaS, Hmo and HpgT for another turn. 24
is also generated by the enzyme prephenate dehydrogenase (PD) from prephenate (26),
an intermediate in the shikimic acid pathway and a precursor to L-tyrosine (L-19).9%%

Another non-proteinogenic amino acid present in many GPAs, for example, teicoplanin
(5), vancomycin (11), the kistamicins 15 and 16, as well as balhimycin (18) is L-3,5-
dihydroxy-phenylglycine (L-Dpg, 1-28). In these cases, the L-Dpg biosynthesis is, similar
to the L-Hpg biosynthesis, directly encoded in the respective BGC by the genes dpgA,
dpgB, dpgC, dpgD, and hpgT. 190190 Enzyme DpgA is a type III polyketide synthase
(PKS), which converts four malonyl-coenzyme A (29) building blocks to a pentaketide
(30) and subsequently acts as a Claisen condensation catalyst. In the next step, DpgB
and DpgD function as dehydratases on the cyclic DpgA product (31), with the following
isomerization yielding 3,5-dihydroxyphenylacetyl-CoA (32). Importantly, these enzymes
greatly accelerate the rate of 31 formation during the DpgA reaction. Enzyme DpgC then
converts 32 to 3,5-dihydroxyphenylglyoxylate (33) and CoA (23).7190101 Tt has been
found, that the oxygenase activity of DpgC is highly unusual since it is independent off an
accessory cofactor or metal ion.!® The exact mode of action remains unclear, although

Chen et al. have proposed a possible route including a peroxide intermediate. %0 This
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mechanism is supported by a study of Widboom et al.'°? The final step in L-Dpg biosyn-
thesis consist of the transamination of 33 to L-Dpg (L-28), which is mediated by HpgT

using tyrosine (19) as a co-substrate. 1!

1.2.1.3. Oxidative Phenol Coupling Reactions

Biaryl and biarylether bonds in nonribosomal peptides are formed in oxidative phenol
coupling reactions (OPCRs), which are catalyzed by a family of cytochrome P450 enzymes
(CYPs). 821037106 They have been studied in detail for the biosynthesis of vancomycin-type
compounds, in particular using in vivo methods. In the case of balhimycin (18), the
three cross-links are catalyzed by three CYPs, OxyA, OxyB, and OxyC.1% Gene knockout
studies in Amycolatopsis balhimycina, the producer of balhimycin (18), revealed that
OxyA catalyzes formation of ring D-O-E, OxyB formation of ring C-O-D, and OxyC
that of ring A-B. The order of ring formation is OxyB - ring one, OxyA - ring two,
OxyC - ring three. 9719 Knockout studies together with in vitro experiments on purified,
recombinant OxyB strongly indicate that the hexa- or heptapeptide precursors still bound
to the NRPS PCP domain are the coupling substrates, rather than the corresponding
free acids. 103109112 For complestatin biosynthesis, gene knockout studies in heterologous
producer Streptomyces lividans show that Coml is responsible for biaryl bond formation in
ring D-F, and ComJ for biarylether bond formation in ring B-O-D. Here, too, biaryl bond
formation seems to be dependent on the already established biarylether bond. % Until
2015, the mechanism underlying recruitment of CYPs to the GPA peptide precursor was
unknown. Then, an in vitro study by Cryle and co-workers showed that a conserved domain

of unknown function, which is present in all glycopeptide antibiotic NRPS machineries, is

HoN /OH
Rl= O\ - R?= s HO7 57 OH
HaC \\j‘oﬁ 5\,\AO\L\OH

CHa, .,

Figure 5. P450 enzymes catalyze biaryl and biarylether bond formation in glycopeptides such
as balhimycin (18) and teicoplanin (5).
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Scheme 4. Recruitment of the correct cytochrome P450 enzyme (E) to the peptide precursor
(S) by the X domain and recognition of the peptide cyclization state by the CYP (‘substrate
scanning’), followed by an induced conformational change of the CYP (‘locking in’), catalysis
and product (P) release as suggested by Cryle and co-workers. 13

responsible for the recruitment of CYPs to the NRPS-bound peptide.?® This domain is
encoded in the final NRPS module of glycopeptide antibiotics, just before the terminal
TE domain, and is referred to as the ‘X’ domain. The exact function of the X domain lies
in the sequential recruitment of the required CYPs via a shared binding site. Thereby,
recruitment seems to function via a process called ‘substrate scanning’, where different
CYPs compete for the respective binding site. Depending on type and number of already
installed cross-links, and the enzyme function during GPA biosynthesis, the respective
CYP will then catalyze the correct OPCR. Moreover, the same studies demonstrate that
certain biaryl/ biarylether bond formations in vitro only occur in the presence of an X
domain. This indicates that some OPCRs require assistance of the NRPS X domain to
ensure the conversion of the PCP-bound peptide into a mature aglycone, and that the
PCP alone is not always sufficient to generate a competent substrate. 26113114

In the endeavour to investigate OPCRs during GPA biosynthesis in greater detail, re-
cent studies employ chemo-enzymatic assays. 710121147119 For these assays, the linear
model peptide precursor of the studied GPA is prepared by solid phase peptide synthe-

1207123 and activated as a thioester. By addition of coenzyme A (23), the activated

sis
peptide precursor is loaded onto the terminal PCP domain of the respective NRPS via
a ppant arm. "1 ISHTI2 Thitially only isolated PCP domains were used for peptide

loading. 1?12 However, since the involvement of X domains in GPA biosynthesis became
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known, an X domain supplements the system. 11417119 For the peptide-enzyme transfer
surfactin-phosphapantetheinyltransferase (Sfp), e.g., from Bacillus subtilis, can be em-
ployed. 97115124125 Gyhsequently, the PCP-bound peptide precursor is subjected to the
actual chemo-enzymatic assay, which includes the relevant CYPs as well as an electron
shuttle system. The electron shuttle system provides the CYPs with the required electrons
and consists of a reductase (Red), ferredoxin (Fd) as well as glucose dehydrogenase (Gdh).
Red transfers electrons from cofactor NADPH to oxidized ferredoxin (Fd,,), while the thus
formed reduced ferredoxin (Fd,.q) serves as an electron donor to CYPs. In turn, CYPs
catalyze the OPCRs between aromatic side chains of the peptide precursor while reducing
oxygen to water. The product of the chemo-enzymatic assay is the PCP-bound cyclic
peptide, which can be cleaved off the enzyme by addition of, for example, methylhydrazine
(34).97110.112,14719 Reoeneration of the actual electron donor, NADPH, can be achieved

by oxidation of D-glucose to D-glucono-1,5-lactone by Gdh (derived, e.g., from Bacillus
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Scheme 5. Chemo-enzymatic synthesis of a simplified teicoplanin model (37) by Cryle and
co-workers. A: The synthesized, linear model peptide precursor of teicoplanin (r-35) was cleaved
off the SPPS resin and activated as a thioester (36) for subsequent use in a chemo-enzymatic
assay.'?® B: Chemo-enzymatic assay for the (sequential) installation of biaryl and biarylether
bonds in 36 with cytochrome P450 enzymes OxyA, OxyB, and OxyE. 16117
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megaterium).'?® Some GPA biosynthetic gene clusters contain genes for ferredoxin and a
corresponding NAD(P)H-dependent ferredoxin oxidoreductase, while in other cases enzymes
derived from other parts of the genome are utilized.®*'?" For example, in the complestatin
gene cluster comK encodes for ferredoxin, whereas the absence of a dedicated oxidoreductase
gene suggests that ComK pairs with an endogenous ferredoxin oxidoreductase.®? Therefore,
ComK could be used for the in vitro electron shuttle system, while the corresponding
reductase has to be adapted from other sources.?™ 7 Several studies have already shown
that such systems can be used for the in wvitro construction of biaryl and biarylether bond
elements in GPAs. In case of teicoplanin (5), for example, all three biarylether bonds
have been installed between the aromatic side chains of a simplified peptide precursor in

BU6T catalyzes formation of ring C-O-D, OxyE 7

chemo-enzymatic assays. Here, Oxy
formation of ring F-O-D and OxyA!7 that of ring D-O-E (Scheme 5). The formation of
the last cross-link, the biaryl bond of ring A-B, has not yet been reported. In a similar
study, the construction of one biarylether bond in a simplified complestatin precursor
using Com.J as a catalyst has been achieved.?® Moreover, the actual complestatin peptide
precursor has been synthesized in the To. Gulder laboratory by H. Aldemir,!> and the
complestatin biosynthetic machinery as well as the total synthesis of complestatin using
chemo-enzymatic assays is currently under investigation.?"-!1?

