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Zusammenfassung

Aufgrund des standigen Aufkommens neuer Krankheiten und Antibiotikaresistenzen werden dringend
neue Arzneimittel mit verbesserten Eigenschaften benétigt. Viele der im Handel erhaltlichen
Medikamente basieren auf Naturstoffen (NS) oder Naturstoffderivaten. Actinobakterien, insbesondere
die Gattung Streptomyces, sind eine wichtige Quelle fiir eine Vielzahl von klinisch relevanten NS.
Aufgrund der intensiven Ausbeutung von Streptomyceten im 20. Jahrhundert galt ihr Potenzial als
erschopft. Entwicklungen in der instrumentellen Analytik und der Biotechnologie haben jedoch neue
verborgene biosynthetische Fahigkeiten von Streptomyceten ans Licht gebracht. In dieser Arbeit wurden
durch Dereplikation, Genom-Mining und heterologe Expression mehrere Streptomyceten-Stamme auf
die Produktion neuer NS und der zugehorigen biosynthetischen Gencluster (BGC) untersucht. Dies
fihrte zur Entdeckung der Strukturen und BGC von neuen Depsibosamycinen (Peptide) aus
S. aurantiacus LU19075 und Lipothreninen (Lipo-Aminosduren) aus S. aureus LU18118. De novo
Strukturaufklarung war ein groRer Teil dieser Arbeit und unterstiitze die strukturelle Charakterisierung
von Cyclofaulknamycin, welches durch einen Target-Genom-Mining-Ansatz entdeckt wurde. Weitere de
novo Strukturaufklarungen in Zusammenarbeit mit Kollegen lieferten einen Beitrag zur Entdeckung von
vielen neuen NS. Die erzielten Ergebnisse leisten einen Beitrag zur Naturstoffforschung und bestatigen

Streptomyceten als reiche Quelle fiir neue NS.



Abstract

Due to the constant appearance of new diseases and antibiotic resistances new drugs with improved
properties are urgently needed. Many of the commercially available drugs are based on natural
products (NPs) or natural product derivatives. Actinobacteria, especially the genus Streptomyces are an
important source of a variety of NPs with clinical relevance. Due to intensive exploitation of
Streptomyces during the 20™ century, their potential was considered exhausted. However,
developments in analytical chemistry and biotechnology revealed new biosynthetic abilities hidden in
Streptomyces. Herein, by applying dereplication, genome mining and heterologous expression, several
Streptomyces strains have been analyzed for the production of new natural products and their
corresponding biosynthetic gene clusters (BGCs). This led to the discovery of the structures and BGCs of
new depsibosamycins (peptides) from S. aurantiacus LU19075 and lipothrenins (lipo-amino acid) from S.
aureus LU18118. De novo structure elucidation was a large part of this work and supported the
structural characterization of cyclofaulknamycin, which was discovered through a target genome mining
approach. Further de novo structural elucidations in collaboration with colleagues provided a
contribution to the discovery of dudomycin, bonsecamin and many more new NPs. The obtained results
contribute to the field of natural product research and confirm Streptomyces as a rich source of new

NPs.
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Introduction

1 Introduction

1.1 Natural Product Research

1.1.1 Historic Overview and Importance

The human species has been withstanding against all imponderables of life since the beginning of its
evolution. We developed strategies to defend against predators, developed agriculture, became
sedentary and eventually have put us at the top of the food chain. Despite all external threats we have
faced and challenged, the human body is susceptible to microbial infections and diseases. Our immune
system is able to protect us from light infections but fails in severe diseases such as pest, smallpox and
Spanish flue. Millennia ago, the human species experienced and learned, that eating plants has certain
biological effects on the body. By trial and error, these effects were systemized and used across many
ancient cultures to treat disease, pain or were used for rituals and hunting.” > The Calabar bean
(Physostigma venenosum) for example has been used to pass a divine judgement about life and death of
persons accused to crimes.? It is assumed, in the case of innocence the bean was eaten fast which
promoted vomiting and survival while guilty persons died from poisoning by eating the bean slowly.
Another example is the use of the seeds from the plant family Menispermaceae that contain the hunting
poison curare which was sprinkled on arrows to paralyze hit animals (Fig 1a).” Plants have formed the
bases of traditional medicines in Mesopotamia, Egypt, Greek and China and still play an essential role in

nowadays medicine.”®

The biological effects of plants have long remained a mystery and were connected to a higher power.
However, soon the effects were related to active ingredients within the plants. These ingredients, today
known as natural products (NPs), are produced by the organism’s secondary metabolism. In contrast to
primary metabolism, the secondary metabolism is not essential for the growth and reproduction of the
organism. Secondary metabolites provide a selective advantage in the constant race of evolution by
producing antimicrobials, insecticides, poisons, fragrances, pigments and more. Around 1805 the hunt
for biologically active natural products ignited with the isolation of morphine (Fig 1a) from opium by
Friedrich Wilhelm Adam Serturner which soon led to the first commercially available painkillers.” Since
then, NPs from all kinds of sources have been isolated and nature’s capability of producing a huge
variety of complex structures with a plethora of activities has been revealed. Through the discovery of
the antibiotic penicillin (Fig 1b) by Sir Alexander Fleming in 1929, natural product research entered the
“golden age” of drug discovery which set focus on microorganisms as source of antibiotics.® The “golden

age” ended around the 1980s due to the frequent rediscovery of natural products and the rising success
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of combinatorial chemistry which enables biological screening of huge chemical libraries. However, this
method was moderately successful due to drawbacks of synthetic compounds (Figure 1, c) which are

lack of structural diversity, lower bioavailability and more side effects than natural drugs.” *°

a) Selection of plant NP:
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Figure 1: Selection of natural products (NP) a) from plants, b) microorganism and c) synthetic drugs approved by the FDA.
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Natural product research was revitalized in the late 20th century due to the development of genome
sequencing, genetic engineering, mass spectrometry and computer software. Genetic engineering of
biosynthetic pathways became an important tool to enable recombinant production of natural products
in microbial hosts. Nowadays, the combined potential of recombinant production and chemical
synthesis is widely used in the production of semisynthetic compounds with improved biological
activities, reduced side-effects and altered mode of action. More than one-third of all drugs approved by
the FDA are NPs or NP derivatives."’ The importance of NPs is undeniable and will continue to play an
important role in future drug development to find more effective drugs to fight infectious diseases and

to overcome antibiotic resistance
1.1.2 Microbial Natural Products

The importance of microbial natural products has become apparent during the “golden age” of drug
discovery. Since 1960 microbial NP made up more than half of all NP approved by the FDA while the
importance of plants as source of new NPs declined.” The rapid success of microbial NPs was induced
by their anti-infective activities (Fig 1b) which led to the discovery of highly effective antibiotics
including penicillin  (1941), streptomycin (1943), erythromycin (1953), tetracycline (1953) and
vancomycin (1958).”" As a consequence, from 1940-1980 mortality rates dropped rapidly since
infectious diseases became treatable with antibiotics.”> Actinomycetes largely contributed to the
success of microbial NPs by providing more than half of all clinically used classes of antibiotics
underlining their importance as source of anti-infective drugs.” Actinomycetes are filamentous
Gram-positive bacteria with high G+C content in their DNA and can be found in terrestrial or marine
environment. They are characterized by the formation of aerial hyphae and their ability to form spores

which allow them to survive for an extended period of time in unfavorable conditions (Fig 2)."®

Streptomyces are the largest genus of actinomycetes and a talented producer of complex secondary
metabolites which largely contributed to medicine and industry.'® The large interest in Streptomyces sp.
was nourished by the constant discovery of fascinating and diverse new natural compounds with a
plethora of activities including antimicrobial, immunosuppressant, antitumor, antiparasitic etc.”
However, the true potential of this genus became apparent after the development of genome
sequencing and bioinformatics tools like antiSMASH*' or PRISM®’. The first genome sequences of
Streptomyces strains S. coelicolor”® and S. avermitilis®* revealed a large number of biosynthetic gene
clusters (BGCs), exceeding the amount of produced compounds which have previously been discovered.
Since then, a major part of NP research has been focusing on the activation of silent BGCs in

I 25, 26

Streptomyces to reveal their full biosynthetic potentia Microbial biosynthetic machineries are as

versatile as the compounds they produce; thus, the probability of finding new chemical scaffolds with
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unique biological activities is definitely not negligible. Discovery of new compounds and biosynthetic
pathways from microorganism paves the way towards more effective drugs and a simplified access

through the possibility of recombinant production.
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Figure 2: Life cycle of sporulating Actinobacteria."®

1.2 Biosynthetic Machineries

To be able to dissect biosynthetic pathways of new natural products a deep understanding of
biosynthetic machineries and of their products is required. The most important compound classes
produced by biosynthetic machineries are ribosomally synthetized and posttranslationally modified
peptides (RiPPs, e.g. thioholgamide), non-ribosomal peptides (NRP, e.g. daptomycin), polyketides
(PKS, e.g. erythromycin), terpenoides (e.g. taxol), B-lactams (penicillins) and aminoglycosides (e.g.
streptomycin) (Figure 1). Details about the respective biosynthetic pathways have been described in

27-32

numerous reviews. In the context of this work, the basic principles of peptide, polyketide and fatty

acid biosynthesis are briefly summarized.
1.2.1 Peptide Biosynthesis

The two biggest classes of peptides are NRPs and RiPPs. The biosynthetic route towards RiPPs starts
with the ribosomal synthesis of a precursor peptide consisting of a core (the eventual mature peptide)
and a follower peptide which is important for substrate recognition in the followed posttranslational
modifications steps. In a final step, the mature peptide is cleaved off by proteolysis from the non-core

regions. RiPPs gained a lot of attention due to their potent antibiotic activities and their high
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biosynthetic plasticity.”’” They can be divided in more than 20 sub-classes including lasso peptides™,

lantipeptides®* and thiopeptides™®, just to name a few.

module 3

Figure 3: Illustration of a hypothetical NRPS pathway showing the minimal required domain in blue. A-domains in each
module are selective for a specific amino acid: A, = serine, A, = valine, A; = alanine. Module 1 carries an additional starter C
domain (Cs) catalyzing the transfer of an acyl group from an acyl carrier protein (ACP). Module 2 carries an L-L specific C-
domain (LCL) and an additional E-domain converting (S)-valine into (R)-valine. Module 3 carries a D-L specific C-domain (DCL)
and TE-domain cleaving off leading a) a linear product by hydrolysis or b) a cyclic product via intramolecular reaction with
the serine sidechain.

In contrast to RiPPs, non-ribosomal peptides are synthesized by large multi modular mega-synthetases
(NRPS). A single module is comprised of a minimal set of domains including adenylation (A) domain,
thiolation (T) domain and condensation (C) domain. A-domains select certain amino acids and activate
them by a bound ATP co-substrate as aminoacyl-adenylate. The amino acid is then tethered to the HS-
pantetheinyl moiety at the T-domain leading an enzyme bound aminoacyl thioester. Peptide bond
formation between two amino acids bound to neighboring modules is catalyzed by the condensation (C)
domain. C-domains have a high substrate specificity to ensure the correct assembly of the peptide
strand. They can be further subdivided into 'C, (connects two L-amino acids), ‘Cp (connects L- and D-
amino acids) or starter C-domains (introduction of N-terminal acyl-moieties) (Figure 3).>® A set of several
modules in a row assemble the final peptide strand. In the final termination step, the mature peptide is

cleaved of by a thioesterase (TE) domain resulting in a linear (a) or cyclic (b) product (Figure 3). The huge
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variety of NRPs is due to modifications during the peptide strand assembly. A-domains are specific for a
variety of different substrates and also enable the incorporation of non-proteinogenic amino acids.>” *
Further modifications are introduced by additional domains within each module such as epimerase (E),
cyclase (Cy), N-methylation (NMT) domains etc.*! The modular domains are a promising target to

perform biosynthetic engineering on NRPS to alter their peptide products.®
1.2.2 Polyketide and Fatty Acid Biosynthesis

Polyketides are a large and diverse NP family with a wide spectrum of activities including antibacterial,
antifungal, anticholesterol, antiparasitic, anticancer, and immunosuppressive. The biosynthetic
pathways of polyketides share many similarities to saturated fatty acids biosynthesis when comparing
precursors, chemistry and architectural design. Polyketide synthases (PKS) and fatty acid synthases (FAS)
both use acyl units as building blocks: An acyl starter unit (usually acetyl) is loaded by an acetyl
transferase (AT) on the active site cysteine of a keto synthase (KS). Malonyl elongation units are
transferred by a malonyl-acetyl transferase (MAT) to a phosphopantetheine of acyl carrier protein (ACP),
followed by the decarboxylative condensation with the acyl starter unit catalyzed by KS (Figure 4). PKS
typically use acetyl-CoA or propionyl-Co as starter units and malonyl-CoA or methylmalonyl-CoA as
monomers for chain elongation, however, more exotic monomers can be also incorporated.*®*! PKS can

be divided into three sub-types: type |, Il and lIl.

Type | PKS can be further subdivided into iterative (fungal) type | PKS (not reviewed here) and
non-iterative (bacterial) type | PKS. Canonical bacterial type | PKS are modular enzymes. Each module is
consisting of a minimal set of KS, AT and ACP domains. A module can contain additional ketoreductase
(KR), dehydrogenase (DH) and enoylreductase (ER) domains leading different levels of reduction of the
carbonyl group in B-position (Figure 4). The mature polyketide is cleaved off by a thioesterase (TE)
domain placed in the last module through hydrolytic cleavage or intramolecular reaction. In the last two
decades, several non-canonical type | PKS subtypes with unusual arrangements have been identified
which illustrates the great structural variability of type | PKS.** The variety of different starter and
elongation units generates a vast structural diversity and is a valuable target to alter polyketide

structures by using pathway engineering.43

Type Il PKS consist of a minimal set of three enzymes (KS./KSg/ACP) which catalyzes polyketide chain
formation by iterative decarboxylative condensation using malonyl-CoA extender units (Figure 4). The
chain length usually assumes 16, 20 or 24 carbons and is determined by KSg, which is also known as the
chain length factor. The polyketide strand is subsequently folded by post PKS tailoring enzymes including

ketoreductases, cyclases and aromatases. Further modifications of the folded polyphenol are carried out
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by oxygenases, methyltransferases and glycosyltransferases. A deep insight in the enzymatic network

has been reviewed by Hertweck et al..**

HOOC/\g/ S-CoA HOOC/\(‘)(S
Rj\S-CoA is/@

ay)

az)

FAS: nxd) /\M\)J\OH o
n
/\)’I\S@

OH o OH OH O
PKSI:nx(ay), b)e)d) R =

OH

O O O O O
PKS Il: nx ay) R

OH

Figure 4: Overview of the FAS and PKS pathway: MAT (malonyl aclytransferase), ACP (acyl carrier proteine), KS (keto
synthase), KR (ketoreductase), DH (dehydrogenase), ER (enoylreductase). FAS: complete reduction of keto group; PKS I:
modular enzymes with a minimal set of KS, AT, ACP domains and optional KR, DH and ER domains. PKS II: iterative module
consisting of KS,, KSgand ACP.

Type Il PKS are self-contained homodimers with two identical KS monomeric domains. Each monomer
synthesizes the polyketide strand by iterative priming, extension and cyclisation of the polyketide
strand. RppA is the first reported type Il PKS from bacteria and a member of five type Il PKS subgroups

which have been found since the discovery in 1999.%> %

As already indicated above, polyketide synthases are the evolutionary descendant of fatty acid
synthases (FAS). Many natural products are modified by fatty acids (FA) e.g. lipopeptides (surfactin).
Fatty acid biosynthesis is a potent target for engineering to e.g. increase production titers.*”” Therefore, a
precise understanding of FA biosynthesis is necessary. FAS can be sub-divided into the mainly eukaryotic

type | FAS and the bacterial type Il FAS. FAS | is a single multifunctional enzyme while FAS |l synthase
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consists of single enzymes which are encoded on separate genes. Streptomyces utilise type Il FAS to
synthesize odd and even numbered linear, iso or anteiso fatty acids by using acetyl, butyryl, isobutyryl,

899 EAS || share many similarities to PKS Il since both

isovaleryl and anteisovaleryl-CoA as starter units.
are using similar precursors and operate iteratively. However, in FAS the B-keto group is fully reduced
after every elongation cycle (Figure 4). Genes coding the enzymes MAT, KSlI, KSIIl and ACP are clustered

within one operon while genes encoding for KR, DH and ER are spread across Streptomyces genomes.*

1.3 Discovery of New Natural Products and the Corresponding Biosynthetic

Gene Clusters from Streptomyces

1.3.1 Methods for Natural Product Discovery in Streptomyces

Since the “golden age” of antibiotic discovery, Streptomyces are one of the most important bacterial
sources of bioactive natural products. The methods used for mining new bioactive metabolites have
changed since then. Bioactivity-guided isolation has been one of the most important methods to identify
active compounds from bacterial extracts (Figure 5). An extract of the strain was separated by
chromatographic methods and the fractions were screened for a desired activity. The process has been
repeated until the pure compound was finally obtained. Various methods were applied to induce the
production of new metabolites (one strain many compounds (OSMAC) approach) e.g. through co-
culturing, altering cultivation conditions and culture ingredients.*® This led to the discovery of many new
compounds during the “golden age” area, but soon these methods started to suffer from growing
rediscovery rates of known natural products. Due to the exchange of biosynthetic gene clusters by
horizontal gene transfer similar BGCs can be found across all Streptomyces species which explains the
high rediscovery rate. The development of dereplication, genome sequencing, genetic engineering and
powerful computers for data processing highly improved the NP discovery process and paved the way

into a new era of NP research.

The expression “dereplication” includes a variety of techniques to determine the range of metabolites
produced by an organism without isolation and structure elucidation (Figure 5). This allows to avoid the
rediscovery of known secondary metabolites in an earliest possible stage of the NP discovery process.™
An analytical separation method coupled to MS detection is the most common procedure to screen for
secondary metabolites. Further methods are the direct injection of an extract and analysis by high
resolution MS like Fourier-Transform ion cyclotron resonance mass spectrometry (FT-ICR-MS), or

52, 53

dereplication via NMR spectra analysis by using high resolution NMR spectrometry. Bacterial

extracts are mostly analyzed by high-performance liquid chromatography electrospray ionization MS
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(HPLC-ESI-MS) which provides multiple parameters including high resolution mass, retention time,
UV/VIS absorption, MS/MS fragmentation, isotopic pattern and adduct ions to characterize the
secondary metabolite profile of a strain. Compounds can be identified by comparisons of the obtained

data with one of the many existing natural product data bases.>*
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Figure 5: Overview of methods for natural products discovery: activity-guided isolation, dereplication and heterologous
expression; BAC = bacterial artificial chromosome; BGC = biosynthetic gene cluster; HPLC = high performance liquid
chromatography; MS = mass spectrometry; MS/MS = MS fragmentation analysis; HRMS = high resolution mass
spectrometry; RT = retention time; NO HIT = compound not found in database, NP = natural product; NMR = nuclear
magnetic resonance spectroscopy.

Dereplication complements many different drug discovery methods including Imaging MS (IMS), high
throughput screenings (HTS), or in the omics disciplines.”® IMS is a method to reveal phenotypes and
relevant chemo types of microorganism to understand their behavior in the environment of plants,
animals, insects, fungi and other microorganisms. Dereplication of IMS data is particularly useful to
discover and understand synergistic effects of antibiotics, find alterations in virulence factor production,
explore microbial interactions on a molecular level and to find potent strains for the production of new
natural products.” HTS is an important tool in the pharmaceutical industry to quickly identify active
compound hits by running millions of chemical, genetic or pharmacological tests. HTS of NP libraries is
especially challenging due to many bottlenecks in the hit-to-lead development process such as
dereplication, isolation/purification and structure elucidation.® The key to accelerate hit-to-lead

downstream processing is the automation of the rate-determining technologies. Automated



Introduction

dereplication and computer-assisted structure elucidation will be crucial to restore the economic
feasibility of HTS of NP libraries.’” *® Additionally, the automated dereplication process can be supported
by LC-MS based principle-component-analysis using MS/MS fragmentation to distinguish unique vs.
common metabolites which further accelerates the identification process of promising hit compounds.
In addition, compound fragmentation in combination with fragmentation prediction tools can accelerate
the often difficult de novo structure elucidation process of natural products. Dereplication is also
required in the genomics-based NP discovery to select potent strains by determining the production of
known compounds and to identify new compounds after deletion or activation of silent biosynthetic
gene clusters. The combination of dereplication and heterologous expression is a powerful tool for the

simultaneous discovery of new compounds and their BGCs.

Since the discovery of the biosynthetic potential of Streptomyces strains S. coelicolor and S. avermitilis,
the activation of silent BGCs has become a powerful method to discover new natural products.
Expression of silent BGCs is low or absent in standard growth conditions due to transcriptional
inhibition, lack of physical or evolutional stress, lack of precursor supply, weak or absent promotors or
mutations etc.®® Silent BGCs can be activated by a number of approaches: engineering of BGC
translation and transcription, manipulation of global regulators or by using e.g. the OSMAC approach.>®

6062 Targeted methods are pathway specific manipulations such as introduction of promotors or

expression of BGCs in heterologous hosts specialized for secondary metabolites production.®® ©
Heterologous expression (Figure 5) of silent clusters provides the access to novel chemical entities, high
production of known secondary metabolites, and a platform to perform genetic engineering to elucidate
NP biosynthetic pathways. The first step towards heterologous expression is the construction and
sequencing of a genomic library of cloned BGCs e.g. a BAC-library, cosmid-library etc. BGCs are analyzed
using bioinformatics tools and promising candidates are selected based on their similarity to known
clusters to assess their potential to produce unknown metabolites. Another important element for the
successful expression of metabolites is the introduction of synthetic transcriptional and translational
control elements to increase and control metabolite production by using suitable promotors or control
elements in the 5-UTR of a mRNA sequence.® The final element is the selection of a suitable and
reliable heterologous host. Streptomyces are suitable hosts for heterologous expression of secondary
metabolites since they are producers of various natural products; hence, they possess an extended
network for precursor supply, transporters for excretion, native resistance systems, regulation of
enzyme expression and folding.®* The success rate of the cluster expression can be increased by using
optimized heterologous hosts. These optimizations can be archived by insertion of loci for site-specific
integration of foreign DNA and by deleting native BGCs to increase precursor supply for the cloned

65, 66

clusters. The expression of new BGCs in the optimized strains S. albus A14 and S. lividans A8 and the

10
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discovery of corresponding new compounds have been successfully illustrated with many examples in

the literature.t”"*

1.3.2 De novo Structure Elucidation by NMR

A major bottleneck in the discovery process of new natural products is structure determination.
Amongst other methods including HPLC-MS/MS fragmentation and crystallography, nuclear magnetic
resonance (NMR) spectroscopy has become the most important method for structure elucidation of
NPs. While UV/VIS and infrared (IR) spectroscopy provide information about functional groups, in NMR
spectroscopy the connectivity of atoms and even the spatial arrangement of molecules is shown.
Structure elucidation of NPs is especially challenging due to structural complexities and low abundance

in nature. NMR fundamentals and special techniques for NPs are summarized in the following course.