Regrettably, challenges in the synthesis of linear peptide precursors have so far hampered
the study of OPCRs in biomedically interesting nonribosomal peptides. The synthetic
challenge predominantly is due to the presence of Dpg or Hpg units within the peptide
chains, which are very sensitive to epimerization under conditions employed in classic
solid phase peptide synthesis (SPPS).12%:128:129 Tnstead, they require the development of
special synthetic protocols. So far, only two methods for the synthesis of vancomycin- and

teicoplanin-type precursors, based on Alloc protective groups?%121 (

requiring expensive
and difficult palladium-mediated deprotection) or very mild Fmoc deprotection, have been
developed, yet only used with the less-problematic non-halogenated analogs of Hpg/Dpg. 122
Moreover, sterically hindering moeities, such as N-methyl groups, can hamper SPPS: In
case of the complestatin linear peptide precursor (38) one N-methyl group made SPPS
unfeasible. Instead, a complex, highly convergent liquid phase peptide synthesis (LPPS)

had to be developed, which is based on the assembly of 38 from two halves.!!?
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1.2.2. Isolation, Biological Activity and Chemical Structure of the

Kistamicins
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Figure 6. Chemical structure of kistamicin A (15) and B (16). The absolute stereoconforma-
tion of the amino acid building blocks is unknown. %"

In 1993 Naruse et al. reported the isolation of two novel representatives of biaryl-containing
nonribosomal peptides, the kistamicins A (15) and B (16).%%87 The research group had
explored the metabolic potential of actinomycete strain Actinomadura parvosata subsp.
kistnae and isolated 15 and 16 from liquid culture. In in vitro assays those compounds
exhibited potent antiviral activity against Influenza virus type A as well as moderate
antimicrobial activity against Gram-positive bacteria.® Structure elucidation by Naruse
et al. revealed that both molecules consist of a linear heptapeptide chain featuring one
Dpg (28), two Hpg (21), one monochlorinated Hpg (39), two tyrosin (19) as well as one
tryptophan (20) units. Kistamicin B (16) additionally features an unusal N-terminal
ureido linkage to a phenylethyl moeity. The absolute stereoconformation of the amino acid
building blocks was not established in the study. Moreover, the described peptide chain
is constrained in its biologically active conformation by one biaryl and two biarylether
bonds.®" Since the publication of the study by Naruse et al., the kistamicins have attracted
little attention. Initial trials at a total chemical synthesis by Beugelmans et al. (1997 to

1999) 130131 featured separation of the cyclic peptide into two halves, 40 and 41, and

Scheme 6. Retrosynthetic separation of kistamicin A (15) as planned by Beugelmans et al. The
indicated absolute stereoconformation of the amino acids units was assumed by the authors. 130:131
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construction of biaryl and biarylether bond elements by cross coupling reactions. Owing to
the lack of information on the conformation of stereocenters Beugelmans et al. estimated
that the amino acids in the kistamicin peptide chain showed the same configuration as the
amino acids in the complestatin peptide chain.!3%!3! This assumption might be incorrect
and an assembly of the whole molecule was never published. However, the potentially
incorrectly postulated stereoconformation of the kistamicin backbone disseminates the
literature. 43123132133 Tpy 5 new investigation of the kistamicins 15 and 16 the elucidation of
their stereostructure will thus be of paramount importance. Due to their biological activity
as well as close structural similarity to clinically important antibiotics vancomycin (11)
and teicoplanin (5) the kistamicins 15 and 16 are interesting as antibacterial and antiviral
lead structures as well as from a (bio-)synthetic point of view. Their (bio-)synthetic

investigation was therefore chosen as one of two main topics of this work.
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1.3. Novel Antimicrobial Coumarins from Myxobacteria

1.3. Novel Antimicrobial Coumarins from Myxobacteria

Myxobacteria have attracted considerable attention as prolific producers of natural prod-
ucts. Like actinomycetes, they frequently produce metabolites from multiple structural
classes and thus belong to the multi-producers. It is particularly remarkable that many of
these compounds exhibit unique structural features relative to compounds known from
other microorganisms as well as rare or wholly novel modes-of-action.3%3? Until today,

134,135 414

myxobacterial strains have already yielded at least 100 distinct core structures,
some 500 derivatives. 313 The majority of these compounds are polyketides, nonribo-
somal peptides or polyketide-peptide-hybrids, but steroids, terpenoids, alkaloids, and
other classes have also been identified. In particular, many bioactive compounds from
myxobacteria feature unique structural elements as well as rare or wholly novel modes-of-
action. Furthermore, genome sequencing data of myxobacterial strains indicate that their
biosynthetic potential is by far greater than previously assumed.?*3° Thus, myxobacteria

represent a promising source for novel bioactive secondary metabolites.

1.3.1. Isolation, Biological Activity and Chemical Structure of the

Myxocoumarins

In search of new bioactive natural products the working group To. Gulder and Syngenta
Crop Protection AG investigated a collection of myxobacterial isolates in high-throughput
screens (HTS). During screening the strain Stigmatella aurantiaca MYX-030 emerged as a
promising source for novel antifungal lead structures. Therefore, the raw culture extract of
the S. aurantiaca MYX-030 isolate was further separated by chromatography and isolated
fractions submitted to bioassyas. Besides already known fungicides, myxothiazole A 3¢ as
well as aurachin A and C,'37 two novel secondary metabolites exhibiting strong antifungal
activity were found.'®® Structure elucidation by UV-, 1D- and 2D-NMR-spectroscopy as
well as mass spectrometry showed that both compounds, 42 and 43, consist of a coumarin
core structure with a 5-hydroxy-7-nitro substitution pattern, and a long, saturated alkyl
chain at C-4. Moreover, a stereocenter was found at C-4 of compound 42, but its absolute
configuration remains unknown. 13® There are only few nitrogen containing coumarins found
in nature, with bacterial aminocoumarins such as novobiocin (10, Figure 1) being the most
well known examples.®® The nitrogen substitution pattern together with the unusually
long alkyl chain constitutes an unique structure and the newly discovered compounds 42
and 43 thus represent a novel class of secondary metabolites. Due to their origin and core

structure they were named myxocoumarins A (42) and B (43).'3® The isolated amount
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Figure 7. Chemical structures of myxocoumarin A (42) and B (43).138

of myxocoumarin B (43) was not sufficient to verify the initially detected antifungal
activity. However, in assays against a series of agrochemically important pathogenic fungi
myxocoumarin A (42) showed a strong and broad range activity comparable to commercial
standard fungicides, albeit at a somewhat lower activity level. The growth of pathogens
such as Botrytis cinerea, Fusarium culmorum, and Phaeosphaeria nodorum was completely
inhibited (MIC;gp: Minimum Inhibitory Concentration) at 2mgmL~!, and Magnaporthe
grisea as low as at 0.7mgmL~" in liquid culture assays. Neither insecticidal nor herbicidal

bioactivity was observed.!3®

1.3.2. (Bio-)Synthesis of the Myxocoumarins

The research group To. Gulder and Syngenta Crop Protection AG postulated that the
biosynthesis of myxocoumarin A (42) and B (43) proceeds via precursor molecule 5-

138

nitroresorcinol (44),'”® which has already been found to be produced by myxobacterial

strains S. aurantiaca and S. erecta. These myxobacteria strains synthesize 44 from
erythrose-4-phosphate (45) and phosphoenol-pyruvate (46) via phloroglucinol (47). 149141
Putative O-acetylation of 44 with §-keto acid 48, which may originate from fatty acid
biosynthesis, would result in an intermediate ester 49. Intermediate 49 could undergo

C,C-bond formation by nucleophilic attack of the aromatic system to the side chain keto

oXon O
HO, o F'\o coH
N + MR z
£ CH
HO 7 45 2
© 46
o o
O-acetylation HO)S(U\R1
HsC R?
. 48
R!=nCgHie
OH R! OH
m m blosynthetlc o o
-
O,N 1) Pechmann O,N OJ}(U\Rl
reaction H,C R?
43 49

Scheme 7. Postulated biosynthetic pathway to myxocoumarins A (42) and B (43) (with R? =
CHjs for 42 and R? = H for 43).
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Scheme 8. Formation of a 4-substituted coumarin (53) by Pechmann condensation reaction of
a phenol (50) and a f(-keto ester (51). The reaction proceeds in the presence of a catalyst, such
as a Brgnsted or Lewis acid.

function, similar to a Pechmann reaction. The direct product would be myxocoumarin A
(42), with myxocoumarin B (43) formation after condensation (Scheme 7).'*® The Pechman
condensation reaction is widely used in synthetic chemistry to synthesize 4-substituted
coumarins. Here, a phenol 50 reacts with a 3-keto ester 51 or «, S-unsaturated carboxylic
acid in the presence of a catalyst (e.g. Brgnsted or Lewis acids) to intermediate 52. 427152
Despite various studies, it has not definitively been established whether the formation of
52 proceeds via transesterification followed by nucleophilic attack (Scheme 8, route A)
or the other way around (Scheme 8, route B).1441537157 I any case, formation of 52 is
succeeded by dehydratisation to final coumarine 53.

Since the Pechmann reaction utilizes cheap, easily available starting materials and a
wide range of phenols and 3-keto esters have already been employed, 1441467152,1587160 ¢
represents a straightforward approach to the biomimetic total synthesis of myxocoumarins
A (42) and B (43). Moreover, variation of reactants would allow the generation of
diverse myxocoumarin derivatives in a single step. Efficient access to the myxocoumarins
42 and 43 and derivatives would, in turn, facilitate close examination of their activity
profiles, including possible antifungal activities against clinically relevant pathogens, such
as Candida albicans and C. krusei. Therefore, the chemical synthesis of myxocoumarin B
(43) and various derivatives for structure-activity relationship studies was chosen as the

second goal of this thesis.
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Chapter 2

Aims

Natural products represent a main source for leads and drugs in medicinal applications.?59

Due to the continued emergence of new, untreatable diseases and pathogens developing
resistance against existing pharmaceuticals, research and development into new scaf-
folds with potent biological activities is of fundamental importance.!32426:28 The putative

86,87 as well as the coumarins myxo-

nonribosomal peptides kistamicin A (15) and B (16),
coumarin A (42) and B (43)'3® not only feature desirable antimicrobial activity profiles,
but also intriguing molecular architectures. Thus, this interdisciplinary thesis aimed at
the investigation of the (bio-)synthesis of kistamicin A (15) and myxocoumarin B (43). It
can thereby provide innovative new approaches for the efficient preparation of 15 and 43

for structure-activity relationship studies and drug development.

OH
o N
O Q y OH CHs
OH
o) o] 0 CHs
H H H CH,
o N N N Nt
O,N oo
Q v Ao M o "
« | — 42
HO cl
HO OH \
o HO OH CHs
OH X CHs
15 :R'=H O,N o o

Ry :
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Figure 8. Chemical structures of the putative nonribosomal peptides kistamicin A (15) and B
(16) as well as of the coumarins myxocoumarin A (42) and B (43). Unknown stereocenters are
indicated with *.
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2. Aims

The kistamicins A (15) and B (16) are cyclic peptides, consisting of a linear, monochlori-
nated heptapeptide chain featuring several non-proteinogenic amino acid building blocks.
One biaryl and two biarylether bonds between the aromatic side chains constrict the
peptides in their rigid three dimensional structures and confer biological activity. Previous
studies®” did not determine the absolute configuration of the amino acid building blocks.
16 additionally features an unusual N-terminal ureido linkage to a phenylethyl moeity."
The kistamicins 15 and 16 show close structural similarity to nonribosomal peptides,
such as the clinically important gylcopeptide antibiotic vancomycin (11) and especially to
the highly bioactive peptide complestatin (17).434448.60 Dye to their promising biological
activity, as well as their close ties to vancomycin-type compounds the kistamicins 15 and
16 are interesting from a (bio-)synthetic point of view and represent new pharmaceutical
lead structures. However, as for all vancomycin-type compounds their complex structural
framework poses a big challenge: previous total synthetic routes for this class of nonribo-
somal peptides require an excess of steps, the use of large amounts of metal catalysts and
result in low overall yields.®® Together, these hurdles impede structure-activity relationship
studies to further improve biological activity or overcome resistance, thus generating new
drug candidates. Research into the biosynthetic machinery of vancomycin-type compounds
can contribute to facilitate efficient access to these molecules and their analogues.

Analysis of the respective biosynthetic gene clusters (BGC) reveals the presence of mega-
enzymes, so called nonribosomal peptide synthetases (NRPS), which produce the linear
peptide backbones. Further modifications, like halogen atoms or biaryl and biarylether
bonds, are introduced by tailoring enzymes, such as halogenases or cytochrome P450
enzymes. &89 An innovative, straightforward approach to an efficient synthesis of
vancomycin-type compounds is the combination of solid phase peptide synthesis (SPPS)
of the linear peptide precursors with the use of cytochrome P450 enzymes as biocatalysts
to perform the regio- and stereoselective phenol oxidative coupling reactions (OPCRs) for
biaryl and biarylether bond formation. In one of two main projects, the present thesis
aimed to identify the yet unknown biosynthetic machinery encoding the kistamicins 15
and 16, to determine their absolute stereostructure, and to develop an SPPS strategy
for the synthesis of the kistamicin A linear peptide precursor (54). In addition, enzymes
required for OPCRs were to be cloned from the kistamicin biosynthetic gene cluster and
heterologously expressed in E. coli. This thesis thereby aimed to provide the foundation
for the chemo-enzymatic total synthesis of 15 and further its investigation as a promising

antiviral and antibiotic drug lead.
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Scheme 9. Chemo-enzymatic synthesis of kistamicin A (15) from its linear peptide precursor
(54). This thesis aims at the chemical synthesis of 54. (Stereocenters prone to epimerization are
indicated with *.) Another goal is the identification of cytochrome P450 enzymes, the terminal
PCP and X domain putatively encoded in the kistamicin biosynthetic gene cluster. These
enzymes are to be cloned and heterologously expressed for later use in chemo-enzymatic assays.

As a first step in this direction, the genomic DNA of kistamicin producer A. parvosata
was to be isolated in this thesis and sent to a commercial provider for genome sequencing
and assembly. This work should then bioinformatically analyze the A. parvosata genome
and strive to identify and examine the kistamicin BGC. Based on the close structural
similarity between kistamicin A (15) and complestatin (17), it could be assumed that the
kistamicin BGC is highly related to that of 17. The identified genes encoding cytochrome
P450 enzymes as well as the terminal peptidyl carrier protein (PCP), and X domain,
which will later be required for the enzymatic catalysis of OPCRs, should be cloned and
heterologously expressed in Escherichia coli. Moreover, as exemplified for 17 (Chapter
1.2.1.1), the structure of nonribosomal peptides can often directly be used to predict the
encoding biosynthetic assembly line and vice versa.® This principle of co-linearity was
to be utilized in the course of this work to tentatively elucidate the expected absolute
stereostructure of 15 based on NRPS domain architecture, thereby providing crucial
information for the synthetic work. Subsequently, this thesis aimed at the synthesis of the
respective linear peptide precursor 54 via SPPS. A known major challenge here was the
sensitivity of non-proteinogenic amino acids 3,5-dihydroxyphenylglycine (Dpg, (28)) and
4-hydroxyphenyl glycine (Hpg, (21)) to epimerization under traditional SPPS conditions.
Previously, Alloc chemistry!?%!2! has been used to address this issue, which required
tedious synthesis of all protected building blocks as well as expensive palladium-mediated
cleavage. However, the kistamicin heptapeptide chain (54) contains no less than one Dpg
(28) and three Hpg (21) or Hpg-derived (39) building blocks, thus making cheaper Fmoc
chemistry with its easy access to protected amino acids - commercially available in a large
range or simple to synthesize - highly desirable. For this purpose, application of a mild
Fmoc protection strategy!?? in combination with the use of an SPPS resin featuring a

sterically hindered linker appeared to be promising. All in all, those efforts endeavored to
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2. Aims

contribute to the development of a chemo-enzymatic strategy to achieve the first total

synthesis of kistamicin A (15) and facilitate structure-activity relationship studies.