1.3.2.1 NMR Basics

Nuclear magnetic resonance occurs when atom nuclei are exposed to a static magnetic field and
experience a second oscillating magnetic radio frequency (RF) field. The NMR phenomenon is shown
when nuclei possess a certain natural property called spin which comes in multiples of +£1/2. If elements
or element isotopes with a spin are naturally abundant in sufficient amounts, NMR experiments can be
performed. For de novo structure elucidation of natural products ‘H, **C and N nuclei are of special
interest since they are the main elements found in NPs. Within the magnetic field, the nuclei experience
the Zeeman-Effect which is the energy split of spin levels e.g. for a proton into +1/2 and —1/2. Another
effect is the Larmor precession of the magnetic moment at a distinct Larmor frequency which is
dependent on the type of nucleus, the chemical surrounding and the magnetic field strength. If the
nuclei experience a photon matching the energy of the Larmor frequency, absorption occurs and the
spin is excited between spin levels. This energy transfer is the fundamental phenomena enabling NMR

spectroscopy.

To understand the energy absorption-emission process, a nucleus (proton) with a spin can be imagined
as a small magnet which can take a high (+1/2) and a low energy (-1/2) orientation within a magnetic
field (Figure 6a). Considering many “magnets” (e.g. all 'H within a molecule) in the magnetic field, the
lower energy levels slightly outnumber the higher level, a condition described by the Boltzmann
statistics (Figure 6b). Within the sample, this results in a net magnetization with precession around the
z-axis when it is exposed to the magnetic field (Figure 6c). The occupation difference of both energy
levels is very small; hence NMR is a quite insensitive spectroscopic method and requires concentrated

samples.

11
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Nowadays NMR signals are obtained by the pulsed Fourier transform experiment (FT-NMR). All spins of
a certain nucleus within a sample are excited with a 90° RF-pulse which flips the net magnetization in
the x-y plane (Figure 6d). The pulse is containing a range of frequencies broad enough to excite all nuclei
within a sample. The frequency range is required since the Larmor frequency of each nucleus within a
molecule varies due to the surrounding electrons and is dependent on adjacent electron withdrawing
groups promoting shielding or de-shielding from the magnetic field. The absorbed radiation is emitted
by the excited spins as a superposition of all excited frequencies. The observable NMR signal is called
free induction decay (FID) and is caused by non-equilibrium of the precession after the 90° pulse and
decreases over time by an effect called relaxation (Figure 6e, f). Fourier transformation (FT) transfers the

time dependent FID into a frequency domain yielding the NMR spectrum (Figure 6g).
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Figure 6: NMR spectroscopy principles: a) possible spin orientation in the magnetic field, b) net magnetization of a sample
described by the Boltzmann equation, ¢) net magnetization with Cartesian coordinates, d) net magnetization shifts to x/y
plane after 90° pulse, e) net magnetization relaxation, f) time dependent free induction decay and g) Fourier transformation
of the FID into the frequency domain.

Shape and position of the peaks provide information about the chemical structure. In dependence of the
chemical surrounding of a nucleus within a molecule, the measured Larmor frequencies take distinct
values resulting in different chemical shifts. Nuclei within or equal to 3 bond lengths to another nucleus
experience the effective field of a neighbored nucleus resulting in scalar spin-spin coupling and peak

splitting in the NMR spectrum. The number of coupling nuclei and angle between them can provide

12
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information about their connectivity and spatial orientation. Two or more nuclei in close spatial
proximity but without scalar coupling can experience an influence on each other called Nuclear
Overhauser Effect (NOE). Permanent RF irradiation at a frequency of a certain nucleus can increase or
decrease (depending on the tumbling speed of a molecule) the peak intensity of nuclei within 3-6 A

distance and, thereby, giving information about the 3D structure of a molecule.

For complex NPs the data obtained from 1D NMR experiments is usually insufficient for de novo
structure elucidation. Additional structural information can be provided by 2D homonuclear (*H-'H etc.)
or heteronuclear (*H-X etc.) correlations experiments. The 2D spectra are recorded in a direct (t,) and
indirect (t;) time domain. The indirect time domain is the evolution time between two pluses and is
required at some point in the 2D pulse sequence. A series of FIDs are recorded in dependence of the
evolution time At; which is incremented up to a maximum t; value. Each FID increment is transformed
into the frequency domain F, by FT leading an interferogram. The obtained F, spectra are Fourier

transformed along the t; domain resulting in the 2D spectrum (Figure 7).
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Figure 7: Principle of 2D NMR spectroscopy: a) variation of the evolution time At, between two pulses, b) Fourier
transformation (FT) of t, increments followed by FT of t; increments.”

In heteronuclear 2D experiments, correlations of coupling nuclei are obtained through transfer of
magnetization by using two pulse sequences in parallel. The most used heteronuclear 2D NMR
experiments are the “heteronuclear single quantum correlation” (HSQC) experiment that is showing

short range !Jx correlations (CHy or NHy) and the “heteronuclear multiple bond correlation” (HMBC)
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experiment that is showing long range .y and *Juy correlations. Coupling, chemical shifts and 2D
correlation data are very important to determine NP structures. However, in some cases a more

specialized experimental setup is required to elucidate challenging NP structures.

1.3.2.2 Challenges in Natural Product NMR

The greatest challenge in the structure elucidation process of new NPs is their complexity and low
production rate. NMR spectroscopy is an insensitive method; however, advances in software and

hardware development enable structure elucidation with sample concentrations in a low mM range.

The constant development of stronger magnets has largely contributed to the field of NMR
spectroscopy. The Larmor frequency of a nucleus increases proportionally to the magnetic field
strength. Therefore, at higher magnetic fields the RF frequency must be increased in order to match the
required Larmor frequency to enable spin transition (required Larmor frequency for *H nuclei: 500 MHz
at 11.7 Tesla; 800 MHz at 18.7 Tesla). The increased transition energy results in an improved signals-to-
noise (S/N) ratio by a factor of 2 when switching from 500 MHz to 800 MHz NMR machines.”® The NMR
probe is another influencing factor and has to be considered when choosing certain experiments. Broad
band probes are optimized for X-nuclei (**C, °N) and provide a better sensitivity for diluted samples
when only the X-nucleus is observed (e.g. >°C NMR). Invers broadband probes are optimized for 'H
nuclei and provide better sensitivity for ‘"H-X experiments (*H-X-HSQC, ‘H-X-HMBC, etc.). An enormous
sensitivity boost is obtained by cryoprobes.” Most of the noise is generated by the electronics and can

be reduced by cooling the system using helium or nitrogen leading an S/N increase of a factor 2-3.

A major sensitivity boost is generated by enhanced acquisition methods. The analog FID signal has to be
transformed into a digital signal to analyze and process the recorded data. The analog signal is divided
into time slots which convert the continuous FID signal into a discrete FID signal by sampling. By using
uniform sampling, a regular pattern is acquired resulting in the Nyquist sampling grid. Especially for 2D
experiments, this method is rather time-consuming when recording each FID in the indirect time domain
t;. High signal density of complex NPs and diluted samples require a large number of scans and At;
increments to get sufficient resolution and signals strength. Nonuniform sampling (NUS) acquires an
irregular pattern with less sampling points (NUS points) which reduces the measurement time by a large
factor. The number of At; increments in a 2D experiment is reduced and the missing points are
reconstructed by algorithms. The time saved can be reinvested into more scans to enhance S/N of
diluted samples. Transformation of NUS spectra in the frequency domain requires special algorithms to
reconstruct the compressed spectra. The minimum selection of NUS points is limited by these
algorithms and by the number of significant peaks in a spectrum which should match the number of

NUS points.”> Another useful application of NUS is the enhancement of peak resolution. Setting a high
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number in the indirect time domain At; on e.g. 2048 and 25% NUS resulting in 512 NUS points will not
reduce the measurement time of a standard 2D experiment, but increase resolution by a significant

factor.

Resolution is common challenge when observing many nuclei with similar chemical shifts. Prominent
examples are methine signals of sugars in poly-glycosylated compounds, carbonyl groups of amide
bonds in peptides or multi-compound mixtures. Band selective 2D (HMBC, HSQC) and selective 1D
(NOESY, ROESY, COSY, TOCSY) experiments can help to increase resolution of certain areas of a
spectrum and simplify signal interpretation.”” In 2D experiments, a certain area of interest is selected
and a band selective pulse excites all frequencies in this area. The number of At; increments is applied
on a much narrower range which results in a higher resolution. Selective 1D experiments are particularly
useful in crowded spectra with many signals. Selective pulses can be used to exclusively excite one
nucleus of interest to isolate and analyze a spin system by COSY/TOCSY experiments or to obtain the

spatial surrounding by NOESY/ROESY experiments.

The determination of the absolute configuration of natural products is highly important in the drug
development process. Natural products usually contain many stereocenters which are crucial for their
biological activity. The determination of the stereochemistry via NMR by using the NOE or coupling
constants is sometimes not possible. In this case derivatization experiments can be used. Some
biosynthetic machineries like NRPSs are able to invert the L-configured a-CH of proteinogenic amino
acids into a D-configuration. Most amino acids have a flexible side chain which prevents the
stereochemical assignment by NMR. Therefore, Marfey et al. developed a method which is using the
chiral derivatization agent L- and D-FDLA (N®-(5-Fluoro-2,4-dinitrophenyl)-b/L-leucinamide) to generate
amino acid diastereomers which can be separated by standard reversed phase chromatography.”® In a
standard protocol peptides are hydrolyzed and the single amino acids are derivatized by L- or D-FDLA
and run against the amino acid references. The a-CH configuration is determined by comparisons of
retention times of the derivatized hydrolysate and the references. To determine chiral alcohols and
amines, the Mosher’s method which uses S- and R-MTPA (3,3,3-trifluoro-2-methoxy-2-phenylpropanoic
acid) as a derivatization agent is a suitable option.”” The relative position of the proton at the chiral
center and the condensed S- and R-MTPA leads to shift alterations of the proton signal correlating with
the configuration of the alcohol or amine. The precise absolute configuration is highly important in the

further characterization of BGCs and the determination of biosynthetic pathways.
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1.3.3 Elucidation of Natural Product Biosynthesis

The following methods are usually applied to determine NP biosynthesis: Feeding with labelled
precursors, gene knockout experiments, in vivo/in vitro studies of enzymes and structural studies of

enzymes by x-ray crystallography.78

Precursor labelling provides an initial insight into the biosynthesis of complex NP scaffolds and moieties.
Furthermore, it can accelerate the genome mining process to identify BGCs when a new NP is identified
by dereplication or bioactivity-guided isolation. The producer strain is fed with pathway specific building
blocks such as acetate ([D], [**C]-labelled) for polyketide or amino acids ([D], [*C], [*°N]-labelled) for
peptides etc. Successful incorporation into NPs can be verified by alteration from the original compound
mass via HPLC-MS or by analyzing signal strengths of *H, *C or >N NMR signals. For instance, by this
method Gottardi et al. revealed that the antibiotic abyssomicin derived from five acetates, two

propionates and unexpectedly one metabolite from the glycolytic pathway.”

Genetic manipulation in Streptomyces sp. to disrupt genes or edit genes to determine their function is
typically done by homologous recombination or by DNA double strand brake (DSB) repair mechanisms
(e.g. CRISPR/Cas9).®® An alternative way to determine gene functions, especially after successful
heterologous expression of a BGC, is A-Red recombination which allows highly effective substitution of
genes in E. coli.®" A resistance cassette, which can be used for clone selection of Streptomyces and E.
coli, is multiplied by PCR amplification using primers with 36-50 bp overhang regions matching the 3’and
5’ borders of a chromosomal fragment to be deleted. A BAC is transformed into E. coli carrying the A-
Red recombination plasmid. The A-Red recombinase genes are induced and the PCR product is
transformed into E. coli. After successful recombination, the construct is isolated and controlled by
restriction analysis, PCR or sequencing. The edited BAC is then transferred into the heterologous
Streptomyces host via conjugation and the metabolic profile is compared to the one of the heterologous
host with the unmodified BGC. Eventual NP modifications can be monitored by HPLC-MS. Ideally, the
results from the deletion experiments will provide information about the biosynthesis. However,
interpretation of the data is often difficult and unambiguous. Therefore, in vitro studies and x-ray
analysis of the isolated proteins or protein complexes need to be performed to precisely understand
biosynthesis and enzyme mechanics. In vitro reconstruction of enzyme machineries supported by
structural biology methods like crystallography can give insight into substrate specificities of enzymes

and the exact reaction mechanism which is essential to understand new enzyme mechanics.
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1.3.4 Utilization of New Biosynthetic Gene Clusters and Chemical Scaffolds in Natural

Product Synthesis - Chemists vs Microorganism

The development of a natural product into a drug often fails due to supply issues. Secondary
metabolites are often produced in very low quantities, which is enough to perform structure elucidation

and bioactivity studies, but too less for preclinical/clinical studies and industrial production.®

To solve this problem, one approach is the chemical total synthesis of natural products (Figure 8). The
total synthesis of highly complex NP scaffolds is very challenging and requires many steps with an
overall low yield which is usually not ideal for upscaling.?> However, despite their complexity some
commercial total synthesis approaches became economically feasible due to the successful increase of

total yields into the gram range (e.g. eribulin, 62 step synthesis).®*

Another approach is the recombinant production of secondary metabolites in microorganisms (Figure
8).% In comparison to total synthesis, the production in recombinant microorganisms generates less
toxic waste, is more cost efficient, and requires less harsh production conditions and time. The initial
step towards recombinant production of natural products in microorganism is the discovery and
dissection of biosynthetic gene clusters (BGC) from the natural source. The genetic material from the
foreign, genetically distant host usually needs to be engineered in order to achieve successful expression
of the BGC in the heterologous host. These adjustments include codon optimization, promotor
introduction and improving solubility of the expressed proteins.®” The engineered BGC can then be
transferred in the heterologous host resulting in the recombinant producer organism which is producing

the desired compound.

o HO
HO Synmes'\s | 19 step total synthesis
(elro > 0
>, %
N
0 SM: 2-iodo-2- (Zhang 2015) HO N
/(\00 s cyclohexen-1-one .
q &o® 2 N morphine
,- N\ HOY'
Papaver pathway o
p_f reconstruction - recombinant
somnirerum é"ctk:t\ PROR - production (4 steps)
“0g AR > —_— o]
e J,/)’ée > Q
@0@6‘ St C OH ——— N/
5 ; Nakagawa 2016 .
_ Ho._JL_OH  bacterial (Nakag ) ~or NF
E. coli culture )
SM: glycerol thebaine

Figure 8: Natural product (NP) synthesis methods: Total synthesis (19 steps) of morphine by Zhang et al®® and stepwise
recombinant production of thebaine in E. coli by Nakagawe et al¥
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The reconstruction of biosynthetic pathways in recombinant microorganisms for the production of
secondary metabolites is a challenging task and sometimes remains just partly successful. Furthermore,
generation of NP derivatives is limited by the number of biosynthetic enzymes and flexibility of the
biosynthetic machineries. In chemical synthesis on the other hand, structurally diverse NPs derivatives
can more easily be generated by using different starting materials and a plethora of reactants which
enables the quick access to huge chemical libraries.®® In combination, both approaches can complete
each other in a useful way. NPs are designed by nature; hence they are privileged binding partners for
various enzymes and a great foundation for protein inhibitors.?® Therefore, chemical synthesis of
compound libraries for high throughput screening is often based on chemical scaffolds from bioactive
NPs.”® Furthermore, chemical modifications of naturally synthesized NPs can alter their activities and

biological targets which is important to overcome antibiotic resistance.”*

The identification and utilization of enzyme catalysts in chemical synthesis is another benefit resulting
from the field of chemical biology. Catalysis in chemical reactions is highly important to increase
reaction yields, improve enantioselectivity and to develop new synthesis routes.”” The increasing
necessity of green chemistry has set the focus on finding alternatives for the often toxic catalysts.”
Since the development of genome editing methods and enzyme engineering, enzyme catalysis has
become a valuable alternative for the classical catalysts.”* Enzymes operate at room temperature and
mild conditions while having low toxicity. High specificity of enzymes towards substrates allows late
stage modifications which is especially useful in NP semisynthesis.”® Late stage modifications such as
glycosylations are easily executed by enzymes, but are complex to access by synthesis. For instance,
C-glycosylation of flavones requires a multistep synthetic route, while the enzymatic reaction with the

enzyme UDP glucuronosyltransferase can be done in one step.”® ¥’

Enzyme engineering allows to
improve limiting factors like enzyme stability, substrate range and products/substrate inhibition and

helped to confirm enzyme catalysts as a valuable replacement for the classical chemical catalyst.*®

The development of recombinant microorganism, semisynthetic drugs and new enzyme catalysts is
nourished by the deep understanding about natural product biosynthesis. Discovery of new secondary
metabolites and the dissection of biosynthetic pathways are necessary to enrich our set of tools needed

to enable recombinant production of natural products.
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1.4 Scope of the Thesis

The importance of natural products has clearly been demonstrated. Drug development based on natural
products has and will decisively contribute to fight antibiotic resistance and diseases. State of the art
analytical tools and methods for genetic engineering have opened up a toolbox of new opportunities in
the process of finding new natural products. Sustainable and sufficient production of natural products in
recombinant microorganisms needs to be a future goal to save resources and to prevent poisoning of
our planet. Therefore, extending our knowledge about biosynthetic pathways and to find new
biosynthetic machineries and enzymes is crucial to use microorganisms as “biofactories”. Streptomyces
have become the most important genus of Actinobacteria in the production of anti-infectives. The true
potential to produce unique NPs has long remained hidden in the genome of Streptomyces in the form
of silent biosynthetic gene clusters. Herein, by using dereplication and heterologous expression, the
biosynthetic potential of the less intensively studies Streptomyces strains S. aurantiacus LU19075 and S.
aureus LU1811 was explored. De novo structure elucidation of new compounds from Streptomyces, the
identification of corresponding gene clusters and dissection of biosynthetic pathways were the main

objectives of this work.
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Abstract: Streptomyces are producers of valuable secondary metabolites with unique scaffolds that
perform a plethora of biological functions. Nonribosomal peptides are of special interest due to their
variety and complexity. They are synthesized by nonribosomal peptide synthetases, large biosynthetic
machineries that are encoded in the genome of many Streptomyces species. The identification of
new peptides and the corresponding biosynthetic gene clusters is of major interest since knowledge
can be used to facilitate combinatorial biosynthesis and chemical semisynthesis of natural products.
The recently discovered bosamycins are linear octapeptides with an interesting 5-OMe tyrosine
moiety and various modifications at the N-terminus. In this study, the new cyclic depsibosamycins
B, C, and D from Streptomyces aurantiacus LU19075 were discovered. In comparison to the linear
bosamycins B, C, and D, which were also produced by the strain, the cyclic depsibosamycins showed
a side-chain-to-tail lactonization of serine and glycine, leading to a ring of four amino acids. In silico
identification and heterologous expression of the depsibosamycin (dbm) gene cluster indicated that
the cyclic peptides, rather than the linear derivatives, are the main products of the cluster.

Keywords: bosamycin; Streptomyces; heterologous expression; NRPS; cyclic peptide

1. Introduction

Streptomyces are known to produce valuable secondary metabolites with a plethora
of unique structural classes [1,2]. These compounds often express a variety of biological
functions, which are the product of centuries of evolutionary design to develop a selective
advantage for the strain [3]. The enormous structural complexity of natural products from
Streptomyces, which are generated by enzymatic biosynthetic machinery, can be recreated
only with difficulty by chemical synthesis. Therefore, a detailed understanding of the
biosynthetic origin of natural products is of major interest to facilitate combinatorial biosyn-
thesis and semisynthetic approaches, which are important tools in drug development.

Nonribosomal peptide synthetases (NRPSs) generate highly diverse peptides and are
a coveted target for biosynthetic engineering [4,5]. Nonribosomal peptides (NRPs) are
synthesized by modular enzymes. Individual modules consist of a minimal set of three
domains: the adenylation domain (A), thiolation domain (T), and condensation domain (C).
Biosynthesis is initiated by the A-domain, which specifically activates natural or modified
amino acids. The activated amino acid is tethered to the pantetheinyl arm of the T-domain.
The condensation reaction with another amino acid, selected by an adjacent module, is
specifically catalyzed by the C-domain. Each module can contain additional domains to
generate D-amino acids, N-methylated peptide bonds, heterocyclic amino acids, etc. [6].
The mature peptide is cleaved from the NRPS assembly line by the thioesterase domain
(TE), resulting in a linear or cyclic peptide [6,7].
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The recent development of gene sequencing, bioinformatics, and genomic tools has
enabled the targeted identification, expression, or activation of unique biosynthetic gene
clusters (BGCs), which is a major leap forward in the discovery of new natural prod-
ucts [8]. By targeting novel NRPS architectures, Xu et al. recently discovered the bosamycin
gene cluster (bsm cluster), encoding the production of new linear octapeptides named
bosamycins. The NRPS assembly line contains eight modules leading to the following
peptide sequence: L-Tyr, D-Tyr, L-Leu, L-erythro-B-OH-Asp, L-Ser, 5-MeO-D-Tyr, L-Leu,
and Gly. The 5-OH tyrosine moiety is generated by a stand-alone NRPS with a unique
P450 domain, but no C-domain is present in the module. The octapeptide chain is further
modified by the two separate genes encoding an O-methyltransferase and a dioxygenase,
leading to 5-OMe tyrosine and erythro-B-OH asparagine. Bosamycin E showed slight
inhibitory activity towards SHP2 (Src homology 2-containing protein tyrosine phosphatase
2), while other derivatives had no biological activity [9].

Herein, we describe the discovery of the new cyclic depsibosamycins B, C, and D. The
compounds were identified by metabolic profiling of Streptomyces aurantiacus LU19075
and characterized by MS/MS fragmentation and NMR spectroscopy. Structure elucidation
studies revealed a side-chain-to-tail lactonization of serine and glycine within the structure
depsibosamycin. This led to a ring including four amino acids, a feature that has also
been described for hypeptin, teixobactin, and others (Figure 1). In this paper, we postulate
that the cyclic depsibosamycins, rather than the linear ones, are the main products of the
BGC. This was supported by the results of the heterologous expression experiments and
comparisons of the production rate.
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Figure 1. Structure comparison of compounds with a similar side-chain-to-tail lactone ring (red)
formed by an intramolecular reaction of f-hydroxy amino acids and the C-terminus.

2. Materials and Methods
2.1. General Procedures

All strains and bacterial artificial chromosomes (BACs) used in this work are listed
in Table S1. Escherichia coli strains were cultured in LB medium [10]. Streptomyces strains
were grown on soya flour mannitol agar (MS agar) [11] or in liquid tryptic soy broth (TSB;
Sigma-Aldrich, St. Louis, MO, USA) for cultivation. Liquid DNPM medium (40 g/L
dextrin, 7.5 g/L soytone, 5 g/L baking yeast, and 21 g/L MOPS, pH 6.8) was used for
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secondary metabolite expression. The antibiotics kanamycin, apramycin, and nalidixic acid
were supplemented when required.

2.2. Metabolite Extraction and Analysis by Mass Spectrometry (MS)

S. aurantiacus LU19075 was grown in 20 mL of TSB in a 100 mL baffled flask for one
day, and 1 mL of the culture was inoculated into 100 mL of DNPM production medium
in a 500 mL baffled flask. Cultures were grown for 6 days at 28 °C and 180 rpm in an
Infors multitron shaker (Infors AG, Basel, Switzerland). Metabolites were extracted from
the supernatant with butanol, concentrated to dryness, and dissolved in 1 mL methanol
(MeOH). One microliter was separated on a Dionex Ultimate 3000 UPLC system (Thermo
Fisher Scientific, Waltham, MA, USA) equipped with an ACQUITY UPLC BEH C18 1.7 pm
column (30, 50, or 100 mm, Waters Corporation, Milford, MA, USA) using a linear gradient
of 5-95 vol% aqueous acetonitrile (ACN) with 0.1% formic acid (FA) at a flow rate of
0.6 mL/min and a column oven temperature of 45 °C. Sample analysis was carried out on
a coupled PDA detector followed by an amaZon speed (Bruker, Billerica, MA, USA) for
production control. High-resolution masses were obtained from either an LTQ Orbitrap
XL mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) or a MaXis high-
resolution LC-QTOF system (Bruker, Billerica, MA, USA) using positive ionization mode
and mass range detection of m/z 200 to 2000. Data analysis was performed using Compass
Data Analysis v. 4.1 (Bruker) and Xcalibur v. 3.0 (Thermo Fisher Scientific).

2.3. Nuclear Magnetic Resonance (NMR) Spectroscopy and Optical Rotation (OD)

The NMR spectra of f-OH-Asp and bosamycin D were recorded on a Bruker Avance,
UltraShield 500 MHz (Bruker, BioSpin GmbH, Rheinstetten, Germany) equipped with a
5 mm BBO probe at 298 K. All other NMR spectra were acquired on a Bruker Avance III,
Ascent 700 MHz spectrometer at 298 K equipped with a 5 mm TCI cryoprobe. The chemical
shifts (8) were reported in parts per million (ppm) relative to tetramethylsilane (TMS). As
solvents, deuterated CD;OD (0 3.31 ppm, 6c 49.15 ppm), DMSO-d6 (g 2.50 ppm, 6c
39.51 ppm), and D, 0 (6y 4.75 ppm) from Deutero (Kastellaun, Germany) were used. Edited-
HSQC, HSQC-TOCSY, HMBC, 'H-'H COSY, ROESY, NOESY, and N-HSQC spectra were
recorded using standard pulse programs from TOPSPIN v.3.6 software. Optical rotations
were measured using a Perkin Elmer Polarimeter Model 241 (Uberlingen, Deutschland).

2.4. Isolation of Bosamycin B—D and Depsibosamycin C

S. aurantiacus LU19075 was grown in 10 L of DNPM production medium and extracted
with butanol. The dry crude extract was dissolved in 100 mL of methanol. The isolation
process was guided by LC-MS to identify fractions. The extract was purified on an Isolera™
One flash purification system equipped with a SNAP Ultra Cy53 400 g (Biotage, Uppsala,
Sweden) using a gradient of 5-30 vol% aqueous methanol for 3 column volumes (CV)
followed by 30-95 vol% aqueous methanol for 1.5 CV at a flow rate of 100 mL/min and
UV detection at 210 and 280 nm. Further impurities were removed by size exclusion
chromatography (SEC; stationary phase: Sephadex-LH20) with isocratic elution using
100% methanol.

The crude material was dissolved in methanol, and reversed-phase HPLC was car-
ried out on a Waters Autopurification System (Waters Corporation, Milford, MA, USA)
equipped with a SQD2-MS-Detector and equipped with a preparative VP 250/21 NUCLE-
ODUR Cyg HTec 5 um column (MACHERY NAGEL, Diiren, Germany) using a gradient of
55-75 vol% aqueous methanol with 0.1% FA for 12 min at a flow rate of 20 mL/min.

The final purification step was carried out on an Agilent Infinity 1100 series reversed-
phase HPLC system equipped with a Synergi™ 4 um Fusion-RP Cyg 80 A 250 x 10 mm
column (Phenomenex, Torrance, CA, USA) using a gradient of 31-33 vol% aqueous ACN
with 0.1% FA, a flow rate of 4 mL/min, and an oven temperature of 20 °C. The compounds
were detected with a PDA detector at 210 and 280 nm at RT = 10.06 min (bosamycin B),
10.29 min (bosamycin C), 10.69 min (bosamycin D), and 11.74 min (depsibosamycin C).
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2.4.1. Bosamycin B

White powder; 1.6 mg; [a]3-38 (c 0.06, MeOH); UV (37% ACN in HyO + 0.1% FA)
Amax (log €) 200 (4.25), 276 (2.93) nm; 'H and '3C NMR data, see Table S3; ESI-TOF-MS m/z
1082.4650 [M + H]* (calc. for C5oHggNgO1g 1082.4677), see Figure S1.

2.4.2. Bosamycin C

White powder; 6.8 mg; [oc]%) -3 (¢ 0.27, DMSO); UV (37% ACN in HyO + 0.1% FA) Apax
(log ¢€) 200 (3.82), 276 (2.62) nm; 'H and '3C NMR data, see Table S4; ESI-TOF-MS m/z
1126.4595 [M + H]+ (CalC. for C51H68N9020 11264575), see Figure S1.

2.4.3. Bosamycin D

White powder; 9.1 mg; [oc]%)-31 (c 0.21, MeOH); UV (37% ACN in H,O + 0.1% FA)
Amax (log €) 200 (3.96), 276 (2.95) nm; 'H and '3C NMR data, see Table S5; ESI-TOF-MS m/z
1081.4718 [M + H]* (calc. for C51HgoNgOqg 1081.4724), see Figure S1.

2.4.4. Depsibosamycin C

White powder; 4.8 mg; [oc]g)—B (c 0.24, DMSO); UV (42% ACN in H,O + 0.1% FA)
Amax (log €) 200 (3.95), 276 (2.65) nm; 'H and '3C NMR data, see Table S2; ESI-TOF-MS m/z
1108.4496 [M + H]* (calc. for C51HggNgO19 1108.4470), see Figure S1.

2.5. Marfey’s Analysis

Bosamycin C was hydrolyzed in 100 uL 6 N HCl at 110 °C for 1 h. While cooling, the
sample was dried for 15 min under nitrogen and dissolved in 110 mL water, and 50 uL of
each sample was transferred into 1.5 mL Eppendorf tubes. To the hydrolysate, 20 puL of
1 N NaHCOj3 and 20 puL of 1% L-FDLA (N%*-(5-Fluoro-2,4-dinitrophenyl)-L-leucinamide)
or D-FDLA in acetone were added. The amino acid standards were prepared the same
way using only L-FDLA. The reaction mixtures were incubated at 40 °C for 90 min at
700 rpm and subsequently quenched with 2 N HCl to stop the reaction. The samples were
diluted with 300 uL ACN, and 1 pL aliquots were analyzed by a MaXis high-resolution
LC-QTOF system using aqueous ACN with 0.1 vol% FA and an adjusted gradient of
5-10 vol% in 2 min, 10-25 vol% in 13 min, 25-50 vol% in 7 min, and 50-95 vol% in 2 min.
Sample detection was carried out at 340 nm. 3-Hydroxyaspartic acid diastereomers were
synthesized from cis- and trans-epoxysuccinic acid according to the literature [12].

2.5.1. DL-Erythro-Hydroxyaspartic Acid

White crystals; yield 24%; 'H NMR (500 MHz, D,O, pH = 4) &: 447 (d, ] = 3.2,
1H), 4.17 (d, ] = 3.2, 1H) (Figure S37); ESI-TOF-MS m/z 150.0398 [M + H]* (calc. for
C4HgNOs5 150.0403).

2.5.2. DL-Threo-Hydroxyaspartic Acid

White crystals, yield 42%, "H NMR (500 MHz, D,O, pH = 12) &: 4.35 (d, ] = 2.2,
1H), 3.60 (d, ] = 2.2, 1H) (Figure S38); ESI-TOF-MS m/z 150.0398 [M + H]* (calc. for
C4HgNOs 150.0403).

2.6. Isolation and Manipulation of DNA

BAC extraction from a S. aurantiacus LU19075 constructed genomic library (Intact Ge-
nomics, St. Louis, MO, USA), DNA manipulation, E. coli transformation, and E. coli/Streptomyces
intergeneric conjugation were performed according to standard protocols [10,11,13,14].
Plasmid DNA was purified with the BACMAX™ DNA Purification Kit (Lucigen, Mid-
dleton, WI, USA). Restriction endonucleases were used according to the manufacturer’s
recommendations (New England Biolabs, Ipswich, MA, USA).
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2.7. Genome Mining and Bioinformatics Analysis

An S. aurantiacus LU19075 genome BAC library using the pSMART vector with
apramycin resistance gene was constructed and sequenced by Intact Genomics (Missouri,
St. Louis, USA). The genome was screened for secondary metabolite biosynthetic gene
clusters using the antiSMASH online tool with loose settings (Available online: https:
/ /antismash.secondarymetabolites.org/#!/start) [15] (accessed on 3 June 2021). Analysis of
genetic data was performed using Geneious 11.0.3 [16]. The DNA sequence of the dbm gene
cluster from LU19075 was deposited into GenBank under the accession number MW740414.

3. Results and Discussion
3.1. Identification and Structural Elucidation of Depsibosamycins B, C, and D

We screened several strains from our strain library for the production of new com-
pounds by comparing UV /VIS spectra, retention times, MS/MS fragmentation patterns,
and HRMS data with those from natural product databases, such as “Dictionary of Natural
Products” (DNP) [17]. By this, Streptomyces aurantiacus LU19075 caught our attention due
to the production of a large quantity of compounds that were identified as well described
members of the nactin family (Figure 2) [18]. Furthermore, six unknown compounds eluted
in two groups at RT = 6.8 min and RT = 8.1 min; each group contained three compounds
with slightly different retention times. (Figure 2). All compounds showed similar UV /VIS
spectra, MS/MS fragmentation patterns, and no hits in natural product databases. The
first group of compounds at RT = 6.8 min showed [M + H]* molecular ions of m/z 1081.5,
1082,5, and 1126.5 Da. The compounds were isolated, and their structures were determined
by NMR spectroscopy (Figures S11-533), MS/MS fragmentation (Figure S38-540), and
Marfey’s method to assign the stereochemistry (Figures 534-537). This resulted in the
assignment of the previously reported bosamycins B, C, and D. The second group of com-
pounds eluting at RT = 8.1 min showed [M + H]" molecular ions [M + H]* with m/z 1063.5,
1064.5, and 1108.4 Da. The compound with m/z 1108.4 was the only compound that could
be isolated to perform structure elucidation.

Intens.
8
x10"
2.5
2.0

1.5

6 7 8 9 10 1 12 13 14 15 16 17 18 Time [min]

Figure 2. LC-MS chromatogram of the butanol extract of Streptomyces aurantiacus LU19075 cultivated
in DNPM medium showing the peaks of bosamycins B, C, and D (*) and depsibosamycins B, C,
and D (**). In addition to that, nactins (17-20 min) and nactin degradation products (9-16 min)
were identified.

S. aurantiacus L.U19075 was cultivated in DNPM, and the metabolites were extracted
with butanol. The compound with m/z 1108.4 was further purified by reversed-phase
flash purification and size exclusion chromatography. The final HPLC purification step led
to the successful isolation of the compound. The structure was determined by extensive
analysis of 1D and 2D NMR (Figures 52-510).

The precise mass of the compound was determined to be m/z 1108.4496 (IM + HJ*),
indicating a water loss compared to bosamycin C. The molecular formula was calculated to
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be C51HggN9gO19 with 24 degrees of unsaturation; thus, we expected an additional double
bond or ring formation. The structure assignment by NMR revealed a peptide highly
similar to bosamycin C but with chemical shift differences observed in the edited-HSQC
spectra (Figure 510). The differences were narrowed down to the Ser-B-CHj signal showing
a low field shift and the Gly-CHj signal, which showed the emergence of diastereotopic
proton signals. Therefore, we suggested ring formation between serine and glycine through
condensation as the final step in the biosynthetic pathway. Due to ambiguous HMBC cor-
relations to prove the connection between serine and glycine, further support was required
to confirm the cyclic structure. To obtain further evidence, we analyzed the OH-proton
signals after exhaustively freeze-drying the sample. OH-proton signals were observed for
all tyrosines (5yy 9.11-9.16), as well as the B-OH-Asp (6 6.11) signals. The only proton
signal missing was from OH-serine, which indicates that serine is condensed with the
C-terminal carboxyl group (Figures S5 and S7). Due to structural similarities to bosamycin
C and side-chain-to-tail lactonization, the new compound was named depsibosamycin C.
The proposed cyclic structure of depsibosamycin C was confirmed by MS/MS analysis
(Figure 541). The fragmentation pattern showed a-ion fragments resulting from the ring
structure and y-ions with a difference of 18 Da corresponding to water loss. The b-ion
fragments bi—by were the same since depsibosamycin C and bosamycin C share the same
carboxyl carbamoyl moiety at the N-terminus.

The other two compounds showed precise [M + H]" molecular ions of m/z 1064.4598
and 1063.4603 Da and very similar retention times compared to depsibosamycin C. How-
ever, the production rate was 20-fold lower; thus, characterisation by MS/MS was used
to identify the structures (Figures S42 and 543). The compounds showed the same y-ion
pattern as depsibosamycin C, indicating structural similarities. Differences were observed
in the b-ion fragments, indicating different N-terminal caps. The b-ion fragments b;—by
of compound m/z 1064.5 correspond to those of bosamycin B, while the b-ion fragments
b1-b4 of compound m/z 1063.5 correspond to those of bosamycin D. In addition, both new
compounds are different by 18 Da from their corresponding bosamycins. In conclusion,
both new compounds are cyclic variants of linear bosamycins B and D; thus, they were
named depsibosamycins B (1064.5) and D (1063.4) (Figure 3).

depsibosamycin B-D

Figure 3. Structures of bosamycins B, C, and D and depsibosamycins B, C, and D.
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3.2. Heterologous Expression of the Depsibosamycin (dbm) Gene Cluster

A provided sequenced S. aurantiacus LU19075 genomic BAC library was analyzed
with the genome mining software antiSMASH in loose settings to identify potential BGC
candidates for depsibosamycins. Annotated NRPS clusters in the genome were analyzed in
silico regarding their similarity to depsibosamycins by comparing the adenylation domain
composition and the stand-alone NRPS module, which is involved in the biosynthesis
of 5-OMe tyrosine [19-22]. One of the NRPS clusters showed an adenylation domain
composition that corresponds the depsibosamycin amino acid sequence and the unique
stand-alone NRPS unit (dbmF), which is expected to produce the 5-OMe tyrosine moiety.
Alignment of the bsm cluster (GenBank: MN509472) and the identified NRPS cluster from
S. aurantiacus LU19075, herein called the dbm cluster (GenBank: MW?740414), showed
99.2% similarity within dbml-dbmH (Figure 4). Gene bsmA was split into two separate
genes, dbmA; and dbmA;; however, the domain organisation remained the same, implying
similar function. The dbm cluster was chosen as a promising candidate for encoding the
biosynthetic pathway of depsibosamycins.

(a) bsmE bsmG
bsml bsmA bsmB bsmC bsmD bsmF  bsmH

)| (I (¢ I B B | -..<I>

(b) 24 6 8 10 12 14 16 18 20
13 5 7 9 11 13 15 17 19 21
a0 (< — ) §) B | DD D

| ] » D

Figure 4. Alignment of the bosamycin (bsm) cluster (a) and the depsibosamycin (dbm) cluster
(b) revealed 99.2% similarity.

To prove the production of depsibosamycins, the dbm cluster was heterologously
expressed in Streptomyces lividans TK24 [23]. BAC 17, covering the entire dbm cluster
(Table 1), was identified and isolated from a S. aurantiacus LU19075 genomic library.

Table 1. Genes encoded within the chromosomal fragment cloned in BAC I7 and annotation of the
bsm and dbm genes.

Gene # dbm Genes ? Putative Function bsm Genes P

1 orf =5 Hypothetical protein

2 orf — 4 Hypothetical protein

3 orf — 3 Hypothetical protein

4 orf — 2 Hypothetical protein

5 orf — 1 Dehydrogenase

6 dbml Acyl carrier protein bsml
7 dbmA; NRPS (C-A-PCP-E) bsmA
8 dbmA; NRPS (C-A-PCP)

9 dbmB NRPS (C-A-PCP-C-A-PCP-C-A-PCP) bsmB
10 dbmC Dioxygenase bsmC
11 dbmD NRPS (C-A-PCP-E-C-A-PCP-C-A-PCP-TE) bsmD
12 dbmE MbtH family protein bsmE
13 Hypothetical protein

14 dbmF NRPS (P450-A-PCP) bsmF
15 dbmG Alpha/beta hydrolase bsmG
16 dbmH O-methyltransferase bsmH
17 orf+1 ABC transporter

18 orf+2 ABC transporter

19 orf +3 Hypothetical protein

20 orf +4 ABC transporter

21 orf +5 Hypothetical protein

a GenBank accession number MW740414 ® GenBank accession number MN509472.
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The BAC was transferred into Streptomyces lividans TK24 by biparental conjugation.
BAC I7 containing clones were selected from apramycin containing MS plates leading the
exconjugant strain S. lividans 17. The exconjugants were cultivated in DNPM production
medium and extracted with n-butanol. LC-MS revealed successful heterologous expression
in S. lividans (Figure S47). The production of depsibosamycin D could be readily observed
in the extract of the strain, while depsibosamycins B and C were absent. Bosamycin D
was produced only in trace amounts. In addition to the known depsibosamycins, two
new compounds with m/z 1021.4523 [M + H] and 1107.4506 [M + H] were identified.
Of these two, compound m/z 1021.4523 [M + H] was produced in the highest amounts.
The structures of the new compounds were characterized by MS/MS fragmentation. The
y-ion patterns correspond to those previously observed for depsibosamycin B, C, and D.
Differences were seen in the b-ion fragments b;—by, indicating altered N-terminal moieties
(Figures 544 and 545). The major compound with m/z 1021.4523 [M + H] was character-
ized as depsibosamycin N, the cyclic version of bosamycin N previously discovered by
heterologous expression [9]. Comparison of the molecular formula of the compound with
m/z 1107.4506 [M + H] (Cs5pHggNgO19) and of depsibosamycin C (Cs;HggNgOjp) revealed
one more carbon and one fewer nitrogen. The compound did not show similarity to any of
the known bosamycins regarding the N-terminal cap; hence, it was named depsibosamycin
O. The calculated molecular formula of the remaining fragment by (C1,H;,NOs5*) indicates
an N-malonyl cap at the tyrosine residue (Figure 545).

The spectrum of depsibosamycins produced in the heterologous strain is in accor-
dance with previously published data. Depsibosamycins B and C are two members of the
depsibosamycin family carrying carbamoyl and carboxyl carbamoyl N-terminal modifica-
tions, respectively. As the genes required for the attachment of these moieties are located
outside the dbm gene cluster, the production of depsibosamycins B and C in heterologous
hosts is not expected. Depsibosamycin N is the smallest member of the depsibosamycin
family without an N-terminal modification. It is produced in the highest amounts, while
the modified depsibosamycins D and O are the minor products. The observed depsi-
bosamycins D and O carry acetyl and malonyl moieties at their N-termini, respectively.
Attachment of the acetyl moiety was proposed to be catalyzed by an unidentified enzyme
in the natural bosamycin producer [9]. It is likely that the enzymatic activities required
for the attachment of the acetyl and malonyl residues of depsibosamycins D and O are
encoded by unidentified genes within the genome of the heterologous host S. lividans TK24.