In the second main project, this thesis focussed on the yet barely investigated myxocoumarin
B (43), which unlike kistamicin A (15) belongs to a novel class of secondary metabolites.
Myxocoumarin B (43) is comprised of an unusual 5-hydroxy-7-nitro substitution pattern
as well as a long, saturated alkyl chain, and was suspected to exhibit potent antifungal

138 Tt was deemed to be particularly interesting to examine its activity profiles,

activities.
including possible antifungal activities against clinically relevant pathogens such as Candida
albicans and C. krusei. Therefore, this thesis endeavored to gain synthetic access to 43.
The Pechmann reaction was expected to be the most straightforward approach and utilizes
cheap, easily available starting materials, as well as a wide range of phenols and -keto

1427152 Variation of reactants should allow the generation of diverse myxocoumarin

esters.
B derivatives in a single step and thus facilitate structure-activity relationship studies.
For the investigation of activity profiles and structure-activity relationship studies all

myxocoumarins synthesized in this work were to be sent to cooperation partners.

OH CHs OH
/C:E\:I CHs i o o
> +
% EtoJ\HJ\/\/\/\/\cm
0N o0
A X OH S,
43

Scheme 10. Chemical synthesis of myxocoumarin B (43) via Pechmann reaction. Variation of
phenols and B-keto esters would allow generation of diverse derivatives in a single step.
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Chapter 3

Results and Discussion

3.1. Myxocoumarin B and Derivatives

3.1.1. Synthesis and Initial Biological Evaluation of Myxocoumarin B

In 2013 the research group To. Gulder reported the isolation of a novel class of secondary
metabolites from myxobacteria, the myxocoumarins A (42) and B (43) (Figure 9).'3®
This thesis contributed to the developedment of a short, efficient chemical total synthesis
of myxocoumarin B (43). The obtained compound was sent for a first assessment of its
biological potential to the research group Nikodinovic-Runic in Belgrade. The results of

these studies were published in 2019 and are part of the present thesis. 6!

OH CHs OH CHa
sl <Mcon, AN AN CHs
6 CH 6 X
7 3 3 7 3
O,N 07270 O;N 07270
8 1 8 1
42 43

Figure 9. Chemical structures of myxocoumarin A (42) and B (43).138

The total synthesis of myxocoumarin B (43) features a Pechmann reaction and late stage
palladium-catalyzed nitration as key steps (Scheme 11). The Pechmann reaction gives
elegant access to the 3,4-substituted coumarin core by reacting a phenol with a S-keto
ester in the presence of a catalyst. Solvent free microwave irradiation of the reactants
and use of TFA as a catalyst were established as the optimal reaction conditions in an
adaption of a protocol by Katkevics et al.'% (K. Kusserow). Alkyl substituents at C-3

and C-4 were introduced by the use of a §-keto ester (55), which in turn was available
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3. Results and Discussion

A o O 1.2.5 eq. nBuLi, 2.5 eq. DIPA in THF, -78 °C, 1 h o O
) 2.1.2 eq. 1-iodooctane in THF, -78 °Cto R T, 16 h R N N
EtO CHs EtO =- CH3
CHs 62 % over two steps CHs
56 55
B: Pd-catalyzed nitration:
Pechmann condensation: 2.5 mal% Pd,(dba)s, 6.0 mol%
’ R Tf,0, pyridine R tBuBrettPhos, 5.0 mol% TDA, R
OH 1eq.55, oH 2 oH . oH
6eq. TFA in DCM cH 2.0 eq. NaNO; in tBUuOH CH
/@\ MW, 110 °C, 75 min = CHs 0°C,3h = 3 130°C,24h X 3
HO OH 42% HO o o 63 % TfO oo 39 % O,N 0" Yo
a7 58 59 43

Scheme 11. Chemical total synthesis of myxocoumarin B (43). A: Synthesis of required S-keto
ester 55; B: synthesis of 43 via Pechmann reaction and palladium-catalyzed nitration with 10 %
overall yield.

by regio-selective alkylation of ethyl 2-methylacetoacetate (56) with iodo-octane in 62 %
yield (K. Kusserow). Simultaneous installation of the nitro-substituent at C-7 was not
possible due to the moeities deactivating effect on the respective phenol (J. Miiller). When
an alternative strategy, involving later stage nitration of a C-7 iodo substituent at the
coumarin core (57) by Ullmann-type copper catalyzed reaction as developed by Saito

1,12 was employed, only traces of 43 were detected by MS analysis (K. Kusserow).

et a
Instead, a triflate functionality was reagioselectively introduced at C-7 with 63 % yield.
The triflate moiety served as the substrate in a palladium-catalyzed nitration as developed
by the Buchwald laboratory, %3 and 43 was obtained as the direct product with 39 % yield
(J. Miiller, G. Hertrampf). The To. Gulder laboratory thereby established a three step
total synthesis of 43 with approximately 10 % overall yield. The obtained material was
subjected to in vitro as well as in vivo assays by the research group Nikodinovic-Runic. The
planktonic growth of antifungal pathogens Candida albicans and C. krusei was not affected
by 43 (A. Pavic). In wvitro cytotoxicity of 43 against healthy human lung fibroblasts cell
line MRC-5 and was found to be moderate (ICs, at 100 pM) (A. Pavic). No toxic response
(lethal nor teratogenic) was elicited by 43 in in vivo assays against zebrafish embryos upon
treatment with doses up to 250 pM, with all embryos dying upon exposure to 500 pM (A.

Pavic).
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The myxocoumarins A and B from Stigmatella aurantiaca MYX-030 are natural products featuring unusual
nitro- and long-chain alkyl substitution. While myxocoumarin A was shown to exhibit strong antifungal
properties, the antifungal potential of myxocoumarin B was not yet assessed due to low production titers
during initial isolation. We therefore developed a total synthesis of myxocoumarin B that involves a late-
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stage Pd-catalyzed nitration of the coumarin core. The availability of synthetic material facilitated the
initial evaluation of the bioactivity of myxocoumarin B, which revealed a lack of activity against medically
relevant Candida sp. and low cytotoxicity in vitro against human fibroblasts (MRC-5) and in vivo

rsc.li/lobc (zebrafish).

Introduction

Natural products have a huge impact as leads and drugs in
medicine and agrochemical applications. Owing to the contin-
ued emergence of new and untreatable maladies and the evol-
ution of pathogens exhibiting resistance against existing treat-
ment options, the continued discovery of novel scaffolds with
potent biological activities is of utmost importance. A rich
source of such natural products with truly novel molecular
architectures and activity profiles are myxobacteria. These
mostly soil-dwelling &-proteobacteria are particularly talented
producers of unusual ribosomal and non-ribosomal peptides
and polyketides with often unprecedented modes of
actions.'™ It is thus not surprising that many myxobacterial
natural products have intensely been studied in recent years.
Intriguing examples include the antineoplastic pretubulusin
(1),° the antifilarial corallopyronin A (2),”® the antimalarial
chlorotonil A (3),”'° the cystobactamids, e.g. 4, as potent anti-
biotics against Gram-negative bacteria,'* and the antifungal
soraphen Ala (5) (Fig. 1)."> In 2013, we reported the discovery
of the myxocoumarins A (6) and B (7) from liquid cultures of
Stigmatella aurantiaca MYX-030."* Compound 6 was shown to
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exhibit promising inhibitory activities against a wide range of
fungal pathogens, including Botrytis cinerea, Magnaporthe
grisea, Phaeospaeria nodorum, Blumeria graminis, and Fusarium
culmorum. Due to the initially low production titers of myxo-
coumarin B (7), combined with the unfortunate inability to
regrow the producing strain from all existing stock cultures,
the antifungal potential of 7 could not be evaluated during
this study. Given the significant activity of 6, we thus decided
to develop a short synthetic access towards 7 to facilitate its
biological evaluation.