3.3. Determination of the Direct Biosynthetic Product of the dbm Gene Cluster

Both the linear bosamycins and the cyclic depsibosamycins have been identified in
the strain S. aurantiacus LU19074, while only linear derivatives were reported in a previous
study [9]. High similarity of the bsm and dbm (Figure 4) clusters raises the question of which
of the compound families, bosamycins or depsibosamycins, are the direct biosynthetic
products. To investigate this, the time course of bosamycin and depsibosamycin production
was studied. For this purpose, the S. aurantiacus strain was cultivated in DNPM for six days,
and the production was screened by LC-MS every day (Figure 5). Cyclic depsibosamycin
C was already detected in high amounts after 1 day, while its linear form bosamycin C
was barely detectable at this time point. In the course of the following five days, the
concentration of depsibosamycin C in the culture did not increase significantly. In contrast,
the concentration of bosamycin C increased over the course of cultivation and peaked on
the fourth day before it declined again. The obtained data indicate that linear bosamycin C
originates from the linearization of cyclic depsibosamycin C. This is in accordance with the
heterologous expression results. In the recombinant strain S. lividans 17, linear bosamycin
D was detected in very low amounts, while cyclic depsibosamycin D was produced in
high quantities (Figure 547). Furthermore, depsibosamycins N and O did not appear in
their linear forms. The cyclisation of the nascent polypeptide chain is often catalyzed by
the thioesterase (TE) domain; thus, we took a closer look at the TE domains of dbmD and
bsmD to determine structural differences. Alterations in the geometry of the TE binding
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pocket could have catalyzed the formation of the cyclic product by enabling intramolecular
esterification [6,7]. However, alignment of the TE domains of bsmD and dbmD revealed 98%
identity (Figure 546), suggesting that altered catalytic activity is unlikely. Furthermore, the
sequence analysis of the genes flanking the dbm cluster (orf — 5—orf — 1 and orf + 1-orf + 5)
did not reveal any genes that could catalyze the cyclization reaction (Table 1).

m depsibosamycin C  ® bosamycin C

3.5x10%

3.0x108%

2.5x108
2.0x10% -
1.5x10%

peak area

1.0x108 |

0.5x108

0.0x108 |

day

Figure 5. Depsibosamycin C and bosamycin C production in S. aurantiacus LU19075 over the course

of 6 days.

This suggests that the TE domain of DbmD is responsible for catalyzing the cyclization
of the mature linear peptide rather than hydrolytic cleavage. The poor stability of the cyclic
depsibosamycins might have prevented their previous discovery in the Streptomyces sp.
120454 strain.

4. Conclusions

In this study, we describe the discovery of the new cyclic depsibosamycins B, C, and
D from the strain S. aurantiacus LU19075. The compounds consist of the same amino acids
as the previously discovered bosamycins B, C, and D but differ by the side-chain-to-tail lac-
tonization of serine and glycine. By in silico analysis, we identified a depsibosamycin (dbm)
gene cluster. Heterologous expression of the dbm cluster revealed the production of cyclic
depsibosamycin D and the two new depsibosamycins N and O. Linear bosamycin D was
detected only in small quantities. Since the cyclic depsibosamycins have not been reported
previously, the origin of cyclic depsibosamycins and linear bosamycins was investigated.
By comparing the production rates of linear bosamycin C and cyclic depsibosamycin C,
we found that the linear bosamycin likely originates from cyclic depsibosamycin. Further-
more, we compared the two biosynthetic gene clusters, in particular, the TE domains. No
significant difference could be detected, suggesting the same product for both gene clusters.
Therefore, we postulate that the linear bosamycins might be a product of enzymatic or
physicochemical degradation.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/microorganisms9071396/s1, Figure S1: LC-MS spectra of isolated bosamycin B-D and
depsibosamycin C, Figures S2-S6: 1H, 13C, HSQC, COSY, and HMBC NMR data of depsibosamycin C,
Figure S7: Extra dry HMBC spectrum of depsibosamycin C, Figures S8 and S9: N-HSQC and ROESY
spectrum of depsibosamycin C, Figure S10: Overlapping edited HSQC spectra of depsibosamycin
C and bosamycin C, Figures S11-S17: 'H, 13C, HSQC, COSY, HMBC, N-HSQC, and ROESY NMR
data of bosamycin B, Figures S18-S27: 'H, 13C, HSQC, COSY, HSQC-TOCSY, HMBC, N-HSQC, and
ROESY NMR data of bosamycin C, Figures 528-533: 'H, 13C, HSQC, COSY, HMBC, and NOESY
NMR data of bosamycin D, Figure S34: Marfey’s method: MS spectra of bosamycin C, Figure S35:
Structure of bosamycin C with stereochemistry, Figure 536: 'H NMR spectrum of DL-erythro-B-
hydroxyaspartic acid, Figure S37: 'H NMR spectrum of DL-threo-8-hydroxyaspartic acid, Figures
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S38-540: MS/MS spectra of bosamycin B-D, Figures 541-S43: MS/MS spectra of depsibosamycin B—
D, Figure 544: MS/MS spectra of depsibosamycin N, Figure S45: MS/MS spectra of depsibosamycin
O, Figure 546: TE domain alignment of the depsibosamycin cluster (Query) and the bosamycin
cluster (Sbjct), Figure S47: LC-MS chromatograms of S. lividans I7 with the dbm gene cluster, Table
S1: Strains, BACs, plasmids, and primers used in this work, Table S2: NMR data for depsibosamycin
C, Table S3: NMR data for bosamycin B, Table S4: NMR data for bosamycin C, Table S5: NMR data
for bosamycin D.
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1. Strains, BACs, Plasmids and Primers Used in this Work

Table S1: Strains, BACs, plasmids and primers used in this work.

Material Purpose

Bacterial strains

Streptomyces aurantiacus LU19075 wild type strain [BASF]

Streptomyces lividans TK24 heterologous host[1]

Escherichia coli GB05 RedCC cloning host [Helmholtz Institute fiir Pharmaceutische
Forschung (HIPS)]

Escherichia coli ET12567 pUB307 alternate host intergeneric conjugation[2]

BACs

17 Heterologous expression of depsibosamycin cluster

Plasmids

PSMART Lucigen (USA)




2. High Resolution Masse of the Isolated Bosamycin B-D and Depsibosamycin C
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Figure S1: LC-MS spectra of isolated bosamycin B-D (1-3) and depsibosamycin C (4).




3. NMR Data of the Isolated Bosamycin B-D and Depsibosamycin C

Table S2: NMR data (700 MHz, DMSO-d6) for depsibosamycin C.

unit on, multiplicity, (J in Hz) oc ON
Gly
1-COOH 168.7
2 — CHan 3.98, dd (16.6, 6.1) 41.6

CHa2 3.73, m
3-NH 7.56,t(6.1) 105.2
Leu
4-CO 171.2
5 - CHa 429, m 49.6
6 — CHp, 1.42, ovl’ 37.5

CHg.2 1.34, m
7 - CHy 1.26, m 23.8
8 — CHsa 0.76,d (5.7) 22.8
9 — CHs2 0.70,d (5.5) 21.5
10 -NH 7.97,d (7.8) 125.5
0-MeO-Tyr
11-CO 171.0
12 - CHa 4.50, ovI’ 52.4
13 — CHga 291, m 29.2

CHg.2 2.64, ovl
14 115.2
15 158.0
16 6.33, bs 98.7
17 157.3
17 -OH 9.16, bs
18 6.17, d (7.33) 106.4
19 6.81,d (7.6) 130.9
20 3.71, s 55.1
21-NH 7.66, d (8.5) 122.8
Ser
22-CO 168.5
23 - CHa 4.52, ovl’ 51.8
24 — CHg,1 4.11,d (9.9) 65.7
CHp,2 4.21,d (8.5)

25-NH 8.27, ovl’ 116.6
-OH-Asp
26 -CO 168.9
27 — CHa 4.69,t(7.2) 55.2
28 — CHg 4.16, d (6.6) 70.9
28 - OH 6.11, bs
29 - COOH 172.6
30-NH 8.19,d (7.5) 111.3




Leu

31-CO 172.3
32 - CHa 4.48, ovl’ 50.9
33 - CHg 1.43, ovl” 41.0
34 - CHy 1.38, m 24.0
35 - CHas, 0.81, ovl* 23.2
36 — CHo2 0.80, ovl* 21.2
37 -NH 8.26, ovl’ 119.8
Tyr
38-CO 171.2
39 — CHa 4.48, ovl’ 54.7
40 — CHga 2.84, m 37.3

CHg 2.67, ovl
41 127.2
42, 46 7.06,d (7.2) 130.2
43, 45 6.63,d (7.3) 114.8
44 156.0
44 - OH 9.11, bs
47 - NH 8.41,d (6.1) 118.6
Tyr
48 - CO 170.1
49 — CHa 447, ovl* 53.9
50 — CHpa 2.60, ovl* 36.6

CHeg.2 2.73, m
51 127.0
52, 56 6.73,d (7.2) 130.0
53, 55 6.55,d (7.3) 114.8
54 155.8
54 -OH 9.11, bs
57 - NH 8.26, ovl* 114.7
FCA
58 -CO 158.7
59 - NH 11.45, bs 169.2
60 - COOH 156.2

*signal overlap
OH

depsibosamycin C
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Figure S2: 'TH NMR spectrum (700 MHz, DMSO-d6) of depsibosamycin C.
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Figure S3:3C NMR spectrum (700 MHz, DMSO-d6) of depsibosamycin C.
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Figure S9: ROESY spectrum (700 MHz, DMSO-d6/TFA) of depsibosamycin C.
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Table S3: NMR data (700 MHz, DMSO-d6) for bosamycin B.

unit on, multiplicity, (J in Hz) oc ON
Gly
1-COOH 171.7
2 — CHa 3.71, m 41.2
3-NH 8.10, t (5.8) 105.2
Leu
4-CO 173.2
5 - CHa 411, m 51.4
6 - CHsg 1.34, m 40.8
7 - CHy 1.14, m 24.4
8 — CHaa 0.75,d (6.5) 23.7
9 — CHasp. 0.68, d (6.5) 22.1
10 -NH 7.91,d (8.3) 121.3
0-MeO-Tyr
11-CO 171.4
12 - CHa 432, m 54.4
13 — CHg: 2.71,dd (13.5,7.3) 32.2
CHp2 2.79,dd (13.8, 8.3)
14 115.5
15 158.8
16 6.31, d (2.0) 99.2
17 158.2
17 -OH 9.21, bs
18 6.18,dd (8.1, 2.1) 107.1
19 6.78,d (8.3) 131.7
20 3.70, s 55.7
21 -NH 7.93,d (6.8) 121.3
Ser
22-CO 170.5
23 - CHa 4.20, m 56.1
24 — CHg,1 3.49, ovI’ 62.3
CHp,2 3.55, dd (10.5, 5.4)
25 -NH 7.82,d (7.3) 116.3
[-OH-Asp
26-CO 169.4
27 — CHa 4.72,dd (8.7, 6.0) 55.7
28 — CHg 4.08,d (5.8) 71.7
29 - COOH 173.5
30 -NH 8.37,d (8.7) 112.5
Leu
31-CO 172.9
32 — CHa 442, m 51.3
33 - CHsg 1.45, m 41.5
34 - CHy 1.40, m 247

13



35 - CHo,1 0.80, d (6.1) 24.1
36 — CHo,2 0.78,d (6.1) 21.7
37 -NH 8.22,d (8.3) 119.5
Tyr
38-CO 171.9
39 — CHa« 4.45, m 55.2
40 — CHga 2.60, dd (13.4, 9.8) 37.9

CHg. 2.85,dd (13.5, 4.4)
41 128.7
42,46 7.07,d (8.5) 131.0
43, 45 6.62, d (8.5) 115.5
44 156.6
44 - OH 9.14, bs
47 - NH 8.28, d (8.0) 118.5
Tyr
48 - CO 172.5
49 — CHa 4.26, m 54.9
50 — CHg:1 2.34,dd (13.6, 8.2) 38.3

CHg:2 2.55, dd (14.1, 4.0)
51 128.3
52, 56 6.67,d (8.3) 130.7
53, 55 6.55, d (8.3) 115.4
54 156.2
54 - OH 9.12, bs
57 -NH 6.01, d(8.2) 87.2
FCA
58 - CO 159.0
59 — NH: 5.54, bs 76.1
*signal overlapping

|
OH O.us OH
HO._ _COOH

HoN 8 H /ﬁ/o j%?_(‘s/n i 11 g i , OH

Sy

(0] o] H o H o] H (0]

OH
OH

bosamycin B
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Figure S11: '"H NMR spectrum (700 MHz, DMSO-d6) of bosamycin B.
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Figure S12: °C NMR spectrum (500 MHz, DMSO-d6) of bosamycin B.
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Figure S14: COSY spectrum (700 MHz, DMSO-d6) of bosamycin B.
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Figure S16: N-HSQC spectrum (700 MHz, DMSO-d6) of bosamycin B.
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Table S4: NMR data (700 MHz, DMSO-d6+TFA) for bosamycin C.

unit on, multiplicity, (J in Hz) oc ON
Gly
1- COOH 1714
2 — CHa 3.70, ovl 41.5
3-NH 8.53, bs 105.0
Leu
4-CO 1724
5 - CHa 4.15,dt (5.2,9,2) 51.4
6 — CHp 1.44, m 40.1
7 — CHy 1.34, m 23.8
8 — CHsn 0.80, ovl* 23.1
9 — CHas,2 0.73,d (6.4) 21.2
10 - NH 7.90, d (8.5) 120.4
0-MeO-Tyr
11-CO 171.0
12 — CH« 4.33, pq 53.7
13 — CHpga 3.03, m 31.0
CHpg. 2.72, ovl
14 115.8
15 158.0
16 6.30, d (2.2) 98.6
17 157.2
17 - OH 9.15, bs
18 6.17,dd (2.2, 8.1) 106.4
19 6.87,d (8.2) 131.2
20 3.70, s 55.1
21-NH 8.15, bs 120.4
Ser
22 -CO 169.9
23 — CHa 4.05, m 55.2
24 — CHg1 3.62,dd (4.4, 10.2) 61.4
CHg,2 3.52,dd (3.7, 10.5)
25 -NH 7.68,d (6.5) 115.5
-OH-Asp
26 - CO 168.9
27 — CHa 4.64,dd (3.6,7.5) 56.2
28 - CHp 3.97,d (3.0 72.7
29 - COOH 174.5
30-NH 8.11, bs 112.6
Leu
31-CO 171.8
32 - CHa 442, m 50.7
33 - CHp 1.44, m 40.8
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34 - CHy

35— CHa,1

36 — CHs2

37 -NH

Tyr

38 -CO

39 — CHa

40 - CHpa
CHg2

41

42,46

43, 45

44

44 - OH

47 - NH

Tyr

48 - CO

49 — CHa«

50 — CHga
CHg:2

51

52, 56

53, 55

54

54 - OH

57 - NH

FCA

58 - CO

59 - NH

60 - COOH

1.43, ovl'
0.82,d (5.9)
0.78, ovl’
8.23,d (7.9)

452, dt (5.1, 8.9)

2.88, dd (5.3, 13.8)

2.66, ovl*

7.05 (8.4)
6.62, d (8.4)

9.11, bs

8.42, d(7.34)

4.48, dt (4.5, 8.7)
2.73, ovl*
2.64, ovl

6.72,d (8.4)
6.54, d (8.4)

9.11, bs
8.27,d (8.7)

11.51, s

24.0
23.3
21.2

170.7
54.5
37.5

127.6
130.2
114.8
155.9

169.7
54.0
36.5

127.2
130.1

114.8
155.8

158.8

156.3

119.3

117.9

114.9

168.2

*signal overlapping

bosamycin C
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Figure S18: '"H NMR spectrum (700 MHz, DMSO-d6/TFA) of bosamycin C.
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Figure S19: '"H NMR spectrum (700 MHz, MeOD) of bosamycin C.
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Figure S20: '"H NMR spectrum (700 MHz, DMSO-d6) of bosamycin C.
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Figure S21: °C NMR spectrum (700 MHz, DMSO-d6) of bosamycin C.
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Figure 522: HSQC spectrum (700 MHz, DMSO-d6) of bosamycin C.
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Figure S23: COSY spectrum (700 MHz, DMSO-d6) of bosamycin C.
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Figure 524: HSQC-TOCSY spectrum (700 MHz, DMSO-d6) of bosamycin C.
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Figure S25: HMBC spectrum (700 MHz, DMSO-d6) of bosamycin C.
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Figure S26: N-HSQC spectrum (700 MHz, DMSO-d6) of bosamycin C.

Figure S27: ROESY spectrum (700 MHz, DMSO-d6) of bosamycin C.
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Table S5: NMR data (500 MHz, DMSO-d6) for bosamycin D.

unit on, multiplicity, (J in Hz) oc

Gly

1-COOH 171.1

2 — CHa 3.71, ovl’ 40.8

3-NH 8.17, ovl’

Leu

4-CO 172.4

5 - CHa 4.12, ovI’ 50.9

6 - CHsg 1.36, t (7.3) 40.3

7 - CHy 1.20, m 23.7

8 — CHs, 0.76, d (5.0) 23.2

9 — CHasp. 0.69, d (6.5) 21.3

10 -NH 7.90,d (8.2)

0-MeO-Tyr

11-CO 170.9

12 - CHa 4.32,dt(7.2,7.6) 53.7

13 — CHg: 2.84, ovl’ 31.4
CHp2 2.71,dd (13.2,7.5)

14 115.2

15 158.1

16 6.31,d (2.2) 98.6

17 - 157.4

17 -OH 9.18, bs

18 6.18, dd (8.0, 2.12) 106.4

19 6.80, d (8.2) 131.0

20 3.70, s 55.1

21 -NH 7.96, bs

Ser

22-CO 169.8

23 — CHa 4.16, ovl’ 55.3

24 — CHg,1 3.57,dd (11.0, 5.6) 61.6
CHp,2 3.51dd (10.5, 4.1)

25 -NH 7.81,d (7.6)

[-OH-Asp

26-CO 168.7

27 — CHa 4.70, t (6.0) 55.3

28 — CHg 4.08, d (5.6) 71.3

29 - COOH 173.0

30 -NH 8.29, m

Leu

31-CO 172.1

32 — CHa 4.39, ovl’ 50.8

33 -CHg 1.43, ovl” 40.7

34 - CHy 1.40, ovl 24.0

26



35 - CHas1 0.80,d (5.9) 23.3

36 — CHo,2 0.77,d (3.6) 21.2

37 -NH 8.18, d (8.2)

Tyr

38 -CO 171.1

39 - CHa 447, m 54.3

40 — CHga 2.84,dd (13.6, 5.2) 37.3
CHse 2.61 dd (13.6, 3.8)

41 127.6

42, 46 7.02,d (8.5) 130.2

43, 45 6.59, d (3.8) 114.7

44 155.8

44 - OH 9.12, bs

47 - NH 8.32,d (8.2)

Tyr

48 - CO 171.3

49 — CHa 4.38, ovl 54.5

50 — CHga 2.55,dd (13.9, 4.0) 36.9
CHg. 2.37,dd (13.6,9.9)

51 128.1

52, 56 6.89, d (8.6) 130.0

53, 55 6.60, d (3.8) 114.8

54 155.7

54 - OH 9.12, bs

57 - NH 7.97, bs

Acetyl

58 - CO 169.3

59 1.72, s 22.4

*signal overlapping

OH
COOH
58 38 26
e ﬁf w%“i Y

o] o]

OH
bosamycin D
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Figure S28: '"H NMR spectrum (500 MHz, DMSO-d6) of bosamycin D.
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Figure S29: 3C NMR spectrum (500 MHz, DMSO-d6) of bosamycin D.
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Figure S30: Edited HSQC spectrum (500 MHz, DMSO-d6) of bosamycin D.
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Figure S31: COSY spectrum (500 MHz, DMSO-d6) of bosamycin D.
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Figure S32: HMBC spectrum (500 MHz, DMSO-d6) of bosamycin D.
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Figure S33: NOESY spectrum (500 MHz, DMSO-d6) of bosamycin D.
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4. Stereochemical Assignment by Marfey’s Method
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Figure S34: Marfey’s method: MS spectra of bosamycin C derivatized with D-/L-FDLA (bottom) and the reference
amino acids (AA) derivatized with D-/L-FDLA (top). The annotation is as follows: Gly (1), L-Ser (2), L-Leu (3), L-
Tyr (L4, L4*), D-Tyr (D4, D4*), L-erythro-2-OH-Asp (L5), D-erythro-2-OH-Asp (D5), DL-threo-2-OH-Asp (6) and o-
MeO-D-Tyr (7, 7¥). L4*, D4* and 7* represent AA+2xFDLA. The exact location of D- and L-tyrosine was achieved
later on by comparison of the biosynthetic gene cluster domains. 5-MeO Tyr was identified as D-conformer due to
a shorter retention time when derivatized with D-FDLA

Figure S35: Structure of bosamycin C with stereochemistry determined by Marfey’s method. The stereo chemical
assignment of bosamycin C was in agreement with the data reported in the literature [3].
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Figure S36: 'H NMR spectrum (500 MHz, D20) of DL-erythro-f-hydroxyaspartic acid.
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Figure S37: 'TH NMR spectrum (500 MHz, D20) of DL-threo-p-hydroxyaspartic acid.
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5. MS/MS Fragmentation Data
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Figure 538: MS/MS analysis of bosamycin B.
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Figure $39: MS/MS analysis of bosamycin C.
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Figure 540: MS/MS analysis of bosamycin D.
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Figure S41: MS/MS analysis of depsibosamycin C.
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Figure S42: MS/MS of depsibosamycin B.
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Figure S43: MS/MS analysis of depsibosamycin D.
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Figure S44: MS/MS of depsibosamycin N, produced by S. lividans 17.
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Figure S45: MS/MS analysis and the calculated masses of the expected fragments of depsibosamycin O produced
by S. lividans 17.
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Score Expect Method Identities Positives Gaps
484 bits(1247) 5e-154 Compositional matrix adjust. 235/239(98%) 236/239(98%) 0/239(0%)

COuery 1 PIFCVHPAGGHSWGY YHLENHLPPGHPLYGLOARTLLOGAEFPPATLARMAADYVEQLRSY &0
PIFCVHPAGGHSWGYYHLENHLPPGHPLYGLOARTLLOGAEPPATLARMARDYVEQLREV
Sbjct 3676 PIFCVHPAGGHSWGYYHLENHLPPGHPLYGLOARTLLOGREPPATLAAMAADYVEQLRSV 3735

Query 61 QPHGPYHIVGWSFGGLVAFEMATRLOAQGEEVALLALLDAFPSAATEEGDEAVPADEDSM 120
QPHGPYHIVGWSFGGLVAFEMATRLOAQGE VALLATLLDAFPSALR EEGDEAVEFADEDSM
Sbjct 3736 QPHGPYHIVGWSFGGLVAFEMATRLOROGEVVALLALLDAFPSAARFEGDERVEADEDSM 3755

Query 121 LEMIAANAGYDPRDITTVGADEPLTESALSEFFQOVGAVMANLTADDLRETFAHTLEHNAH 180
LEMIAANAGYDPRDITTVGADEPLTPSALSEFFOOVGAVMANLTADDLRTFAHTLEHNAH
Sbject 3796 LEMIAANAGYDPEDITTVGADEPLTPSALSEFFQQOVGAVMANLTADDLRTFAHTLRHNAH 3855

Query 181 IGAAFTPGVFRGDVLLLTAALGRDGAETAPERGRHAWNTANVTGRIDEHRVPCRHDOMILM 239

IGAAFTPGVFRGDVLLLTAALGRDGAETAPERGE AWTAHVIGRIDEHR+PCREDDMLM
Sbjct 3856 IGARFTPGVFRGDVLLLTAALGRDGAETAPERGREAWTAHVIGRIDEHRLPCREDDMLM 3514

Figure S46: TE domain alignment of the depsibosamycin cluster (Query) and the bosamycin cluster (Sbjct).