Results and discussion

A broad range of synthetic approaches for the construction of
coumarin core structures can be found in the literature,
including Perkin,'* Reformatsky,'® Wittig'® and Knoevenagel'”
reactions. The most widely used method is the Pechmann con-
densation'® by which phenolic substrates are fused to p-keto
esters catalysed by a (Lewis) acid. Disconnecting the respective
building blocks accordingly in myxocoumarin B (7) leads to
resorcinol 8 with substitution at C-5 and fp-keto ester 9, which
in turn can readily be prepared from 10 by regio-selective alkyl-
ation with iodo-octane (Scheme 1A). Owing to the activation of
the ortho/para aromatic positions by the phenolic functions in
8, the introduction of suitable substituents at C-5 within this
substrate is not directly possible. An elegant access to the
corresponding nitro-substituted resorcinol 13 is provided by
Pd-catalyzed nitration of aryl chlorides as developed by the
Buchwald laboratory.'® Following this approach, the commer-
cially available substrate 11 was smoothly converted to 12 in
75% yield (Scheme 1B). BCl;-promoted O-demethylation gave

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Structures of myxobacterial compounds 1-7.

13 in 71% yield. Despite literature precedence for the utiliz-
ation of nitro-substituted phenols in Pechmann reactions to
yield the corresponding nitro coumarins,?® our attempts to
convert 13 to 7 under various condensation conditions failed
to provide the desired product (data not shown). As this likely
can be rationalized by the deactivation of resorcinol 13 due to
the nitro substitution, we decided to use an alternative strategy
that involves a later-stage nitration at the fully elaborated cou-
marin core (Scheme 1C). Following a protocol by Thorn et al.
one of the hydroxy functions in phloroglucinol (14) was
replaced by an amino group by stirring of this substrate in
ammonium hydroxide.*" The resulting crude hydrochloride 15
was directly used in a Sandmeyer reaction to generate 5-iodore-
sorcinol (16) in 49% yield over two steps. The latter was uti-
lized in a Pechmann condensation reaction with 9 to deliver
iodo coumarin 17, although only in unsatisfactory 5% yield. 17
was subjected to an Ullmann-type copper-catalyzed nitration
utilizing a protocol by Saito et al.>> However, only traces of
myxocoumarin B (7) were detectable in the reaction mixture by
MS analysis.

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 A. Retro-synthetic analysis (A), unsuccessful synthetic routes
(B, C) and first generation synthesis (D) of myxocoumarin B (7). Reagents
and conditions: (a) 1. nBulLi (2.5 eq.), DIPA (2.5 eq.), THF, -78 °C,
1h 2.10 (1.0 eq), 0 °C, 1 h. 3. R—-I (1.2 eq.), =78 °C to rt, 16 h. (b)
Pd,(dba)s (0.5 mol%), tBuBrettPhos (1.2 mol%), TDA (5.0 mol%), NaNO,
(2 eq.), tBuOH, 130 °C, 24 h. (c) BCls (2.0 eq.), toluene, 130 °C, 40 h. (d)
1. NH4OH, RT, 18 h. 2. HCl (e) 1. H,SO4 (3.6 eq.), NaNO, (2.8 eq.), H,0,
0 °C, 15 min. 2. KI (3.6 eq.), H,O, rt, 5.5 h (49% over two steps d, e). (f) 9
(1.0 eq.), SSA (9.6 eq.), CHCl;, 65 °C, 20 h. (g) Cul (0.2 eq.), KNO,
(1.1 eq.), 18-crown-6 (1.0 eq.), N,N’-diethylethylenediamine (0.4 eq.),
DMF, 100 °C, 26 h. (h) 9 (1.0 eq.), TFA (6.2 eq.), MW, 100 °C, 30 min. (i)
BCls (2.1 eq.), toluene, 110 °C, 18 h. (j) Tf,O (1.3 eq.), pyridine (2.0 eq.),
DCM, 0 °C to rt, 30 min. (k) Pd,(dba)s (0.5 mol%), tBuBrettPhos
(1.2 mol%), TDA (5.0 mol%), NaNO, (2 eq.), tBuOH, 130 °C, 24 h. (1) LiCl
(6.0 eq.), DMF, 155 °C, 18 h. All yields are un-optimized.
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Given the power of the Pd-catalyzed nitration utilized in
route B for the synthesis of 12, we decided to evaluate this
reaction for the introduction of the desired nitro functionality
later in the synthetic route. Coumarin 19 was constructed by a
Pechmann condensation of 3,5-dimethoxyphenol (18) with 9
in 26% yield. Likely owing to a shielding effect of the long-
alkyl chain R located at the coumarin core, a regioselective
O-demethylation of the desired methoxy functionality using
BCl; was possible in 47% yield. The resulting phenol 20 was
converted into 21 by triflation in 98% yield. Triflate 21 served
as the substrate in a Pd-catalyzed nitration again following
the Buchwald protocol."® This indeed delivered the fully func-
tionalized coumarin core 22 in 48% yield. The latter was
O-deprotected in 48% yield to conclude the first total synthesis
of 7. Taken together, this sequence gave access to myxocou-
marin B (7) in five steps from 18, with an overall yield of
approx. 3%.

To improve the unsatisfyingly low yield of the overall
sequence, we set out to further streamline the synthetic route.
As the yields of Pechmann condensation generally improve
with the electron-richness of the employed phenols, we
decided to first construct the corresponding dihydroxy deriva-
tive of 19, coumarin 24. This compound is available by con-
densation of phloroglucinol 23 with 9 in 42% yield. Given the
apparent protective effect of the long-chain n-octyl group as
observed in the selective O-demethylation of 19 to 20 shown
above, we hypothesized that the desired activation by regio-
selective mono O-triflation of 24 should be possible, as well as
the following Pd-catalyzed nitration reaction in the presence
of the free phenol. Indeed, selective triflation proceeded
smoothly to deliver 25 in 51% yield, along with >5% of the bis-
triflated analog and 18% of re-isolated starting material 24,
thus leading to 63% of 25 brsm (Scheme 2). Compound 25 was
subjected to Pd-catalyzed nitration with slightly modified
conditions (5-fold increase of Pd-catalyst and ligand), furnish-
ing 39% of the natural product 7. Overall, this route thus
reduced the number of required steps from five (Scheme 1D)
to only three, accompanied by a more than 3-fold increase in
overall yield.

R
OH OH
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a N Me b
42% 63%
HO OH HO (o) (0]
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Me c Me
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Scheme 2 Alternative synthetic route to myxocoumarin B (7) via triflate
25. Reagents and conditions: (a) 9 (1.0 eq.), TFA (6.2 eq.), MW, 110 °C,
75 min. (b) Tf,0 (1.2 eq.), pyridine (3.0 eq.), DCM, 0 °C, 4 h. (c) Pd,(dba)s
(2.5 mol%), tBuBrettPhos (6.0 mol%), TDA (5.0 mol%), NaNO, (2 eq.),
tBuOH, 130 °C, 24 h.

1968 | Org. Biomol. Chem., 2019, 17, 1966-1969

View Article Online

Organic & Biomolecular Chemistry

Table 1 MIC values, ICsq and LCsq for myxocoumarin B (7)

C. albicans C. kruset MRC-5 Zebrafish
MIC” MIC” ICs” LCso ¢
Test [bgmL™]  [agmL7"]  [pgmL™]  [uigmL7]
Compound 7 >500 >500 35 120
uM 100 344

“Minimum inhibitory concentration. b Calculated ICs, value corres-
ponds to the concentration required to inhibit 50% of cell growth.
¢ Calculated LCs, value corresponds to the concentration required to
kill 50% of the embryos.
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Fig. 2 Toxicity assessment of myxocoumarin B (7) in zebrafish embryos
exposed to different concentrations and representative images of
zebrafish embryos at 114 hpf upon treatment with 250 uM of myxocou-
marin B (7) compared to a DMSO control.

Having sufficient amounts of synthetic myxocoumarin B (7)
in hands we next aimed at the evaluation of its antifungal
effects against fungal pathogens, i.e., Candida albicans and
C. krusei (see ESIf for details). Unfortunately, no effect on the
planktonic growth of these strains was observed up to concen-
trations of 500 ug mL ™" (Table 1).

Cytotoxicity of 7 in vitro was assessed against healthy
human lung fibroblasts cell line MRC-5 and was found to be
moderate (ICs, at 100 pM). Toxicity of 7 in vivo was determined
using zebrafish embryos and found to be at least 3-fold lower
(ICso at 344 pM). Importantly, myxocoumarin B (7) elicited no
toxic response (lethal nor teratogenic) in zebrafish embryos
upon treatment with doses up to 250 uM, with all embryos
dying upon exposure to 500 pM (Fig. 2).