RT: 2.96 -12.00 N depsibosamycins
100 @) 8.02 NL: 1.64E7
3 _Base Peak miz=
80 N'1021.00-1022.00+
3 o D 1063.00-1064.00+
603 8.46 0 1107.00-1108.00
40 MS d3_2but
E D
203 867
0 7 bosamycin
_ (b) 7.23 ML:1.43E5
1993 D Base Peak m/z=
803 D 1081.00-1082.00
603 MSd3 2but
40 8.58
203 8.03 A
- il A

0
100

80
&0

NL: 2.67E7
Base Peak MS
d3_2but

NL: 2.34E7
Base Peak MS

s liv.TK24_ DNPM_B
uT

0
40
20
0
3 4 5 6 7 8 9 10 11
Time (min)

Figure S47: LC-MS chromatograms of S. lividans 17 with the dbm gene cluster showing (a) the extracted masses of
depsibosamycin D, N and O (b) the extracted mass of bosamycin D, (c) the base peak chromatograms (bpc) of S.
lividans 17 and (d) the bpc of the empty host S. lividans TK24 .
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Abstract: Targeted genome mining is an efficient method of biosynthetic gene cluster prioritization
within constantly growing genome databases. Using two capreomycidine biosynthesis genes, alpha-
ketoglutarate-dependent arginine beta-hydroxylase and pyridoxal-phosphate-dependent amino-
transferase, we identified two types of clusters: one type containing both genes involved in the
biosynthesis of the abovementioned moiety, and other clusters including only arginine hydroxylase.
Detailed analysis of one of the clusters, the flk cluster from Streptomyces albus, led to the identification
of a cyclic peptide that contains a rare D-capreomycidine moiety for the first time. The absence
of the pyridoxal-phosphate-dependent aminotransferase gene in the flk cluster is compensated by
the XNR_1347 gene in the S. albus genome, whose product is responsible for biosynthesis of the
abovementioned nonproteinogenic amino acid. Herein, we report the structure of cyclofaulknamycin
and the characteristics of its biosynthetic gene cluster, biosynthesis and bioactivity profile.

Keywords: D-capreomycidine; cyclofaulknamycin; cyclopeptide; Streptomyces

1. Introduction

Cyclic peptides possess a wide variety of biological activities with high application
potentials as antibiotics (e.g., vancomycin and teicoplanin) and phytopathogenic agents
(e.g., cyclothiazomycin, neopeptin, and kutznerides) [1-3]. Their biosynthesis is accom-
plished via ribosomal [4] or nonribosomal biosynthetic machinery [5]. Peptides of both
origins show extremely high structural diversity resulting from the presence of a large
variety of nonproteinogenic amino acids that are either used for the biosynthesis of the
peptides or generated as a result of post-translational modifications [4,6]. A growing
group of peptide compounds with important biological activities contains a rare structural
class of amino acids, derivatives of arginine with unique five- or six-membered cyclic
guanidine moieties (enduracididine and capreomycidine, respectively) [7,8]. For instance,
mannopeptimycin and its semisynthetic analogs represent a new class of lipoglycopep-
tides with exceptional activity against MRSA, VRE, and penicillin-resistant Streptococcus
pneumoniae [9,10]. Enduracidins A and B are depsipeptides containing two enduracididine
moieties that are active against Gram-positive bacteria, including resistant strains and
Moycobacterium species [11]. Teixobactin is a peptide-like compound with potent activity
against different multidrug-resistant bacteria, including M. tuberculosis and Clostridium
difficile [12], and does not induce the development of resistance [13]. Viomycin, which
is an essential component in the drug cocktail currently used to treat M. tuberculosis in-
fections, also contains the capreomycidine amino acid moiety [14]. A broad spectrum
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of evidence supports the notion that the presence of arginine residues in linear or cyclic
antimicrobial peptides enhances their activity [15]. For example, the relevance of argi-
nine to the activity of small peptides was demonstrated by less potent lysine-containing
analogs of an 11-residue lactoferricin segment [16]. In addition to peptide compounds,
other classes of natural products (NPs) containing arginine residues, or derivatives thereof,
possess promising activities [8,17]. Recently, it was shown that the incorporation of argi-
nine residue into the chemical structure of vancomycin confers it with cell-killing activity
against carbapenem-resistant E. coli, which are Gram-negative bacteria [18]. Thus, NPs
containing rare nonproteinogenic amino acid derivatives, including arginine, and their
coding gene clusters, are of particular interest because they can serve as chemical scaffolds
for biochemical and semisynthetic modifications to expand their biochemical diversity and
as a source of genes for combinatorial biosynthesis. These features make them an important
source of pharmacologically active and industrially relevant secondary metabolites.

In this article, we describe the utilization of two genes encoding enzymes responsible
for the biosynthesis of the capreomycidine moiety, alpha-ketoglutarate-dependent arginine
beta-hydroxylase, and pyridoxal-phosphate-dependent aminotransferase, for the targeted
genome mining of new peptide compounds containing the abovementioned amino acid.
The genome analysis of a well-characterized S. albus strain revealed the presence of an
arginine beta-hydroxylase-encoding gene homolog in one of the NRPS gene clusters. To
identify the product of this cluster, the metabolomes of two previously developed S. albus
mutant strains [19] with and without the abovementioned cluster were compared. The
analysis and comparison of the secondary metabolite profiles of the two strains allowed us
to identify compounds with molecular masses of 731.4 and 749.4 Da, which correspond to
the molecular weights of the predicted but never-identified cyclic faulknamycin compound
and the recently described linear faulknamyecin, respectively [20]. This is the first identified
cyclic peptide compound with the rare D-capreomycidine amino acid. Furthermore, a
gene encoding pyridoxal-phosphate-dependent aminotransferase located outside of the
identified cluster is shown to be involved in the biosynthesis of the D-capreomycidine
moiety. Herein, we report the structure of this compound and describe its biosynthetic
gene cluster, biosynthesis and bioactivity profile.

2. Materials and Methods
2.1. Bacterial Strains and Culture Conditions

The bacterial strains used in this study are listed in Table 1. The E. coli strains were
grown in Luria-Bertani (LB) broth medium. When required, antibiotics (Carl Roth, Karl-
sruhe, Germany; Sigma-Aldrich, St. Louis, MO, USA) were added to the cultures at the fol-
lowing concentrations: 75 g mL~! ampicillin, 50 pg mL~! kanamycin, 50 or 120 pg mL ™!
hygromycin, and 50 pg mL~! apramycin (Carl Roth, Karlsruhe, Germany; Sigma-Aldrich,
St. Louis, MO, USA). E. coli GB05-red [21] was employed in Red/ET recombineering
experiments [22].

For conjugation, the Streptomyces albus ]1074, del9 and del10 [19] strains were grown
on oatmeal or mannitol soy (MS) agar [23] for sporulation.

2.2. Recombinant DNA Techniques

Chromosomal DNA from Streptomyces strains and plasmid DNA from E. coli were
isolated using standard protocols [23,24]. Restriction enzymes and molecular biology
reagents were used as per the manufacturer’s protocol (NEB, Ipswich, UK; Thermo Fisher
Scientific, Waltham, MA, USA).
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Table 1. Strains and plasmids used in this study.

Bacterial Strains and Plasmids Description Source or Reference

S. albus J1074

Isoleucine and valine auxotrophic

derivative of S. albus G (DSM 40313) Salas J., Oviedo, Spain
lacking Sall-restriction activity

S. albus G (DSM 40313) lacking 9

S. albus del9 . This work
secondary metabolite gene clusters
S. albus del10 S.albus G (DSM 49313) lacking 10 This work
secondary metabolite gene clusters
S. albus del9 strain carrying the deletion .
S. albus del9 delXNR_1347 of the XNR_1347 gene This work
E. coli ET12567 (pUB307) conjugative transfer of DNA Kieser et al., 2000

E. coli GB05-red

PSMART

2K9/2

2K9/2delXNR_1347

Derivative of GB2005 containing
integration of PBAD-ETgA operon
Chloramphenicol-resistant, general

cloning BAC vector
PSMART derivative containing a piece of
the S. albus J1074 chromosome
2K9/2 derivative containing deleted
XNR_1347 gene

Zhang et al., 2000
Thermo Fisher Scientific
Myronovskyi et al., 2018

This work

2.3. Construction of the delXNR_1347 BAC Vector

In the Red/ET recombination experiment, a linear DNA fragment containing an
apramycin resistance marker and an origin of transfer (oriT) flanked by suitable homology
arms was generated by PCR using the XNR_1347RedFor and XNR_1347RedRev primer pair
(Table 2). PCR was carried out with Phusion DNA polymerase (Thermo Fisher Scientific,
Waltham, MA, USA), according to the manufacturer’s protocol. The PCR product was
concentrated by ethanol precipitation prior to further use. In general, 300 uL of an overnight
culture of E. coli GB05-red (Table 1) cells harboring the parent to be modified, 2K9/2 BAC,
was inoculated into 15 mL of LB, and the culture was incubated on a shaker at 37 °C and
200 rpm for 2 h. Thereafter, 400 pL of 10% L-rhamnose was added to the culture to induce
the expression of the recombinases. Cultivation was then continued for 45 min. The cells
were subsequently harvested by centrifugation, washed twice with ice-cold distilled H,O,
and resuspended in 600 pL of 10% ice-cold glycerol. The PCR product was mixed with the
electrocompetent cells, which were then transferred to an ice-cold electroporation cuvette
(1 mm). The mixture was subsequently electroporated at 1800 V (Eppendorf electroporator),
followed by the addition of 750 uL LB. The cells were cultivated at 37 °C for 90 min before
the culture was transferred to LB agar plates with apramycin. The plates were incubated
at 37 °C overnight. Correct transformants were verified by the restriction analysis and
sequencing of the isolated BAC DNA using the XNR_1347F and XNR_1347R primers
(Table 2).

Table 2. Primers used in this work.

Primers

Sequence 5'-3' Purpose

XNR_1347RedFor

XNR_1347RedRev

TGGAGCGGGAGCGCGAGCAGGACGAGCGGCGCGA
GCGGGCGTGAGCCGCCGGGTGCCCGCGCCCG
GTCATATCCATCCTTTTTCGCACGATATAC XNR_1347 gene deletion
CGACGCCTGGCTGCCGGGGCTCCCGCGCGGGTCCG
TAGAATCGGCCCCACCATGGCCTACCTCGACCACC
AGATTACGCGCAGAAAAAAAGGATCTC

XNR_1347F
XNR_1347R

AAGAAGCAGCTGGAGCGGGAG

ACCATCGCCTACCTCGACCAC XNR_1347 gene deletion check
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2.4. Construction of the S. albus delXNR_1347 Mutant

The 2K9/2delXNR_1347 (Table 1) gene disruption BAC was transferred from E. coli
ET12567 /pUB307 cells into S. albus del9 cells by means of conjugation [23]. Transconjugants
were selected for resistance to apramycin (50 pg mL~1) and glucuronidase activity. The
abovementioned cosmid did not contain the origin of replication for Streptomycetes, all the
obtained exconjugants were the result of a first crossover event. For the generation of the S.
albus AXNR_1347 mutant, single-crossover apramycin and blue mutants were screened for
the loss of glucuronidase activity (blue pigmentation) as the result of a double-crossover
event. The replacement of the XNR_1347 gene was confirmed by PCR using the XNR_1347F
and XNR_1347R primer pair (Table 2).

2.5. Metabolite Extraction and Analysis

S. albus strains were cultivated in 25 mL TSB medium for 48 h at 28 °C. The main
cultures containing 50 mL of SG were inoculated with 2 mL of preculture. After 5 days of
cultivation at 28 °C, the secreted metabolites were extracted with ethyl acetate and butanol,
followed by solvent evaporation. The dry extracts were dissolved in 0.5 mL methanol,
and 1 uL of the dissolved sample was separated in a Dionex Ultimate 3000 RSLC system
using a BEH C18, 100 x 2.1 mm, 1.7 um dp column (Waters Corporation, Milford, MA,
USA). The separation of a 1 pl sample was achieved via a linear gradient with a mobile
phase of water/acetonitrile, each containing 0.1% formic acid, with a gradient from 5-95%
acetonitrile applied over 9 min at a flow rate of 0.6 mL/min and 45 °C. High-resolution
mass spectrometry was performed on an Accela UPLC system (Thermo Fisher Scientific,
Waltham, MA, USA) coupled to a LTQ Orbitrap XL mass spectrometer ( Thermo Fisher
Scientific, Waltham, MA, USA) operating in positive or negative ionization modes. Data
were collected and analyzed with Thermo Xcalibur software, version 3.0 (Thermo Scientific,
Waltham, MA, USA). The monoisotopic mass was searched in a natural product database.

2.6. Isolation and Purification of Cyclic and Linear Iso-Faulknamycin

For faulknamycin production, 2 mL of a 2-day-old preculture grown in 50 mL of TSB
media (Sigma-Aldrich, St. Louis, MO, USA) was inoculated into 100 mL of SG media, and
the culture was grown for 5 days at 28 °C with agitation at 200 rpm. The methanol extract
obtained after 10 L butanol extraction was used for the purification of the compounds in
an IsoleraTM One flash purification system (Biotage, Uppsala, Sweden) equipped with a
CHROMABOND Flash RS 330 C18 ec column (Macherey-Nagel, Dueren, Germany) using
a gradient of 5-95% aqueous methanol for 3 CV at a flow rate of 100 mL/min, with UV
detection at 210 and 280 nm. The fractions containing both faulknamycin compounds were
collected, pooled together, dried and dissolved in methanol. Thereafter, size-exclusion
chromatography was performed on an LH20 Sephadex column (Sigma-Aldrich, Louis, MO,
USA). Methanol was used as a solvent for elution. Fractions were collected every 12 min at
a flow rate of 0.6 mL/min. The fractions containing faulknamycins were pooled together,
evaporated, and dissolved in methanol. Then, the prepurified methanol extract was further
separated by preparative reversed-phase (RP) HPLC (Waters 2545 Binary Gradient module,
Waters, Milford, MA, USA) using a Nucleodur C18 HTec column (5 pm, 21 x 250 mm,
Macherey Nagel, Dueren Germany) with a linear gradient of 0.1% formic acid solution in
acetonitrile against 0.1% formic acid solution in water, applied at 5% to 95% over 33 min
at a flow rate of 5 mL/min. UV spectra were recorded with a PAD detector (Photodiode
Array Detector, Waters, Milford, MA, USA). The fractions containing the linear and cyclic
faulknamycin compounds were dried and dissolved in methanol. The final purification
step was performed in an RP HPLC system (Agilent Infinity 1200 series HPLC system)
equipped with a SynergiTM 4 um Fusion-RP 80 A 250 x 10 (Phenomenex, Torrance, CA,
USA) column using a linear gradient of [A] H20 + 0.1% formic acid/[B] acetonitrile + 0.1%
formic acid, applied at 5% to 95% [B] over 25 min at a flow rate of 3 mL/min, with a column
oven temperature of 45 °C and UV detection at 210 nm, followed by fraction control via
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HPLC-MS. Fractions were pooled to obtain the two pure faulknamycin isolates (1.2 mg of
linear faulknamycin and 1.4 mg of cyclic faulknamyecin).

2.7. Nuclear Molecular Resonance Spectroscopy (NMR)

NMR spectra were acquired on a Bruker Avance III, Ascent 700 MHz spectrometer
(298 K) equipped with a 5 mm TCI cryoprobe (Bruker, BioSpin GmbH, Rheinstetten,
Germany). The chemical shifts (6) were reported in parts per million (ppm) relative to
TMS. As a solvent, deuterated DMSO-d6 (6H 2.50 ppm., 5C 39.51 ppm.) from Deutero
(Kastellaun, Germany) was used. Edited-HSQC, HMBC, 1H-1H COSY and ROESY spectra
were recorded using the standard pulse programs from Bruker TOPSPIN v.3.6 software.

2.8. Marfey’s Method

Iso-faulknamycin, chymostatin and capreomycin were hydrolyzed in 100 pL 6 N
HCl at 110 °C for 45 min. While cooling down, the samples were dried for 15 min under
nitrogen and dissolved in 110 mL water, after which 50 uL of each sample was transferred
to a 1.5 mL Eppendorf tube. Next, 20 uL of 1 N NaHCO; and 20 pL of 1% L-FDLA or
D-FDLA in acetone were added to the hydrolysates. The amino acid standards were
prepared in the same way using only L-FDLA. The reaction mixtures were incubated at
40 °C for 90 min at 750 rpm and subsequently quenched with 2 N HCl to stop the reaction.
The samples were diluted with 300 uL ACN, and 1 pL of each sample was analyzed in
a maXis high-resolution LC-QTOF system using aqueous ACN with 0.1 vol% FA and an
adjusted gradient of 5-10 vol% for 2 min, 10-25 vol% for 13 min, 25-50 vol% for 7 min and
50-95 vol% for 2 min. Sample detection was carried out at 340 nm.

2.9. Genome Mining and Bioinformatic Analysis

Genome screening was performed using the BLAST online tool (blast.ncbi.nlm.nih.
gov/Blast.cgi (accessed on 15 June 2021)). The identified genomes were downloaded
from the NCBI genome database (www.ncbi.nlm.nih.gov/genome/ (accessed on 15 June
2021)). Gene cluster analysis was performed using the antiSMASH online tool (antismash.
secondarymetabolites.org/#!/start (accessed on 15 June 2021)) [25]. Analysis of genetic
data was performed using Geneious software, version 11.0.3 (Biomatters Ltd., Auckland,
New Zealand).

2.10. Antimicrobial Susceptibility Test

Minimum inhibitory concentrations (MICs) were determined according to standard
procedures. Single colonies of the bacterial strains were suspended in cation-adjusted
Miiller-Hinton broth to achieve a final inoculum of approximately 104 CFU mL . Serial
dilutions of cyclofaulknamycin (0.03 to 64 pg-mL~!) were prepared in sterile 96-well plates,
and the bacterial suspension was added. Growth inhibition was assessed after overnight
incubation (16-18 h) at 30-37 °C. A panel consisting of the following microbial strains was
tested: Acinetobacter baumannii DSM-30008, E. coli JW0451-2 (AacrB), S. aureus Newman, E.
coli BW25113 (wt), M. smegmatis mc2155, P. aeruginosa PA14, B. subtilis DSM-10, Citrobacter
freundii DSM-30039, Mucor hiemalis DSM-2656, Candida albicans DSM-1665, Cryptococcus
neoformans DSM-11959, and Pichia anomala DSM-6766.

3. Results and Discussion
3.1. Mining of Actinobacterial Genomes for the Presence of Capreomycidine Biosynthetic Genes

To identify the compounds containing the rare cyclic guanidino-amino acid capreomy-
cidine, two genes, vioC (encoding alpha-ketoglutarate-dependent arginine beta-hydroxylase)
and vioD (encoding the PLP-dependent aminotransferase (PLP-aminotransferase) from
the viomycin biosynthetic gene cluster [26], were used for the targeted genome analysis
and cluster searches in the NCBI database. As a result of the in silico mining performed,
two types of biosynthetic gene clusters (BGCs) were identified: one that contained both
homologs, and other clusters that included only one of the two genes (the vioC homolog).


blast.ncbi.nlm.nih.gov/Blast.cgi
blast.ncbi.nlm.nih.gov/Blast.cgi
www.ncbi.nlm.nih.gov/genome/
antismash.secondarymetabolites.org/#!/start
antismash.secondarymetabolites.org/#!/start
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We focused our attention on the second group of clusters, which have not previously been
characterized. Until recently, the products of both gene orthologs (VioC and VioD) were
considered to be required for capreomycidine biosynthesis [26]. During the preparation of
this manuscript, an article describing the new hypothetical pathway for capreomycidine
biosynthesis was published [20]. From the identified clusters, two flk BGCs that had a very
similar structure and NRPS domain organization attracted our attention; however, they
were identified in different microorganisms, S. albus J1074 and Streptomyces koyangensis
VK-A60T (Figure 1).

S. albus 11074
PP P 4@ P DD | 24 .D.E»:‘?"’]Lj

Phe Leu Val Arg Thr ) Thr

S. koyangensis VK-A60T

DD DEeR P (@ PP | M D PRI D
Phe Leu (Val Arg (Thr,  Thr

> regulatory genes B arginine beta-hydroxylase Y TTA codon

™ core biosynthetic genes I additional biosynthetic genes

> “transport related‘genes [> genes with unknown function

Figure 1. Structure of the flk clusters in the S. albus and S. koyangensis strains.

Furthermore, the recently published faulknamycin gene cluster (fau BGC) [20] ap-
peared to be very similar to the flk BGCs. Based on adenylation domain analysis, the
two clusters were predicted to encode hexapeptides composed of the same amino acids
(Figure 1). The main difference between the two identified BGCs was the presence of two
and three NRPS genes in the S. albus J1074 and S. koyangensis VK-A60T clusters, respec-
tively (Figure 1). PLP-dependent aminotransferase genes were not present in these clusters
or in the recently identified faulknamycin gene cluster. Tryon et al. suggested that the
capreomycidine moiety might be synthesized via the epimerization domain of the FauG
NRPS. However, at least one homolog of the PLP-aminotransferase gene was identified
within the S. albus ]J1074 (XNR_1347) and S. koyangensis VK-A60T genomes after careful
manual analysis. Taking into account this information, it was assumed that the XNR_1347
product might be involved in the biosynthesis of the capreomycidine moiety. The chemical
products of the flk clusters were not known; however, they were assumed to be identical to
faulknamyecin based on the in silico prediction of the NRPS domain organization and the
genes present in the clusters (Figure 1).

3.2. Analysis of an flk Gene Cluster in the S. albus Genome

The product of biosynthetic gene cluster 5 (flk cluster) from the well-studied S. albus
strain has never been described before. Based on in silico analysis and comparison with a
similar cluster from the S. koyangensis VK-A60T strain (Table S1, Figure 1), it was assumed
that the flk cluster contained 23 genes encoding proteins that are sufficient for final peptide
biosynthesis (Figure 1, Table S1). Among these genes, flkP and flkS encode two large multi-
functional NRPSs (Figure 1, Table S1) that are composed of six biosynthetic modules and are
therefore assumed to encode hexapeptides. Detailed analysis of the NRPSs, with the help of
NRPS Predictor 2 (abi-services.informatik.informati/tuebingen.de/nrps2/Controller?cmd
=SubmitJob (accessed on 15 June 2021)), allowed us to identify the adenylation domain (A-
domain) specificity of the individual modules (Table 3). Based on the substrate specificity-
conferring codes, it was assumed that domain A1 was responsible for the incorporation of
phenylalanine, A3 for valine, and A5 and A6 for threonine. The remaining two domains,
A2 and A4, are characterized by substrate promiscuity; however, they were predicted to
most likely be responsible for the incorporation of leucine and arginine or its derivatives,
respectively (Table 3). Sequence analysis of the FIkP NRPS revealed that it contained the
following domains: three A domains, three peptidyl carrier protein (PCP) domains, one
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epimerization domain and two condensation domains. These domains form three modules,
including one loading module and two elongation modules, with the following domain
organization: Appe-PCP-C-A[¢,-PCP-E-C-Ay,-PCP. E represents an epimerization domain
which is responsible for the conversion of L-amino acids into the D-form. The FIkP protein
ends with a PCP domain; thus, its product should be offloaded to the next multidomain
NRPS enzyme, which is FIkS. FIKS also contains three modules: C-A g -PCP-E-C-Ary,-PCP-
C-A1p,,-PCP-E. The presence of the two epimerization domains means that two D-amino
acids are incorporated into the peptide during its biosynthesis. NRPS chain-terminating
thioesterases are often found to exist as terminating domains in modular NRPSs [27]. How-
ever, no such domain was detected in the FIkP or FIKS proteins. Only the type II thioesterase
homolog FIkX was identified in the flk cluster as a stand-alone gene, whose product is
assumed to show proofreading activity. A homolog of the MppK alpha/beta hydrolase
from the mannopeptimycin gene cluster, FIkO, was identified in the cluster and is assumed
to be involved in the release of the hexapeptide from the biosynthetic machinery and its
further cyclization. The flkR gene is located between two NRPS genes and encodes an MbtH
homolog which is suggested to be involved in the promotion of NRPS production [28].
FIKT is a homolog of vioC [7] and encodes Fe(Il) /alpha-ketoglutarate-dependent arginine
beta-hydroxylase, which is involved in the biosynthesis of the capreomycidine moiety [26].
No homolog of the PLP-dependent aminotransferase is present in the fIk cluster or in the
cluster from S. koyangensis. Using BLAST analysis, we identified an XNR_1347 gene encod-
ing a PLP-dependent aminotransferase located outside of the flk gene cluster, which might
be involved in capreomycidine biosynthesis. Another possibility is that the biosynthesis
of the capreomycidine moiety is ongoing, as suggested by Tryon et al., 2020. FIkG and
flkH encode methyl- and mannosyltransferases, respectively, and might be involved in
post-translational modifications of the core peptide. Homologs of these genes are also
present in the mannopeptimycin biosynthetic gene cluster [10].

Table 3. Analysis of the adenylation domain specificity.

NRPS Signature Position of the Residues Is)ridlded
Domain ubstrate
235 236 239 278 299 301 322 330 331 517

Aq D A w T \Y A A \Y C K Phe
A D G M L \Y G A Vv K Leu
Az D A F A L G G T F K Val

™ D L A E s G A v D K Arg, Omn,
Lys
As D F W S \% G M \Y% H K Thr
Ag D F W S \% G M \% H K Thr

Two stand-alone putative FIkA and FIkW regulators, which belong to the DeoR/GIlpR
and ArsR families, respectively, are present in the cluster and might be involved in the
regulation of biosynthesis. Furthermore, FIkKW contains a TTA codon in the coding frame
and is thus subject to bldA regulation [29]. Two pairs of histidine kinases and response
regulators (Fl1kJ/FIkI and FIkN/FIkM) were detected in the cluster and might therefore
also be involved in the regulation of gene expression.

Three genes, flkB, flkV and flkD, encode putative sugar transporters that might be
involved in sugar uptake pathways. Transporters with similar putative functions (MppE
and F) are also present in the mannopeptimycin gene cluster [10]. FIkK and flkL encode
ABC transporters, and fIkU encodes a major facilitator superfamily transporter and might
thus be involved in antibiotic resistance.
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3.3. Identification of the flk Cluster Product

Although S. albus has been subjected to a great deal of investigation as a model
Streptomyces strain, the product of the flk cluster remains unknown. To identify this product,
we took advantage of two constructed mutant strains, S. albus del9 and del10, published
by Myronovsyki et al., 2018. The S. albus del9 strain contains the flk gene cluster, whereas
dell0 is characterized by the deletion of this cluster [19]. Both strains were cultivated in
SG production medium for 5 days, the culture broths were extracted with ethyl acetate
and butanol separately, and the obtained extracts were analyzed using LC/MS (for details,
see the Section 2). Comparison of the biosynthetic profiles of the two strains revealed the
disappearance of the molecular ions [M + H+] with masses of 750.4 and 732.4 Da from the
metabolic profile of the del10 strain (Figure S21). Thus, the flk cluster was considered to be
responsible for the biosynthesis of peptides with the above molecular masses. A search
for compounds with such masses in the dictionary of natural products did not reveal any
hits; therefore, the products were considered to be new. However, during the preparation
of this manuscript, a linear compound with one of these masses (750.4 Da), referred to as
faulknamycin, was published [20].

3.4. Purification and Structural Elucidation of Iso- and Cyclofaulknamycins

To gain insight into the structures of the produced compounds, the producer strain
S. albus del9 was cultivated in 10 L of SG production medium, and the metabolites were
extracted from the culture supernatant with butanol. The compounds with masses of 749.4
and 731.4 Da were successfully purified from the extract.

The structure of iso-faulknamycin (1) (Figure 2) was established by NMR spectroscopy
and MS/MS fragmentation. The molecular formula was determined to be C34H55N9O1g
based on the identification of a mass of 749.40 Da and 12 degrees of unsaturation. In
2D NMR experiments (Figure S1, Table S2), including COSY (Figure S2), edited-HSQC
(Figure S3) and HMBC (Figure 54) analyses, six amino acids assigned to leucine, valine,
two threonines and two modified amino acids originating from phenylalanine and arginine
were identified. The phenylalanine-derived unit showed HMBC correlations from its
isochronic phenyl ring protons H-2 and H-6 (7.42, 2H) to a methine at 6C 72.8 (Figure 54)
in the side chain. Hence, it was assumed that a hydroxyl group in the {3 position resulted
in the assignment of 3 phenylserine. Considering the four remaining unassigned nitrogens
calculated from the molecular formula, it was concluded that one of the amino acids had
to be related to arginine. Its &« CH proton (6H 4.70) revealed a COSY correlation to a
neighboring methine at §H 3.73 (Figure S2). The remaining two degrees of unsaturation
indicated an intramolecular ring closure of the guanidinium moiety and the 3-position,
leading to the assignment of capreomycidine. The sample did not dissolve completely in
DMSO-d6, which led to a lack of signal strength and prevented the full annotation of all
carbon signals. However, by combining the observable HMBC and ROESY correlations, a
major portion of the sequence could be assigned (Figure 2). The missing data were filled in
by MS/MS fragmentation (Figures S17 and S18), revealing a final sequence of H2N Thr
-phenylserine-Leu-Val-capromycidine-Thr-COOH.

Based on known hexapeptide structures, which are mostly cyclic, it was assumed the
compound with a mass of 731.39 Da with a calculated formula of C34H353N9Og and 13 degrees
of unsaturation represented the cyclic version of iso-faulknamycin 1. In comparison to 1, the
observation of water loss and an additional degree of unsaturation indicated ring formation
by intramolecular condensation. In 2D NMR experiments (Figures S6-510, Table S3), it was
possible to identify the same amino acids previously determined for iso-faulknamycin. Similar
to linear hexapeptide 1, the cyclic version suffered from solubility issues, and the long-range
HMBC and ROESY correlation had to be supported by MS/MS fragmentation (Figures 519 and
520). The cyclic formation of the new compound was confirmed by comparing the integral
values of the NH signals and their ROESY correlations. The threonine NH, group of the linear
peptide showed a shift of 6H 7.88 and an integral value of two protons, while the same signal
of the cyclic version showed a low-field shift to 6H 8.52 with an integral of only one proton.
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Furthermore, a ROESY correlation between this NH of the first threonine and the «-CH proton
of the second threonine was identified, both of which were still terminal in linear peptide 1 but
directly adjacent in cyclic peptide 2 (Figure 2). In addition, the MS/MS fragmentation of the [M
+ 2HJ?** ion revealed intense a-ion and x-ion fragments, which could only be observed for the
cyclic peptide (Table S6). This allowed us to confirm the assignment of cyclic version 2, which
was named cyclofaulknamycin.

ROESY HMBC
VRN TN

Figure 2. Structures of iso-faulknamycin (1) and cyclofaulknamycin (2) showing key HMBC and
ROESY correlations.

Compounds 1 and 2 were named after a homologous structure that was recently pub-
lished and designated faulknamycin [20]. The amino acid sequence and molecular formula
of the abovementioned compound 1 appeared to be the same as those of faulknamycin.
To determine whether 1 was identical to faulknamycin, the absolute stereochemistry of
compound 1 was determined by Marfey’s method (see Supplementary Materials) [30].
The amino acid mixture was compared with commercially acquired standards derivatized
with L-FDLA (Figure S11). The configuration of capreomycidine was determined as de-
scribed previously by using standards derived from the hydrolysis of capreomycidine and
chymostatin and derivatization by L-FDLA and D-FDLA [20] (Figure 513). The amino
acid B-phenylserine has been identified by Tryon et al. as the D-threo- isomer; therefore,
DL-threo-3-phenylserine was used as a standard to confirm the reported stereochemistry
(Figures 514 and S15). This resulted in the identification of L-valine, D-leucine, L-threonine,
D-allo-threonine, D-capreomycidine and L-threo-p3-phenylserine as the constituent amino
acids. D-threo-3-phenylserine could not be identified as a result of the performed analysis;
thus, compound 1 was concluded to be an isomer of faulknamycin and was named iso-
faulknamycin (Figure S16). This finding is in line with the domain organization of the F1kP
NRPS described above.

3.5. Deletion of the XNR1347 Gene in the S. albus del9 Genome

Only one PLP-dependent aminotransferase-encoding gene, XNR_1347, has been found
in the S. albus genome; therefore, it was assumed that its product might be involved in
the biosynthesis of the capreomycidine amino acid. To test this hypothesis, the dele-
tion of this gene was performed in the del9 strain. For this purpose, the S. albus BAC
library was used [19]. The coding sequence of the XNR_1347 gene in the 2K9/2 BAC
was substituted with the apramycin resistance marker aac(3)IV and oriT via a Red/ET
technology-based method (for details, see the Section 2), resulting in the construction of
the 2K9/2delXNR_1347 deletion BAC (Table 2). The obtained construct was checked by
restriction analysis as well as by partial sequencing. The cosmid was transferred into the
S. albus del9 strain via conjugation. The obtained transconjugants were selected based on
the resistance to apramycin and blue color, which denoted the presence of glucuronidase
activity. Single-crossover mutants were screened for the loss of blue color resulting from a
double-crossover event. As a result, the S. albus Adel9delXNR_1347 strain (Table 1) carrying
the XNR_1347 gene deletion was created. The identity of the strain was confirmed by
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PCR analysis (data not shown). LC-MS analysis of the extracts from the S. albus Adel9
and Adel9delXNR_1347 strains (Figure 3) revealed 5- and 12-fold average decreases in the
production of iso- and cyclofaulknamycins, respectively. Only traces of the compounds
were detectable, which confirmed the hypothesis that the product of the XNR_1347 gene is
involved in the biosynthesis of the capreomycidine moiety. Furthermore, this seems to be
the main mechanism of capreomycidine moiety formation in S. albus.

1x107 ¢
1x10° +
1x10° -

1x10* 4

AUC

1x10% | m S. albus del9

W del XNR_1347
1x10? |

1x10?

0
731 749

Compounds

Figure 3. Faulknamycin production in the S. albus del9 and deIXNR_1347 strains: 731—cyclofaulknamycin;
749-iso-faulknamycin.

3.6. Proposed Biosynthesis of Cyclofaulknamycin

Tryon et al. (2020) never detected cyclofaulknamyecin. In the current study, however,
the cyclofaulknamycin product of the flk cluster was isolated, and its structure was eluci-
dated with the aid of NMR and MS2 experiments (for details, see the section above). A
detailed analysis of NRPS domain organization and cyclofaulknamycin chemical structure,
as well as a comparison of the gene products in the cluster with previously described
enzymes, allowed us to propose its biosynthesis process (Figure 4). The FIkP domain, in
contrast to FauE and FauG from the fau cluster, contains a clear loading module which
is responsible for the incorporation of the first amino acid, phenylalanine, or possibly
its derivative, hydroxyphenylalanine, and two elongation modules that are responsible
for leucine and valine incorporation. The epimerization domain is responsible for the
conversion of L-leucine into its D-form. FIkP ends with the peptidyl carrier protein; there-
fore, its product has to be offloaded to the next NRPS multidomain enzyme, FIkS. The
first module of FIkS is responsible for the incorporation of the capreomycidine moiety,
and the last two modules are responsible for the incorporation of two threonines. The
biosynthesis of capreomycidine starts with the hydroxylation of arginine with the help
of the VioC homolog Fe(Il)/alpha-ketoglutarate-dependent arginine beta-hydroxylase
FIKT. Thereafter, the XNR_1347 PLP-dependent aminotransferase catalyzes its conversion
into capreomycidine. The deletion of XNR_1347 did not lead to a complete cessation of
biosynthesis; therefore, it was assumed that some other aminotransferase homologs in
the genome might be responsible for the biosynthesis of this amino acid or that it occurs
spontaneously, as described by Tryon et al. The presence of epimerization domains in
the first two modules is responsible for the conversion of capreomycidine and threonine
into their D-forms. No classical PKS/NRPS macrocyclizing thioesterase I is present in the
cluster; thus, the serine hydrolase homolog F1kO is most likely responsible for the release
and cyclization of faulknamycin.
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Figure 4. Proposed biosynthesis of cyclofaulknamycin.

3.7. Bioactivity Profile

Many known cyclic peptide NPs containing arginine derivatives, such as viomycin,
mannopeptimycin, and capreomycin, are characterized by antibacterial activities [9,10].
Cyclofaulknamycin was identified in this study as a cyclic peptide and contains a capre-
omycidine moiety; therefore, it was assumed to possess some interesting activities. Thus,
it was tested against a panel of bacterial, yeast and mold strains, including Acinetobacter
baumannii DSM-30008, E. coli JW0451-2 (AacrB), S. aureus Newman, E. coli BW25113 (wt),
M. smegmatis mc2155, P. aeruginosa PA14, B. subtilis DSM-10, Citrobacter freundii DSM-30039,
Mucor hiemalis DSM-2656, Candida albicans DSM-1665, Cryptococcus neoformans DSM-11959,
and Pichia anomala DSM-6766 (for details, see the Section 2). The tested concentrations
were 0.03-64 ug-mL~!. However, no activity was detected against the tested strains in the
abovementioned range (data not shown).

4. Conclusions

Sequence databases are a potential source of new chemical scaffolds which can
be accessed by different prioritization approaches [31,32]. Herein, we applied targeted
genome mining based on the utilization of alpha-ketoglutarate-dependent arginine beta-
hydroxylase and pyridoxal-phosphate-dependent aminotransferase genes responsible for
the biosynthetic formation of the capreomycidine moiety to identify new peptide NPs
and their corresponding biosynthetic gene clusters. Using this approach, we identified
two groups of clusters: one group contained both genes, and the other contained only the
homolog encoding arginine beta-hydroxylase. The latter type of cluster was not known
to exist until recently, because the products of both genes were considered to be required
for the biosynthesis of L-capreomycidine [26]. Detailed analysis of one of these clusters,
the flk cluster, in the genome of the model organism S. albus enabled us to identify a cyclic
peptide containing D-capreomycidine (rather than L-capreomycidine, as commonly found)
for the first time. Only linear faulknamycin has previously been described to contain
a D-capreomycidine moiety [20]. The detailed analysis of the flk cluster allowed us to
suggest the biosynthesis mechanisms of cyclofaulknamycin and its capreomycidine moiety
(Figure 4). For the first time, a PLP-dependent aminotransferase gene product generated
from a site located outside of the cluster was shown to be involved in the biosynthesis of the
capreomycidine moiety of cyclofaulknamycin. However, cyclofaulknamycin biosynthesis
was not completely blocked in the deIXNR_1347 mutant, suggesting that other homologs
of the aminotransferase gene in the genome might be involved in its biosynthesis or its
synthesis proceeds partly via the mechanism described by Tryon et al. The analysis of the S.
lividans genome, however, revealed a homolog of the XNR_1347 gene showing 87% identity.
Thus, it could be that the product of this gene might also be involved in the biosynthesis of
capreomycidine in S. lividans.
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Comparisons of the cyclic hexapeptides encoding flk and mannopeptimycin gene
cluster revealed a high degree of similarity. Both clusters exhibit some gene homologs that
are involved in the biosynthesis and attachment of mannose, which suggests that both
clusters originate from a common ancestor. Taking into account the similar core structures
of the two peptide products, it might be interesting to use genes from both clusters, such as
the isovaleryltransferase gene or the genes responsible for the biosynthesis and attachment
of mannose, for combinatorial biosynthesis to generate unnatural analogs.