Conclusions

In conclusion we developed a short total synthetic access to 7
with a late-stage Pd-catalyzed nitration reaction as the key step.
Our work nicely showcases that the Pd-catalyzed nitration reac-
tion developed by Buchwald et al.'® can readily be applied to
elaborate substrates such as the employed triflated coumarin
derivatives 21 and 25 and therefore constitutes a valuable
transformation for late-stage natural product functionali-
zation. The obtained synthetic material facilitated initial
assessment of the biological properties of 7, which, in contrast
to myxocoumarin A (6), despite only small structural differ-
ences, revealed a complete lack of activity against fungal patho-
gens and low toxicity both in vitro and in vivo. Access to 7 now
permits investigations into the likely ecological functions of

This journal is © The Royal Society of Chemistry 2019
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the myxocoumarin class of natural products in their natural
producer. This work is currently ongoing in our laboratory.
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3.1. Myxocoumarin B and Derivatives

3.1.2. Strong Antibiotic Activity of the Myxocoumarin Natural
Product Family In Vivo and In Vitro

The synthesis of myxocoumarin B (43) via Pechmann reaction not only facilitated access
to the natural product, but also to a wide range of derivatives. By variation of phenols
and [-keto esters the To. Gulder research group introduced various phenol and alkyl
substituents to the myxocoumarin B coumarine core. These substituents include hydroxy,
methoxy, acyl, iodo, chloro, amine, dimethylamino, and nitrogen moeities at the aromatic
ring as well as n-alkyl chains of diverse length (CHj3 to Ci3Hsy7), one branched alkyl
chain (C3HgCH(CH3)2), and one fluorinated alkyl chain (C3HgCgF43) at C-4. In total, 38
structural analogs and two simple coumarins (62 and 63) were synthesized. Compounds
64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 57, 62, and 63 originated from this thesis.
Subsequently, the biological potential of this library of compounds was investigated by
the research group Nikodinovic-Runic in Belgrade. The results are currently evaluated for

potential patenting and will be published in due course (Section 5.10.2).
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Figure 10. Myxocumarin B (43) and selected derivatives. 43, and derivatives 64 to 67, 69
as well as 75 to 74 show strong biological activities; derivatives 64 to 63 were synthesized in
this work (section 5.10.2).

The antimicorbial activity profile of the myxocoumarin B (43) library was assessed in
minimum inhibitory concentration (MIC) assays and the compounds embryotoxicity deter-
mined in an in vivo zebrafish model. In these assays, 43 and several analogs exhibited
a strong antibacterial activity and specificity against Gram-positive strains S. aureus

(including clinical isolates), S. aureus MRSA, B. subtilis, and Enterococcus faecium. 43
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3. Results and Discussion

and several analogs also only showed toxicity against zebrafish embryos above the range of
concentrations active against the tested microorganisms. For mono- and dihydroxylated
compounds a clear structure-activity relationship could be observed, with the activity
correlating with the length of the alkyl side chain. Mono-hydroxylated compounds ex-
hibited an increased antibacterial activity when substituted with C; to Cg alkyl chains,
while dihydroxylated compounds showed significant activity with C, to Cq; alkyl chains.
When analysing the structure-acitivity relationships with regards to embryotoxicity, it
becomes evident that longer side chains also lead to drastically decreased toxicity. Overall,
the natural product 43, the acetylated natural product 75, and a structural analog of 77,
which carried two hydroxy groups at the aromatic ring in addition to an n-C; alkyl chain,
showed the most promising activity profiles. However, 43 lost some antibacterial activity
upon prolonged storage.

Based on these encouraning results, 75 and the cogener of 77 were used to combat §.
aureus infections in an in vivo zebrafish embryo model. Analyses of zebrafish embryo
survival and bacterial proliferation showed that both compounds could efficiently cure the
infected zebrafish embryos and performed even better than vancomycin, which was used as
the positive control. 2xMIC of 75 completely eliminated the infection. Moreover, multistep
resistance selections of S. aureus against both compounds indicated a low likelihood that
this bacterial strain will rapidly develop resistance to the tested myxocoumarins. (For
further reference see Section 5.10.2.)

The results of the present study are especially promising since the investigated myxo-
coumarin B family represents a novel class of secondary metabolites, which can very easily
and cheaply be accessed by chemical synthesis. With myxocoumarin B (43), compound
75 and the 77 cogener this study could thus identify promising new drug candidates for

the treatment of S. aureus infections.
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3.2. Kistamicin A

3.2. Kistamicin A

3.2.1. Genome Sequencing of Actinomadura Parvosata

To elucidate the biosynthesis of the antimicrobial peptides kistamicin A (15) and B (16)
the genome of their producer, actinomycete strain Actinomadura parvosata subsp. kistnae,
was sequenced and annotated. The results of these studies were published in 2017 and are

164 For this purpose, the genomic DNA (gDNA) of A. parvosata

part of the present thesis.
was isolated and its quality photometrically determined. gDNA of sufficient quantity
and purity was sent to GATC Biotech AG and the genome sequenced by PacBio single
molecule real-time (SMRT®) sequencing. From this, approximately 173,600 reads with an
average size of 5.9 kb and a N50 read length of 10 kb were obtained. Assembly of this
data by GATC' gave 36 polished contigs with an average coverage of 61.3. In total, this
leads to a size of the chromosome of this strain of approximately 13.56 Mbp and thus
places it among the largest actinobacterial genome sequences known to date.'%> The G+C

166 and the software

content is 71.7 %. The genome was annotated using the RAST server
Geneious, 67 resulting in the annotation of 12,784 coding DNA sequences (CDSs) as well
as 17 rRNA genes and 63 tRNA loci.

The assembled genome was analysed with the program antiSMASH,™ whereby 32 biosyn-
thetic gene clusters of secondary metabolites could be found (Table 1). A. parvosata thus
belongs to the actinomycete strains that harbour the most biosynthetic gene clusters found
in this group of bacteria.'%® The identified gene clusters!®® include six PKS clusters (three
type I PKS, one type II PKS, one type III PKS, one unspecified), ranging from 41 kb to
105 kb in size, as well as four NRPS systems, ranging from 32 kb to 54 kb, and two mixed
PKS-NRPS (both >100 kb). Moreover, seven terpene biosynthetic gene clusters (21 kb to
22 kb), four lassopeptide, three bacteriocin, two siderophore, one lantipeptide, one mixed
lassopeptide-lantipeptide, one thiopeptide, and one unspecified cluster were detected. Only
two of these clusters show 100 % similarity to already characterized pathways, namely
those encoding geosmin and 2-methylisoborneol. All other biosynthetic loci have low
similarity to previously characterized gene clusters. Together with the sheer number of
biosynthetic gene clusters these findings underline the high potential of this organism for
the discovery of novel bioactive secondary metabolites. The complete genome sequence
was deposited at EMBL under Accession No. [PRJEB19374].
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3. Results and Discussion

Table 1. Biosynthetic gene clusters identified with the program antiSMASH in the genome of
Actinomadura parvosata subsp. kistnae. Locus tags reference to the complete genome sequence
deposited at EMBL under Accession No. [PRJEB19374].