In summary, NPs with rare nonproteinogenic amino acid derivatives of arginine and
their corresponding biosynthetic genes are of particular interest. They can serve as chemical
scaffolds for semisynthetic modifications or as a natural library of genes for combinatorial
biosynthesis to expand the structural diversity of nonribosomal peptides. In general,
approaches based on searching for genes whose products are involved in the biosynthesis
of interesting and unique moieties enable prioritization and targeted genome mining. This
might represent a faster strategy for identifying new NPs with interesting structures and
activities.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/microorganisms9081609/s1, Table S1. Comparison of the cyclofaulknamycin gene cluster from
S. albus with the cluster from S. kozangensis; Table S2. NMR data of iso-faulknamycin 1 (DMSO-d6, 1H:
700 MHz, 13C: 175 MHz); Table S3. NMR data of cyclofaulknamycin 2 (DMSO-d6, 1H: 700 MHz, 13C:
175 MHz); Table S4. Stereoisomers obtained after the hydrolysis of capreomycin and chymostatin and
the equivalent enantiomers with equivalent retention time (RT); Table S5. Calculated and observed
y-ion and b-ion fragments of iso-faulknamycin; Table S6. Calculated and observed a-ion and x-ion
fragments within 5 ppm of cyclofaulknamycin; Figure S1. The 1H NMR spectrum of iso-faulknamycin
1 (DMSO-d6, 700 MHz); Figure S2. COSY spectrum of iso-faulknamycin 1 (DMSO-d6, 700 MHz);
Figure S3. HSQC spectrum of iso-faulknamycin 1 (DMSO-d6, 700 MHz, 175 MHz); Figure S4. HMBC
spectrum of iso-faulknamycin 1 (DMSO-d6, 700 MHz, 175 MHz); Figure S5. ROESY spectrum of
iso-faulknamycin 1 (DMSO-d6, 700 MHz); Figure S6. The 1H spectrum of cyclofaulknamycin 2
(DMSO-d6, 700 MHz); Figure S7. COSY spectrum of cyclofaulknamycin 2 (DMSO-d6, 700 MHz);
Figure S8. HSQC spectrum of cyclofaulknamycin 2 (DMSO-d6, 700 MHz, 175 MHz); Figure S9.
HMBC spectrum of cyclofaulknamycin 2 (DMSO-d6, 700 MHz, 175 MHz); Figure 510. ROESY
spectrum of cyclofaulknamycin 2 (DMSO-d6, 700 MHz); Figure S11. Marfey’s chromatograms of
the iso-faulknamycin hydrolysate (top) and the amino acid standards (bottom) derivatized with L-
FDLA; Figure S12. Capreomycidine from capreomycin (3) and chymostatin (4); Figure S13. Marfey’s
chromatograms showing the extracted mass of DLA-capreomycidine of the hydrolyzed L-DLA-iso-
faulknamycin and the references obtained from the hydrolysis of capreomycidine and chymostatin
derivatized with D-FDLA (DSR, DSS) and L-FDLA (LSS, LSR). DSR is equivalent to LRS; therefore,
iso-faulknamycin contains the 2R 3S capreomycidine; Figure S14. D-threo-p-phenylserine (5) and
L-threo-p-phenylserine (6); Figure S15. Marfey’s chromatograms showing the extracted mass of DLA-
phenylserine of the hydrolyzed iso- faulknamycin and DL-threo-f3-phenylserine, both derivatized
with L-FDLA; Figure S16. Absolute configuration of iso-faulknamycin; Figure S17. Observed y-ion
and b-ions from the MS/MS fragmentation (see Table S5) of iso-faulknamycin; Figure S18. MS/MS
fragmentation spectrum of iso-faulknamycin ([M + HJ* peak); Figure S19. Observed a-ion and
x-ions from the MS/MS fragmentation (see Table S6) of cyclofaulknamycin; Figure 5S20. MS/MS
fragmentation spectrum of cyclofaulknamycin ([M + 2H]** peak).
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Table S1. Comparison of the cyclofaulknamycin gene cluster from S. albus with the cluster
from S. kozangensis.

Genein the S. Gene Putative product Locus in the genome of S.
albus genome name koyangensis VK-A60T
XNR_0965 urea ABC transporter permease subunit UrtC
[Streptomyces albidoflavus]
XNR_0966 urea ABC transporter ATP-binding protein
UrtD [Streptomyces albidoflavus]
XNR_0967 ATP-binding cassette domain-containing
protein [Streptomyces albidoflavus]
XNR_0968 flkA | DeoR/GIpR transcriptional regulator DOC37_RS06225
[Streptomyces sp. CS227]
XNR_0969 flkB | sugar ABC transporter substrate-binding DOC37_RS06230
protein [Streptomyces albidoflavus]
XNR_0970 flkC | integral membrane sugar transporter DOC37_RS06235
XNR_0971 flkD | carbohydrate ABC transporter permease DOC37_RS06240
XNR_0972 fIkKE | zinc-dependent alcohol dehydrogenase family | DOC37_RS06245
protein
XNR_0973 flkF | DUF2029 domain-containing protein DOC37_RS06250
XNR_0974 flkG | FkbM family methyltransferase DOC37_RS06255
XNR_0975 flkH | glycosyltransferase family 4 protein alpha-(1- DO0C37_RS06260
2)-phosphatidylinositol mannosyltransferase
XNR_0976 flkl | response regulator transcription factor DOC37_RS06265
XNR_0977 flkd | histidine kinase DO0C37_RS06270
XNR_0978 flkK | ABC transporter ATP-binding protein DOC37_RS06275
XNR_0979 flkL | ABC type antimicrobial transporter permease, DO0C37_RS06280
FtsX-like permease family protein
XNR_0980 flkM | LuxR family response regulator DOC37_RS06285
XNR_0981 flkN | Two component sensor histidine kinase DOC37_RS06290
XNR_0982 flkO | Alpha/beta hydrolase MppK beta-lactamase, D0C37_RS06295
serine hydrolase
XNR_0983 flkP | NRPS DO0C37_RS06300
XNR_0984 fIkR | MbtH family protein D0OC37_RS06305
XNR_0985 flkS | NRPS D0C37_RS06310
- - NRPS DOC37_RS06315
XNR_0986 flkT | Fe(ll)/alpha-ketoglutarate-dependent arginine DOC37_RS06320
beta-hydroxylase
XNR_0987 flkU | Major Facilitator Superfamily transporter D0OC37_RS06325
XNR_0988 flkV | Cytochrome 450 D0OC37 RS06330
XNR_0989 flkW | ArsR family transcriptional regulator D0C37_RS06335
XNR _0990 flkX | Thioeterase, alphalbeta hydrolase D0C37_RS06340
XNR_0991 Erythromycin esterase protein
XNR_0992 class | SAM-dependent RNA methyltransferase
XNR_0993 phenylalanine-specific permease
XNR_0994 TrkA family potassium uptake protein
XNR _0995 TrkA family potassium uptake protein
XNR_0996 DUF3159 domain-containing protein
XNR_0997 OB-fold nucleic acid binding domain-
containing protein
XNR_0998 Osmosensitive K+ channel histidine kinase
KdpD, response regulator
XNR_0999 sensor histidine kinase KdpD
XNR_1000 ABC transporter
XNR_1001 Short chain dehydrogenase
XNR_1002 TetR/AcrR family transcriptional regulator
XNR_1003 DUF3710 domain-containing protein
XNR_1347 PLP-dependent aminotransferase (pyrodoxal

dependent)




1. NMR Spectroscopy
Table S2. NMR data of iso-faulknamycin 1 (DMSO-ds, *H: 700 MHz, *C: 175 MHz)

ou, multiplicity,

unit 8 Uin o) COSY ROESY  HMBC (H-)
1 - COOH n.a.!
2-CH 58.1 422, m 3,5
3-CH 66.4 4.12, m 2,4
4 — CHs 20.3 1.06,d (6.1) 3 2,3
5—-NH 8.37 2
6-CO n.a.!
7-CH 54.3 4.70, ovl.? 8, 14
8 —CH 50.2 3.73, m 7,9 8
9 — CHza 1.93, ovl.2
CH:b 220 1.67, m 8,10
10 — CHza 3.37, ovl.2
CH:2b 36.1 3.19, m %11
11 - NH 8.09, bs 10
12-C n.a.!
12—-NH n.a.!
13— NH n.a.!
14— NH 8,41,d (8.2) 7 16
15-CO 171.3
16 — CH 57.8 4.33,t(8.1) 17,20 14 15,21
17 - CH 309 2.01, m 16, 18, 19
18 — CHs 19.3 0.84, ovl.2 17 16,17 ,19
19 — CHs 18.1 0.82, ovl.2 17 16,17 ,18
20 - NH 8.24, bs 16 22
21-CO 172.1
22 -CH 51.2 4.52, m 23,27 20
23 — CHza 1.49, ovl.2
CH:b 418 1.40, m 22,24
24 — CH 24.2 1.50, ovl.? 23,25,26
25 - CHs 23.2 0.86, ovl.2 24 23,24 26
26 — CHs 21.6 0.81, ovl.2 24 23,24 25
27 -NH 8.27,d (8.4) 22 28
28 - CO 169.0
29 - CH 58.7 4.72, ovl.2 30,37 28
30-CH 72.8 5.11, m 29, 30-OH 31, 32/36
30 - OH 5.68,d (4.6) 30 29, 30
31-C 142.1
32/36 - CH 126.1 7.42,d(7.3) 33/35 30, 32, 34, 36
33/35-CH 127.6 7.27,t(7.5) 32/36, 34 31, 33, 35
34 - CH 127.0 7.20,t(7.0) 33/35 32,36
37-NH 8.69,d (8.7) 29 39
38-CO n.a.!
39 -CH 57.4 393, m 40, 42 37
39, 41, 40
40 - CH 64.6 3.83, m OH
40 - OH 5.39, bs 40
41 — CH3 16.5 0.39,d (6.0) 40 39,40
42 —NH2 7.88, bs 39

'n.a. = not available; “ovl. = signal overlap
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Figure S1: '"H NMR spectrum of iso-faulknamycin 1 (DMSO-ds, 700 MHz)
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Figure S2: COSY spectrum of iso-faulknamycin 1 (DMSO-ds, 700 MHz)
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Figure S3: HSQC spectrum of iso-faulknamycin 1 (DMSO-ds, 700 MHz, 175 MHz)

Figure S4: HMBC spectrum of iso-faulknamycin 1 (DMSO-ds, 700 MHz, 175 MHz)
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Table S3: NMR data of cyclofaulknamycin 2 (DMSO-ds, 'H: 700 MHz, '*C: 175 MHz)

ou, multiplicity,

unit oc (J in Hz) COSY ROESY HMBC (H-)
1-CO 171.6
2-CH 62.7 3.89, m 3,5 42
3-CH 65.0 3.85, ovl 2,4
4 — CHs 20.9 1.09, d (6.0) 3 2,3
5—-NH 8.94, bs 2
6-CO n.a
7-CH 54.5 4.69,1(6.6) 8, 14
8 - CH 50.7 3.84, ovl 7,9
9 — CHz 21.3 1.76, m 8,10
10 — CH2 36.3 3.11 9
11 -NH n.a
12-C n.a
12 - NH n.a.
13- NH n.a
14 — NH 7.91, bs 7
15-CO n.a
16 - CH 60.1 3.97,dd (6.4,11.6) 17,20 21
17 - CH 29.4 22, m 16,18 ,19
18 — CHs 20.0 0.86, ovl 17 16,17 ,19
19 — CHs 18.5 0.88, ovl 17 16,17 ,18
20 - NH 8.73 16 22
21 -CO 172.4
22 - CH 52.3 434, m 23,27 20
23 — CHea 1.37, ovl
Clhb 40.4 1.46, m 22,24 21
24 — CH 249 1.38, ovl 23,25 26 21
25-CHs 23.1 0.79,d (5.9) 24 23,24 26
26 — CHs 23.1 0.87, ovl 24 23,24 25
27 —NH 8.01, ovl 22 29 28
28 - CO 169.7
29 - CH 60.0 4.58,dd (8.2, 3.9) 30, 37 27 28
30 - CH 73.3 5.03,d (3.0) 29 32,36
31-C 142.3
32/36 - CH 127.2 7.29,d(7.1) 33/35 30, 32/36, 34
33/35-CH 128.1 7.25,t(7.2) 32/36, 34 31, 33/35
34 - CH 127.5 7.20,t(7.1) 33/35 32,36
37 - NH 7.64, bs 29 39
38 -CO n.a
39 -CH 57.7 4.16,1t(7.3) 40, 42 37 1
40 - CH 66.0 393, m 39, 41
41 — CH;s 20 0.98,d (6.2) 40 39, 40
42 —NH 8.52, ovl 39 2
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Figure S6: 'H spectrum of cyclofaulknamycin 2 (DMSO-ds, 700 MHz)
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Figure S7: COSY spectrum of cyclofaulknamycin 2 (DMSO-ds, 700 MHz)
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Figure S9: HMBC spectrum of cyclofaulknamycin 2 (DMSO-ds, 700 MHz, 175 MHz)
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Figure S1: ROESY spectrum of cyclofaulknamycin 2 (DMSO-ds, 700 MHz)



2. Marfey’s Analysis

Standards in D- and L-configuration were derivatized with L-FDLA and compared with the amino
acids derived from hydrolysis of 1 (Fig. S11).
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Figure S2: Marfey’s chromatograms of the iso-faulknamycin hydrolysate (top) and the amino acids standards (bottom)
derivatized with L-FDLA.

We obtained 2S-3R-capreomycidine 3 and 2S-3S-capreomycidine 4 by hydrolysis of capreomycin and
chymostatin, respectively (fig. S12). The hydrolysates were derivatized with L-FDLA and D-FDLA,
yielding all possible enantiomers with distinguishable retention time (table S4).

Table S4: Stereoisomers obtained after hydrolysis of capreomycin and chymostatin and the equivalent enantiomers with
equivalent retention time (RT).

hyd. of capreomycin L-FDLA | D-FDLA hyd. of chymostatin L-FDLA | D-FDLA
2S-3R-capreomycidine LSR DSR 2S-3S-capreomycidine LSS DSS
RT equivalent to DRS LRS RT equivalent to DRR LRR
o]

H.N,
2. OH

“'NH

A

N™ “NH
H
3

Figure S12: Capreomycidine from capreomycine (3) and chymostatine (4).



Intens.
x104

0.5

L-DLA-iso-faulknamycine

L_750_GB1_01_13819.d:

EIC 467.2000£0.01 +All MS

Inte919. |
x104
4 -]

DSR

D_Capreomycin_GB4_01_13823.d:

EIC 467.2000£0.01 +All MS

X
[N
o
SN
Il

1

4 LSR

L_Capreomycin_GB3_01_13822.d:

EIC 467.2000£0.01 +All MS

IntenQ.

2000
1000

DSS

D_Chymostatin_GB8_01_13827.d:

EIC 467.2000£0.01 +All MS

IntenQ.-
6000 -
4000 -
2000 -

O_

LSS

L_Chymostatin_GB7_01_13826.d:

EIC 467.2000£0.01 +All MS

15.0 15.5Time [min]

Figure S13: Marfey’s chromatograms showing the extracted mass of DLA-capreomycidine of the hydrolysed

L-DLA-iso-faulknamycin and the references obtained from hydrolysis of capreomycidine and chymostatin derivatized with
D-FDLA ( DSR, DSS) and L-FDLA (LSS, LSR). DSR is equivalent to LRS, therefore iso-faulknamycin contains the
2R-3S-capreomycidine.

D-threo-B-phenylserine 5 has been determined to be the constituent amino acid in faulknamycin
(fig. S14). Therefore,

we used DL-threo-B-phenylserine as

a reference to determine the

stereochemistry of B-phenylserine of the hydrolysed iso-faulknamycin (Fig. S14, S16).

o)
H,N
1
HO'
5

Figure S14: D-threo-B-phenylserine (5) and L-threo-B-phenylserine (6)
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Figure S15: Marfey’s chromatograms showing the extracted mass of DLA-phenylserine of the hydrolysed iso-faulknamycin
and DL-threo-B-phenylserine, both derivatized with L-FDLA.

Figure S16: Absolute configuration of iso-faulknamycin.



3. MS/MS Fragmentation

Figure S3: Observed y-ion and b-ions from the MS/MS fragmentation (see table 5) of iso-faulknamycin

Table S5: Calculated and observed y-ion and b-ion fragments of iso-faulknamycin.

ion type yi y2 y3 y4
[M]+ calculated 274.1511 373.2190 486.3032 649.3675
[M]+ observed 274.1517 | 373.2180 486.3034 649.3674
A [ppm] -2.2 3.8 -0.4 0.2
ion type b1 b2 bs b4
[M]+ calculated 265.1186 | 378.2019 477.2697 631.3556
[M]+ observed 265.1185 378.2021 477.2698 631.3573
A [ppm] 0.4 -0.5 -0.2 -2.7
|ntenSE; MSMS_750_GC1_01_13331.d: +MS2(750.4131), 42.5eV, 2.3min #255
x10°
0.8 - 644.3736 6493674
0.6 -
274.1517
| 477.2698 631.3573
0.4 -
265.1185 706.3877
0.2 3782021 \486.3034 543 3049
) 373.2180 l 600.3470
0.0 llllllllllllll .|'|:.'l.u. ....|....J|..I..|...“. l,"l‘..l.L. ...L.|.... .
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Figure S18: MS/MS fragmentation spectrum of iso-faulknamycin ([M+H]" peak).




Figure S19: Observed a-ion and x-ions from the MS/MS fragmentation (see table 6) of cyclofaulknamycin

Table S6: Calculated and observed a-ion and x-ion fragments within 5 ppm of cyclofaulknamycin.

ion type a1 a2 a3 a4
AA sequence T1-T2 T1-T2-Cmp T1-T2-Cmp-V T1-T2-Cmp-V-L
[M]+ calculated 175.1077 329.1932 428.2616 541.3457
[M]+ observed 175.1082 329.1940 428.2622 541.3474
deviation [ppm] 2.9 2.4 1.4 3.1
ion type X1 X2 X3 X4
AA sequence BPhS(-H20) L-V V-cmp-T2-Ti(-H20) | L-V-Cmp-T2(-H20)
[M]+ calculated 146.0600 211.1441 438.2459 466.2772
[M]+ observed 146.0607 211.1444 438.2470 466.2782
deviation [ppm] 4.8 1.4 2.5 2.1
Intens. ] MSMS_732_GC2_01_13332.d: +MS2(366.2317), 25.0eV, 2.7min #285
%109
207146.0607
1.5
1.0
] 146.0607
] 4282622 4382470
- 211.1444
0.5 - 329.1940 /
] 1)86.0918 | 231.1494 393.2263 466.2782 541.3474
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Figure S20: MS/MS fragmentation spectrum of cyclofaulknamycin ([M+2H]** peak)
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Abstract: The intriguing structural complexity of molecules produced by natural organisms is
uncontested. Natural scaffolds serve as an important basis for the development of molecules with
broad applications, e.g., therapeutics or agrochemicals. Research in recent decades has demonstrated
that by means of classic metabolite extraction from microbes only a small portion of natural products
can be accessed. The use of genome mining and heterologous expression approaches represents a
promising way to discover new natural compounds. In this paper we report the discovery of a novel
cyclic pentapeptide called bonsecamin through the heterologous expression of a cryptic NRPS gene
cluster from Streptomyces albus ssp. chlorinus NRRL B-24108 in Streptomyces albus Del14. The new
compound was successfully isolated and structurally characterized using NMR. The minimal set of
genes required for bonsecamin production was determined through bioinformatic analysis and gene
deletion experiments. A biosynthetic route leading to the production of bonsecamin is proposed in
this paper.

Keywords: Streptomyces; NRPS; heterologous expression; cyclic peptide

1. Introduction

In the last two decades a considerable number of new small cyclic natural peptides pro-
duced by the bacterial genus of Streptomyces were discovered and published [1-8]. In nature,
those molecules often have either toxic functions or serve the producing organism to coor-
dinate the uptake of metal ions acting as a chelator [9,10]. Several naturally occurring cyclic
peptides have proven their potential for use in pharmacotherapy. Remarkable antitumor
and antibacterial activity in the recently discovered cyclic peptides chloptosin, hytramycins
and mannopeptimycins, was reported by researchers [5,7,11]. Other compounds such as
the antitumor agents actinomycin D and romidepsin, or immunosuppressant cyclosporine
A, are already established as marketed drugs [12-15].

Cyclic peptides are often the product of enzymes belonging to the class of nonriboso-
mal peptide synthetases (NRPS). NRPS are large modular enzymes or enzymatic complexes
with each module responsible for the incorporation of a single amino acid residue into a
nascent peptide chain. The individual modules can be split into separate domains. The
typical elongation module contains a minimal set of condensation (C), adenylation (A) and
peptidyl carrier (PCP) domains, where the A domain catalyzes the selective activation of
an amino acid, the PCP domain holds the activated amino acid or the growing peptide
chain and the C domain catalyzes the formation of the amide bond between two PCP-
bound amino acid substrates. NRPS-derived molecules can display uncommon structural
features, e.g., by incorporation of non-proteinogenic amino acids or when the amino acids
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are structurally modified by tailoring domains. The chemical diversity of NRPS products
is further expanded by the existence of hybrid NRPS clusters [16].

Recently we reported the successful expression of several cryptic secondary metabolite
gene clusters of Streptomyces albus ssp. chlorinus in the engineered heterologous host strain
Streptomyces albus Dell4. This led to the identification of the biosynthetic genes of the
characterized bioactive compounds, albucidin and nybomycin, as well as to the discovery
of the new natural products, benzanthric acid, fredericamycin C; and dudomycins [17-21].
In this paper we report the discovery of a new cyclic pentapeptide, bonsecamin, through
the heterologous expression of a cryptic NRPS gene cluster of S. albus ssp. chlorinus in
S. albus Del14 (Figure 1). Bonsecamin was purified and its structure was elucidated by
NMR. The bioinformatic analysis of the putative bonsecamin biosynthetic cluster as well
as targeted gene inactivation experiments allowed the determination of the minimal set of
genes responsible for the biosynthesis of the compound. A biosynthetic scheme leading to
the production of bonsecamin is proposed in this paper.

identification of cryptic cloning transfer to screening for new
gene cluster in BAC heterologous host metabolites

| /
\ 4

Figure 1. General workflow for compound discovery using heterologous expression.

peak signal

time

2. Materials and Methods
2.1. General Procedures

Table S1 provides an overview of all bacterial strains, BACs and plasmids used in this
work. Lysogeny broth (LB) medium was used for cultivation of Escherichia coli strains [22].
Soy flour mannitol (MS) agar [23] and tryptic soy broth (TSB; Sigma-Aldrich, St. Louis, MO,
USA) were used to grow Streptomyces strains. Metabolites were extracted from either liquid
DNPM medium (40 g/L dextrin, 7.5 g/L soytone, 5 g/L baking yeast, and 21 g/L MOPS,
pH 6.8 as aqueous solution) or defined medium DM (mannitol 5 g/L, amino acid 0.5 g/L,
K2PO,4 0.5 g/L, MgSO4 x 7 HyO 0.2 g/L, FeSO4 x 7 HyO 0.01 g/L). Before inoculation of
DM, the cells of the preculture were washed three times with amino-acid-free DM. Amino
acids L-lys, L-val, L-ala, D-thr and D-ser were supplied to the defined medium as required
by the experimental design. The antibiotics kanamycin, apramycin, ampicillin and nalidixic
acid were added when needed.