Cluster Predicted Similarity to Character- Size Locus Tag

Product ized BGCs [kb]
1 lassopeptide - 22.4 KIS93 00180 to KIS93 00195
2 bacteriocin daptomycin (6 %) 44.8 KIS93_ 00382 to KIS93_ 00426
3 terpene 2-methylisoborneol (100 %) 21.1 KIS93_ 00682 to KIS93 00704
4 NRPS oxazolomycin (9 %) 36.2 KIS93_ 00706 to KIS93_ 00740
5 lassopeptide - 22.5 KIS93 01184 to KIS93 01215
6 bacteriocin BE-14106 (7 %) 12.2 KIS93_ 01352 to KIS93_ 01361
7 lassopeptide - 22.6 KIS93_ 02120 to KIS93_ 02139
8 PKS calicheamicin (2 %) 42.3 KIS93 02170 to KIS93 02209

(unspecific)
9 PKS (type II) xantholipin (40 %) 50.1 KIS93_ 02405 to KIS93_ 02457
10 terpene - 20.9 KIS93_ 02610 to KIS93_ 02626
11 PKS (type III)  alkylresorcinol (66 %) 41.0 KIS93 02758 to KIS93 02802
12 unspecified - 43.8 KIS93_ 03416 to KIS93_ 03458
13 lantipeptide AmfS (60 %) 22.6 KIS93_ 03479 to KIS93_ 03498
14 terpene platensimycin (5 %) 21.0 KIS93_ 03500 to KIS93_ 03520
15 terpene - 20.9 KIS93 04047 to KIS93 04063
16 NRPS spinosad (5 %) 53.6 KIS93_ 04473 to KIS93_ 04516
17 NRPS kistamicin (100 %) 48.0 KIS93_ 04799 to KIS93_ 04829

(Chapter 3.2.3)

18 siderophore - 13.1 KIS93_ 05212 to KIS93_ 05221
19 bacteriocin - 10.8 KIS93 05408 to KIS93 05419
20 PKS (type I) azicemicin (6 %) 45.5 KIS93_ 05794 to KIS93 05831
21 siderophore - 13.2 KIS93 06152 to KIS93 06165
22 terpene geosmin (100 %) 22.2 KIS93_ 06185 to KIS93_ 06206
23 PKS-NRPS WS9326 (25 %) 104.8  KIS93 06483 to KIS93_ 06563
24 terpene chlortetracycline (5 %) 21.0 KIS93 08896 to KIS93 08912
25 terpene - 21.1 KIS93_ 10353 to KIS93_ 10375
26 thiopeptide K-252a (5 %) 29.5 KIS93_ 10803 to KIS93_ 10831
27 PKS (type I) herboxidiene (2 %) 48.2 KIS93_ 11563 to KIS93_ 11603
28 PKS-NRPS marinophenazines (34 %) 133.0 KIS93_ 11709 to KIS93_ 11826
29 NRPS pyridomycin (7 %) 69.1 KIS93 12224 to KIS93 12280
30 lassopeptide - 14.5 KIS93 12303 to KIS93 12316
31 lassopeptide- indigoidine (80 %) 86.0 KIS93_ 12452 to KIS93_ 12541

lantipeptide
32 NRPS coelichelin (54 %) 32.6 KIS93 12574 to KIS93 12597
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Abstract

The soil dwelling actinomycete strain Actinomadura parvosata subsp. kistnae is the producer of the
antiviral antibiotics kistamicin A and B. Genome sequencing and bioinformatic analysis revealed the
presence of the kistamycin biosynthetic gene cluster responsible for the formation of these
non-ribosomal peptides as well as an impressive number of yet uncharacterized biosynthetic
pathways. This includes polyketide, ribosomal and non-ribosomal peptide and a large number of
terpenoid biosynthetic loci encoding yet unknown natural products. The genomic data of this
strain is thus a treasure trove for genome mining for novel functional metabolites and new

biocatalysts.

Key words: Actinomadura parvosata subsp. kistnae, whole-genome sequencing, Kistamicin.

Introduction

Actinomycetes are well known to produce a
wealth of secondary metabolites with diverse
biological activities and complex structures [1].
Included in this broad range of compounds are
antibiotics, antivirals and anticancer agents from
important natural product classes, such as peptides,
polyketides or terpenes [2]. Unfortunately, many
more promising secondary metabolites encoded in
actinomycete genomes remain undiscovered because
their biosynthetic gene clusters are not expressed
under standard fermentation conditions [3, 4]. In
recent years, these putatively silent gene clusters have
become accessible by genome mining [5, 6]. In our
search for yet undiscovered natural product
chemistry and biochemistry we selected the
actinomycete strain Actinomadura parvosata subsp.
kistnae (strain designation S382-8) as a promising
target organism. It was isolated from a soil sample

collected near the Kistna River in India and shown to
produce the potent antiviral antibiotics kistamicin A
and B [7]. These secondary metabolites exhibit potent
antiviral activity against influenza virus type A as
well as antimicrobial activity against Gram-positive
bacteria and putatively belong to the class of
non-ribosomal peptides [7]. To get further insights
into the kistamicin biosynthesis and to explore the
strains whole metabolic potential we sequenced the
genome of Actinomadura parvosata subsp. kistnae
(Table 1).

In the draft genome sequence we indeed
identified the 48 kb kistamicin biosynthetic gene
cluster, showing the typical NRPS assembly line
organization [8, 9]. Furthermore, in silico analysis with
the program antiSMASH [8] revealed 33 other gene
clusters for the biosynthesis of secondary metabolites.
This places Actinomadura parvosata subsp. kistnae

http://www.jgenomics.com
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among those actinomycete strains that harbour the
most biosynthetic gene clusters found in this group of
bacteria [10]. antiSMASH [8] revealed six ribosomal
and non-ribosomal peptide Synthetase (NRPS)
systems ranging from 30 kb to 69 kb in size as well as
six polyketide synthase (PKS) clusters ranging from
34 kb to 51 kb (3 type I PKS, 1 type II PKS, 1 type III
PKS, 1 unspecified) and two mixed NRPS-PKS (both
>100 kb). Additionally, seven terpene biosynthetic
gene clusters (21 kb to 22 kb), 4 lassopeptide, 3
bacteriocin, 2 lantipeptide, 1 mixed lassopeptide-
lantipeptide, 2 siderophore and 1 unspecified cluster
have been detected by antiSMASH. Only two of these
clusters show 100 % similarity to already
characterized pathways, namely those encoding
geosmin and  2-methylisoborneol. All  other
biosynthetic loci have low similarity to previously
characterized gene clusters. Together with the sheer
number of biosynthetic gene clusters these findings
underline the high potential of this organism for the
discovery of novel chemistry and biochemical
transformations useful in  biomedicine and
biotechnological applications.

Table 1. Genome features of Actinomadura parvosata subsp.
kistnae.

Features Chromosome
Length (bp) 13,559,781
G+C content (%) 71.7 %

CDs 12784

rRNA genes 17

tRNA genes 63
Biosynthetic gene clusters 34

The genomic sequence of Actinomadura parvosata
subsp. kistnae was obtained by PacBio single molecule
real-time (SMRT®) sequencing. The raw data was
generated from three SMRT cells, resulting in a total
of approx. 173.600 reads with an average size of 5.9 kb
and a N50 read length of 10 kb. Assembly of this data
by GATC resulted in 36 polished contigs with an
average coverage of 61.3. In total this leads to a size of
the chromosome of this strain of approx. 13.56 MBp
and thus places it among the largest actinobacterial
genome sequences known to date [10]. The G+C
content is 71.7%. Importantly, approx. 10% of the very
large genome of the strain is devoted to the
biosynthesis of specialized metabolites, as shown by
antiSMASH analysis [8] described above. The genome
was annotated using the RAST server [11] and the
software Geneious version 8.1.8 [12], resulting in the

annotation of 12784 coding sequences (CDSs) as well
as 17 rRNA genes and 34 tRNA loci.

The complete genome sequence was deposited at
EMBL under Accession Np. [PRJEB19374].
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3.2. Kistamicin A

3.2.2. Isolation of Kistamicin A from Actinomadura Parvosata

To confirm the ability of actinomycete strain Actinomadura parvosata subsp. kistnae to
produce the kistamicins A (15) and B (16), this work intended to isolate those secondary
metabolites from the bacterial fermentation broth. For this purpose, a culture of A.
parvosata in ISPI-I medium was incubated for 12d at 28 °C and subsequently extracted
with ethyl acetate. After removal of ethyl acetate, the residue was subjected to LC-
MS analysis. However, 15 was found only in small quantities and 16 not at all. In
a new attempt, a procedure published by Nazari et al.'3? was adapted: A. parvosata
was precultured on oatmeal agar (4d, 30°C) and the grown mycellium used to inoculate
modified R4 medium. Mycellium grown from those precultures (3d, 30°C) was then used
to inoculate GFM medium. After incubating those cultures for 9d at 30 °C, the mycellium
was collected and extracted with acetone. After removal of acetone, the residue was
dissolved in methanol. HPLC analysis of the crude extract showed exclusive production
of a single compound (Figure 11) and purification by semi-preparative HPLC yielded
69mgL~! of a colourless solid. Isolation of 15 was confirmed by HR-MS and NMR.
However, LC-MS analysis of the crude residue before purification did not detect 16.

This work finaly established the A. parvosata strain in our lab as producer of 15 and thus

set the stage for the identification of the corresponding BGC.
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Figure 11. HPLC analysis of the crude extract of Actinomadura parvosata cultures showed
exclusive production of kistamicin A (15).
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3. Results and Discussion

3.2.3. Bioinformatic Analysis of the Kistamicin Biosynthetic Gene

Cluster

In the search for the kistamicin A (15) and B (16) biosynthetic gene cluster the genome
of the producer strain A. parvosata was analyzed in silico. Submission of the assembled
genome to the program antiSMASH™ led to the identification of 32 clusters for secondary
metabolite biosynthesis, including six NRPS systems (Chapter 3.2.1). The principle of co-
linearity®® (as exemplified for complestatin in Chapter 1.2.1.1) suggests that the structure
of nonribosomal peptides 15 and 16 directly corresponds to the structure of the encoding
biosynthetic assembly line and wice versa. In this regard, one gene cluster appeared to be
particularly relevant after antiSMASH™ analyis and was further investigated. Since some
open reading frames (ORFs) in the respective DNA region seemed to be disrupted, those
DNA segments (390 bp to 1.2 kbp) were PCR amplified from gDNA and resequenced by
Sanger sequencing at GATC Biotech AG. Alignment of the resequenced segments with the

167 showed deletions of single bases in several cases.

167

genome with the program Geneious
The respective DNA regions were corrected, CDSs annotated again with Geneious™°" and
then submitted to the program BLAST®. Based on close homology to already known
proteins derived from other organisms it was surmised which proteins were involved in the
kistamicin biosynthesis. The identified 48.0 kb DNA region (Figure 12A, Table 2) shows
the expected close similarity with the complestation biosynthetic gene cluster® (Chapter
1.2.1.1) in organisation and size. Besides the four genes forming the NRPS assembly line
(kisA, kisB, kisC, kisD), all genes necessary for Hpg (21) (hmaS, hmo, hpgT, pd) and Dpg

(28) biosynthesis (dpgA, dpgB, dpgC, dpgD, hpgT) were found.
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Figure 12. Organization of the kistamicin biosynthetic gene cluster (A) and the kistamicin
NRPS assembly line (B). Amino acids intended for chlorination are indicated with *.
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3.2. Kistamicin A

Moreover, a flavin-dependent halogenase (kisH ), putatively responsible for the chlorination
of one Hpg (39) building block, is encoded. Unexpectedly, genes corresponding to only
two CYP enzymes (kisF and kisG), presumably responsible for the formation of biaryl and
biarylether bonds, were detected. This result stands in opposition to the three biaryl and
biarylether bonds characterizing the chemical structure of kistamicin A (15) and B (16).
A search for a third CYP within the genome with sufficient homology was unsuccessful.
These findings suggest that either kisF or kisG is responsible for the formation of two
OPCRs. This would then be an unique and interesting feature of the kistamicin gene cluster
since, to date, for all nonribosomal peptides a distinct CYP enzyme has been proposed
for the formation of each biaryl and biarylether bond. In contrast to the complestatin
cluster, genes encoding for proteins required in the catalytic cycle of CYPs, ferredoxin
and ferredoxin oxidoreductase, are not included in the kistamicin gene cluster.? This
points to the utilization of ferredoxin and ferredoxin oxidoreductase derived from other
parts of the genome. Finally, several transporter (three ABC transporters (kisM, kisN,
kisP), one NaH exchanger (kisl), one HylD family secretion protein (kisL)) and regulatory
genes (a two-component response regulator (kisJ) coupled to a histidin kinase (kisO)),
and one small gene for a MbtH protein (kisE) were detected. MbtH proteins can be found
in almost all NRPS gene clusters and seem to be required for solubility and/or optimal
activity of some A domains. 69176

The architecture of the kistamicin NRPS assembly line (Figure 12B, Scheme 12) was
investigated more closely with the applications antiSMASH™ and PKS/NRPS Analyzer. '68
It is composed of four enzymes (kisA, kisB, kisC, kisD), which in turn are divided into
seven modules (M1 to M7). In total, seven A, T and six C domains correspond to the
seven amino acid building blocks. Additionally, three E domains in M2, M3 and M5
amount to three epimerized amino acids. Module M7 contains an X domain, which is
involved in biaryl and biarylether bond formation (Chapter 1.2.1.3). The NRPS systems
is finally capped by a TE domain. The NRPS domain structure can be used to tentatively
elucidate the as yet unknown absolute stereoconformation of amino acid building blocks
in kistamicin A (15): The presence of an E domain in M2, M3 and M5 indicates that
the amino acids tryptophane (20), Dpg (28), and 3-chloro-Hpg (39) are epimerized to
D-amino acids, whereas the absence of an E domain in M1, M4, M6 and M7 implies that
the other four building blocks (two tyrosine (19) and two Hpg (21) moeities) are L-amino
acids. This important information shows that the kistamicin A (15) stereostructure should
differ from the one of complestatin (17) (Chapters 1.2.1.1 and 1.2.2) and is the basis for
the successful chemical total synthesis of the kistamicin A heptapeptide chain (54).
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3. Results and Discussion

Table 2. Proteins encoded in the kistamicin biosynthetic gene cluster of Actinomadura parvosata
subsp. kistnae. Locus tags reference to the complete genome sequence deposited at EMBL under
Accession No. [PRJEB19374].

CDS Protein Predicted Function Size [AAs] Locus Tag

No. (NRPS Domains)

1 PD prephenate dehydrogenase 379 KIS93_ 04829

2 KisJ two-component response regula- 217 KIS93_ 04828

tor

3 KisK hypothetical protein 165 KIS93_ 04827

4 KisL HylD family secretion protein 352 KIS93_ 04826

5 KisM ABC transporter 245 KIS93_ 04825

6 KisN ABC transporter 389 KIS93 04824

7 KisO histidin kinase 393 KIS93 04823

8 KisP ABC transporter 627 KIS93 04822

9 KisA NRPS (A-PCP-C-A-PCP-E) 1,680 KIS93_ 04821

10 KisB NRPS (C-A-PCP-E) 1,186 KIS93_ 04818
to KIS93_ 04820

11 KisC NRPS (C-A-PCP-C-A-PCP-E-C- 3,619 KIS93_ 04816

A-PCP) and KIS93_ 04817

12 KisD NRPS (C-A-PCP-X-TE) 1,765 KIS93 04814
and KIS93_ 04815

13 KisE MbtH protein 76 KIS93 04813

14 KisF cytochrome P450 oxidase (CYP) 384 KIS93 04812

15 KisG cytochrome P450 oxidase (CYP) 442 KIS93_ 04811

16 HpgT Hpg transaminase 440 KIS93_ 04810

17 DpgA DpgA synthase 1,106 KIS93_ 04808
and KIS93_ 04809

18 DpgB DpgB synthase 220 KIS93_ 04807

19 DpgC DpgC synthase 1,290 KIS93_ 04806

20 DpgD DpgD synthase 271 KIS93_ 04805

21 KisH flavin-dependent halogenase 495 KIS93_ 04804

22 KisI NaH exchanger 427 KIS93 04803

23 HmaS 4-hydroxymandelate synthase 360 KIS93_ 04802

24 Hmo L-4-hydroxymandelate oxidase 377 KIS93_ 04801
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3.2. Kistamicin A
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3. Results and Discussion

In summary, the investigated 48.0 kb gene cluster contains all genes necessary for the
biosynthesis of kistamicin A (15) with the to date unique limitation to two CYPs putatively
catalyzing three OPCRs. The close structural similarity to the complestatin biosynthetic
gene cluster suggests that the kistamicin cluster begins with gene pd (prephenate dehydro-

genase) and ends with gene hmo (L-4-hydroxymandelate oxidase).
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Figure 13. Nonribosomol peptides (-polyketide hybrides) containing ureido bonds (red):
kistamicin B (16), syringoline A (78), pacidamycin 1 (79), anabaenopeptin G (80), and nap-
samycin A (81).

However, no genes responsible for the formation of the highly unusual ureido linkage
in kistamicin B (16) could be found and the biosynthetic mechanism remains to be
elucidated. Ureido bond formation was characterized for the NRPS-PKS hybride syringoline
A (78)17717 and the nonribosomal peptide