2.2. DNA Isolation and Manipulation

Standard protocols were used to carry out DNA manipulation, transformation into E.
coli and intergeneric conjugation between E. coli and Streptomyces [22-24]. The BACMAX™
DNA purification kit (Lucigen, Middleton, WI, USA) was used to isolate BAC DNA from
a constructed genomic library of Streptomyces albus ssp. chlorinus NRRL B-24108. Cluster
borders were determined by deletion of several genes downstream or upstream from the
expected gene cluster with deletion of genes 15 to 28 leading to minimal BAC 2018_del1l
and deletion of genes 1 to 7 leading to BAC 2018_del2. The genes were replaced by
the resistance marker ampicillin through homologous recombination using the RedET
system [25]. For amplification of the respective gene cassettes from the plasmid pUC19
PCR reactions were performed. The PCR primer pairs 20200815_1_fw / 20200815_1_rev
and 20200815_2_fw / 20200815_2_rev were constructed with overhang regions allowing
the site-specific introduction of the cassettes at both sides of the expected bonsecamin gene
cluster. The success of the recombination was assessed by restriction mapping and DNA
sequencing. The restriction enzymes purchased from ThermoFisher Scientific (Waltham,
MA, USA) or New England BioLabs NEB (Ipswich, MA, USA) were used according to the
manual. The deletion of three single genes was carried out as described above. To avoid
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polar effects, additional Pmel recognition sites in primers 20201217_1_fw / 20201217_1_rev,
20201217_2_fw / 20201217_2_rev and 20201217_4_fw / 20201217_4_rev allowed the precise
removal of the ampicillin resistance gene and religation to BACs 2018_delKR_delbla,
2018_delPCP_delbla, and 2018_delTE2_delbla.

2.3. Metabolite Extraction

Streptomyces strains were grown in 15 mL of TSB medium in a 100 mL baffled flask for
1 to 2 days. 1 mL of this preculture was used to inoculate 100 mL of production medium
in a 500 mL baffled flask. Cultures were incubated for 6 to 7 days at 28 °C and 180 rpm
in an Infors multitron shaker (Infors AG, Basel, Switzerland) for metabolite production.
The metabolites were extracted from the culture supernatant with an equal amount of
n-butanol, dried at up to 50°C and stored at 4°C.

2.4. Mass Spectrometry (MS) Analysis of Metabolites

Prior to MS analysis the extracts were dissolved in methanol. MS experiments were
performed on a Dionex Ultimate 3000 UPLC system (ThermoFisher Scientific, Waltham,
MA, USA) with PDA detector (stationary phase 100 mm ACQUITY UPLC BEH C18 1.7
pum column (Waters Corporation, Milford, MA, USA), mobile phase: linear gradient of [A]
ddH20 + 0.1% formic acid / [B] acetonitrile + 0.1% formic acid, 5% to 95% at a flow rate
of 0.6 mL/min). For mass detection the system was further coupled to either an amaZon
speed (Bruker, Billerica, MA, USA) or LTQ Orbitrap XL mass spectrometer (ThermoFisher
Scientific, Waltham, MA, USA) applying standard settings of positive ionization and a mass
range detection of m/z 200 to 2000. The data were analyzed by the softwares Compass
Data Analysis 4.1 (Bruker) or Xcalibur 3.0 (ThermoFisher Scientific).

2.5. Extract Purification

The crude extracts from the 10 L cultures were dissolved in methanol. Four purification
steps were carried out when using DNPM medium for cultivation: (1) Normal Phase (NP)
Flash chromatography on an Isolera One system (Biotage, Uppsala, Sweden); stationary
phase: SNAP Ultra 50 g (Biotage, Uppsala, Sweden), mobile phase: [A] n-hexane / [B]
chloroform / [C] ethyl acetate / [D] methanol in linear gradients of [A]/[B] 10 column
volumes (CV), [B]/[C] 15 CV, [C]/[D] 15 CV at a flow of 100 mL/min) was followed by (2)
Size Exclusion Chromatography (SEC; stationary phase: Sephadex-LH20; mobile phase:
isocratic elution using 100% methanol). Two Reversed Phase (RP) chromatography steps
followed on a (3) Waters HPLC system (2545 Binary Gradient module, Waters, Milford,
MA, USA); stationary phase: Nucleodur C18 HTec 250/21 5 um (Macherey-Nagel, Diiren,
Germany); mobile phase: linear gradient of [A] HyO + 0.1% formic acid / [B] methanol
+ 0.1% formic acid, 5% to 95% [B] for 17 min at flow rate of 20 mL/min, mass detection
m/z 430 using software MassLynx (Waters)) and an (4) Agilent Infinity 1200 series HPLC
system (stationary phase: Synergi 4 um Fusion-RP 80 A 250 x 10 (phenomenex, Torrance,
CA, USA); mobile phase: linear gradient of [A] HyO + 0.1% formic acid / [B] acetonitrile
+ 0.1% formic acid, 10% to 50% [B] for 15.5 min at flow rate of 4 mL/min, detection UV
201 nm followed by fraction control on HPLC-MS) yielding 0.7 mg of pure substance. In
between all purification steps the fractions containing bonsecamin were pooled, dried (at
up to 50°C) and redissolved in methanol.

2.6. Structure Elucidation by NMR Spectroscopy, Optical Rotation and Marfey’s Method

NMR spectra were acquired on a Bruker Avance III 700 MHz spectrometer at 298 K
equipped with a 5 mm TCI cryoprobe. The chemical shifts (5) were reported in parts per mil-
lion (ppm) relative to TMS. As solvents, deuterated DMSO-d6 (6H 2.50 ppm, 56C 39.51 ppm)
from Deutero (Deutero, Kastellaun, Germany) were used. Edited-HSQC, HMBC, 1H-'H
COSY, and N-HSQC spectra were recorded using the standard pulse programs from the
TOPSPIN v.3.6 software. Optical rotations were measured using a Perkin Elmer Polarimeter
Model 241 (Perkin Elmer, Ueberlingen, Germany).
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For Marfey’s method, bonsecamin was hydrolyzed in 100 L. 6 N HCl at 110 °C for
1 h. While cooling down, the sample was dried for 15 min under nitrogen, dissolved
in 110 mL water and 50 pL each were transferred into 1.5 mL Eppendorf tubes. To the
hydrolysate, 20 pL of 1IN NaHCO3 and 20 pL of 1% L-FDLA or D-FDLA in acetone were
added, respectively. The amino acid standards were prepared the same way using L-FDLA
only. The reaction mixtures were incubated at 40°C for 90 min at 700 rpm and subsequently
quenched with 2N HCI to stop the reaction. The samples were diluted with 300 uL ACN
and 1 pL was analyzed by maXis high-resolution LC-QTOF system using aqueous ACN
with 0.1 vol% formic acid and an adjusted gradient of 5-10 vol% for 2 min, 10-25 vol%
for 13 min, 25-50 vol% for 7 min and 50-95 vol% for 2 min. Detection was carried out at
340 nm.

2.7. Genome Mining and Bioinformatic Analysis

The antiSMASH online tool was used to screen the genome of S. albus ssp. chlorinus
(https:/ /antismash.secondarymetabolites.org/#!/start, accessed on 10 July 2021) [26]. Anal-
ysis of the genetic data was performed by Geneious software, version 11.0.3 [27]. The
genomic sequence of Streptomyces albus ssp. chlorinus can be accessed in GenBank under
VJOKO00000000. The Dictionary of Natural Products (DNP) 28.1 was used as reference
database of so far characterized metabolites.

3. Results and Discussion
3.1. Identification and Expression of the NRPS Gene Cluster

Recently, the potential of the strain Streptomyces albus ssp. chlorinus, as a source of
new and undiscovered biomolecules, was demonstrated [17-19]. Genome mining of this
strain (GenBank accession number VJOK00000000) using antiSMASH software revealed
a further uncharacterized biosynthetic gene cluster encoding a putative nonribosomal
peptide synthetase (NRPS) [26]. A search in the previously constructed genomic BAC
library of S. albus ssp. chlorinus uncovered a BAC clone 2018 with the cloned DNA
fragment covering the entire NRPS gene cluster. The BAC 2018 was transferred into the
heterologous host Streptomyces albus Del14 by conjugation [28]. The obtained exconjugant
strain S. albus 2018 as well as the control strain S. albus Dell4 were cultivated in the
production medium DNPM and secondary metabolites were extracted with n-butanol. The
extracts were analyzed using high resolution LC-MS. The analysis of the peak profile of
S. albus 2018 revealed the presence of a new mass peak with an m/z of 430.229 eluting at
hydrophilic conditions at the very front of the chromatogram (Figure 2). The identified
peak was not detected in the extract of the reference strain without the BAC. The calculated
molecular mass of 429.221 [+/—5 ppm] of the identified compound was used for a search
in the DNP database of natural products. This survey did not lead to any match with
already registered metabolites from bacteria, implying that the structure of the molecule
might be new. In order to gain insights into the structure of the identified compound, its
purification for NMR analysis was carried out.
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Figure 2. HPLC-MS analysis of bonsecamin production. A- and B-extracted ion chromatograms
(430.5 + 0.5 Da) of crude extracts of S. albus 2018 and S. albus Del14, respectively. The new peak
observed in the extract of S. albus 2018 is marked with an asterisk (*). C-Mass spectrum of the new
peak observed in the extract of S. albus 2018.
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3.2. Purification and Structure Elucidation

To obtain the identified compound in an amount sufficient for structure elucidation,
S. albus 2018 was cultivated in 10L of DNPM medium. The metabolites were extracted
with n-butanol. The compound was purified from the crude extract using normal-phase,
size-exclusion and reversed-phase chromatography. Only a low submilligram amount
of pure compound was obtained as a white powder and physically characterized. The
optical rotation was determined as [oc]g) —13.5 (¢ 0.12, MeOH) and the measured Amax
(log €) of the compound was 198 nm (2.11) in 11% ACN/H,O + 0.1% formic acid. The
dried isolate proved stable for > 1 year when stored at 20 °C and did not show signs
of degradation when dissolved in organic solvents (methanol/DMSQO). It was further
used for structure elucidation by NMR experiments, MS/MS fragmentation and FDLA
derivatization (Table 1, Figure S1—S8).

Table 1. NMR data of bonsecamin in DMSO-d6.

Pos. 8C/8N Type S8H, mult. (J in Hz) COSY Key HMBC (H-)
2,3-DABA 1 170.5%,C

2 58.53, CH 3.96,dd (7.5, 2.5) 3,5 1

3 56.23, CH 323, m 2,4 23

4 13.41, CH3 0.52,d (6.3) 3 2

5 122.4, NH 7.06,d (7.5) 2 1,6
Val 6 169.6 *,C

7 58.40, CH 4.01,t(9.1) 8,11 6,12

8 30.24, CH 1.96, m 7,9,10

9 18.39, CH3 0.83,d (7.0) 8 7

10 19.44, CH3 0.84,d (7.0) 8 7

11 114.5, NH 7.84,d (9.1) 7 12
Ala 12 172.2*,C

13 50.67, CH 4.21,dq (8.6,7.5) 14,15 12,16

14 17.46, CH3 1.32,d (7.5) 13 12

15 120.5, NH 8.14,d (8.6) 13 16
Ala 16 169.8 %, C

17 50.56, CH 4.08, quin (7.2) 18,19 16, 20

18 17.23, CH3 1.24,d (7.2) 17 16

19 121.7, NH 7.87,d(7.2) 17 16
Ser 20 1729*,C

21 62.38, CH 2.80, m 22,24 3,20

22 61.04, CH2 344, m 21,23

3.57, m
23 —,0OH 5.01, m 22
24 48.3, NH 2.31,d (5.5) 21 2,4,20,21,22

* Not visible in the 13C NMR spectrum. The value was taken from the HMBC.

The molecular formula was calculated as C1gH31N5O7 with 6 degrees of unsaturation
corresponding to the monoisotopic mass of 429.222 Da. The analysis of "H NMR in DMSO-
d6 revealed four doublet NH signals at 8H 7.06, 7.84, 7.87 and 8.14, indicating four peptide
bonds. The measurement of '>’N-HSQC confirmed this assumption by showing correlations
to SN 114.5,120.5, 121.7 and 122.4, and revealed an additional NH group at 6H 2.31 and 6N
48.3 suggesting a secondary amine (Figure S6). Analysis of 'H and '*C NMR, 'H-'H COSY
and edited-HSQC revealed five amino acids corresponding to valine, two alanines, serine
and threonine. The peptide was assigned by long-range HMBC correlations leading to the
sequence Ser-Ala-Ala-Val-Thr. The remaining degree of unsaturation indicated a cyclic
structure with a ring closure between serine and threonine via the aforementioned amine.
This could be concluded from the altered chemical shifts of serine CH-« (8C 62.4, 6H 2.80)
and threonine CH-f (5C 56.2, 6H 3.23). A final proof was provided by key correlations
in the 'H-'H COSY and HMBC spectra. The amine proton at §H 2.31 was determined
by a COSY correlation adjacent to CH-« of serine (5H 2.80) and showed strong HMBC
correlations to CH-a and CHj of threonine, but not to the carboxyl group. In addition, a
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COSY correlation of the hydroxyl group of serine (6H 5.01) to CH; 3 (6H 3.44 and 3.57)
was observed, ruling out ring closure by an ester or ether.

In summary, ring closure between serine and CH-« of threonine was established. This
will henceforth be referred to as 2, 3-diaminobutanoic acid (DABA). The missing COSY
correlation between CH-f3 of DABA and the amine could be due to a dihedral angle of
90° between 8H 2.31 (NH, Ser) and 6H 3.23 (CH 3, DABA) resulting in a very small 3]
coupling constant. The structure was confirmed by MS/MS fragmentation by showing a-
and x-ions patterns commonly observed for cyclic structures (Figure S8). The spectral data
of bonsecamin are shown in Table 1.

The absolute configuration was determined by Marfey’s method. The peptide was
treated with 6N hydrochloric acid at 110°C for 1 h. The hydrolysate and the amino acid
standards were derivatized with D- and L-FDLA and analyzed by LC-MS (Figure S7).
Alanine and valine were determined in an L-configuration and showed the expected ratio
of 2:1.

Serine was probably converted to 2,3-hydroxybutanoic acid and did not react with
L-FDLA. Thus, its configuration could not be determined. The configuration of DABA
was elucidated by the relative method using derivatization with D- and L-FDLA. When
derivatized with D-FDLA, DABA showed a shorter retention time compared to L-FDLA,
thus it had D-configuration. The absolute structure of bonsecamin is shown in Figure 3.

Figure 3. The structure of isolated bonsecamin.

3.3. Determination of the Minimal Gene Cluster

A sequence analysis of the 35 kb DNA fragment cloned in the BAC 2018 revealed 28
putative genes (Figure 4). AntiSMASH analysis did not predict any significant homology
between the expressed cluster and any other already characterized gene cluster. However,
this analysis revealed that a DNA sequence highly similar to genes 8 to 14 is present in
a number of Streptomyces strains. This implies indirectly that genes 8 to 14 cloned in the
BAC 2018 might correspond to the bonsecamin biosynthetic cluster. Genes 8 to 14 are
further assigned as bonA to bonG. The genes bonB, bonC and bonF encode elements of an
NRPS (Table S2). The gene bonG shows similarity to an amino acid ligase. The genes bonD,
bonE and bonA encode two putative oxidoreductases and a transporter protein, respectively
(Table S2).
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Figure 4. Fragment of the Streptomyces albus ssp. chlorinus NRRL B-24108 chromosome cloned in BAC
2018. The genes putatively involved in bonsecamin biosynthesis are highlighted in dark grey. The
black bars indicate the chromosomal fragments cloned in BACs 2018, 2018_del1 and 2018_del2 [29].

To prove the minimal set of genes responsible for bonsecamin synthesis, a set of gene
deletion experiments were performed. The genes 15 to 28 which were predicted not to
be involved in bonsecamin biosynthesis were deleted in the BAC 2018 using RedET. The
constructed recombinant BAC 2018_dell was transferred into the host strain S. albus Del14
and the obtained strain S. albus 2018_dell was tested for bonsecamin production. The
results of the HPLC-MS analysis demonstrated that the production of bonsecamin was not
affected in the S. albus 2018_dell strain (Figure S9). This indicates that the genes 15-28
downstream of the bonG gene were not involved in bonsecamin production. Since bonG
encoded a putative amino acid ligase and built an operon with the NRPS gene bonF, bonG
was regarded as the last gene of the biosynthetic cluster (Figure 4). In order to determine
the left border of the cluster, genes 1-7 upstream of the bonA gene were deleted in BAC
2018. The constructed BAC 2018_del2 was transferred into the heterologous host S.
albus Del14 and the obtained exconjugant strain was analyzed for bonsecamin production.
No difference in bonsecamin production between the strains S. albus 2018 and S. albus
2018_del2 was detected (Figure S9). This indicated that the deleted genes 1 to 7 were not
involved in the production of bonsecamin. The gene bonA encoding a putative transporter
was regarded as the first gene involved in bonsecamin production and bonA belongs to the
same operon as the NRPS-encoding bonB, which further supports the assumption that the
bonA gene constitutes the left border of the cluster. In general, our data indicated that the
bonsecamin biosynthetic cluster encompassed the genes bonA to bonG.

3.4. Biosynthesis of Bonsecamin

Bonsecamin is a novel cyclic pentapeptide. The structure of bonsecamin implies that
the compound might be synthesized through a linear peptide precursor-Ser-Ala-Ala-Val-
Thr. The amino acid residues within the precursor are linked via conventional amide
bonds. To generate the mature bonsecamin the linear precursor peptide likely undergoes
intramolecular dehydrative cyclization. During this modification step the side chain of the
threonine was joined with the free amino group of the serine residue.

The predicted minimal gene cluster for bonsecamin production consists of seven
open reading frames from bonA to bonG. The bonA gene encodes a putative transporter.
The genes bonD and bonE encode putative dehydrogenases and are presumably involved
in the tailoring steps of the bonsecamin biosynthesis. The remaining four genes bonB,
bonC, bonF and bonG, which encode putative elements of NRPS and an alanine ligase,
might be involved in the biosynthesis of the linear bonsecamin precursor. The analysis of
the NRPS genes revealed that bonF encodes A and PCP domains; bonB encodes A, PCP
and C domains; and bonC encodes A, PCP, C and TE domains (Figure 5). This domain
organization indicates that only three of five amino acid residues of bonsecamin were
incorporated by the encoded NRPS. The A domains encoded by bonC, bonB and bonF
were predicted to have substrate specificity towards the amino acids serine, valine and
threonine, respectively. This prediction is in accordance with the amino acid composition
of bonsecamin: Ser-Ala-Ala-Val-Thr. Two alanine residues are therefore expected to be
incorporated into the bonsecamin precursor in an NRPS-independent manner. The putative
alanine ligase encoded by the bonG gene might be responsible for the alanine incorporation.
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Figure 5. Proposed biosynthetic scheme for bonsecamin production. A. Formation of the Ala-Ala-Val
tripeptide precursor catalyzed by the putative alanine ligase encoded by bonG. B. Conversion of the
tripeptide intermediate into the linear pentapeptide precursor catalyzed by the NRPS encoded by
bonB, bonF and bonC. C. Cyclization of the linear bonsecamin precursor catalyzed by the products of
bonE and bonD.

Taking into consideration the structure of the compound, domain organization and
the predicted substrate specificity of the NRPS, the following bonsecamin biosynthetic
scheme is proposed. The first step in the biosynthesis is the assembly of the Ala-Ala-Val
tripeptide catalyzed by a putative alanine ligase encoded by bonG. The enzyme uses valine
as a starter substrate and carries out two rounds of alanine ligation. The participation
of amino acid ligases in the biosynthesis of natural products was reported before [30].
Amino acid ligases usually attach small, non-polar amino acids to the amino group of the
substrate by forming an amide bond. The enzymes are characterized as being quite specific
for their extension unit (here alanine), but exhibit only little substrate specificity for the
starter substrate, which is extended [31]. The relaxed substrate specificity might explain
the attachment of the alanine residue to the valine in the first elongation step and then to
the Ala-Val dipeptide in the second elongation step.

The conversion of the synthesized Ala-Ala-Val tripeptide into the linear bonsecamin
precursor is proposed to be catalyzed by the NRPS genes encoded within the cluster.
The attachment of the threonine residue to the tripeptide is supposedly catalyzed by
the products of bonB and bonF, which together encode the starter module and the first
elongation module of the bonsecamin NRPS. The tripeptide is probably activated by the
A domain of bonB, presumably specific for valine, and loaded on the corresponding PCP
domain (Figure 5). The activated tripeptide is then elongated with threonine which is
activated by the A domain of bonF and bound to its PCP domain, leading to the Ala-Ala-
Val-Thr tetrapeptide (Figure 5).
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To finalize the assembly of the linear pentapeptide precursor, an amide bond between
the amino group of the serine and the carboxyl group of the alanine within the tetrapeptide
product needs to be formed. We propose that the product of bonC catalyzes this reaction.
BonC contains a canonical starter module with A and PCP domains and a shortened
termination module with C, PCP and TE domains. The termination module of bonC lacks
an A domain. The A domain of the starter module is predicted to activate serine and
to load it on the corresponding PCP domain. To elongate the serine residue with the
tetrapeptide the latter needs to be loaded on the PCP domain of the termination module of
bonC. Since the termination module of bonC does not contain any A domain, we propose
that the tetrapeptide is transferred from the PCP domain of bonF on the PCP domain of
the termination module of bonC. The mechanism of this assumed transesterification step
remains elusive. The condensation of the serine residue with the tetrapeptide to yield the
linear pentapeptide Ser-Ala-Ala-Val-Thr is catalyzed by the C domain of bonC. The linear
pentapeptide precursor is proposed to be released through the action of a dedicated TE
domain within the termination module of bonC (Figure 5).

The released linear pentapeptide precursor needs to be cyclized to yield mature bon-
secamin. The cylization of bonsecamin occurs not through conventional amide bonds but
through the secondary amine, which is formed between the side chain of the threonine
and the amino group of the serine. We suppose that the conversion of the linear precursor
into bonsecamin is catalyzed by the standalone enzymes encoded by bonD and bonE. Both
enzymes were annotated to possess redox function. We assume that the first step towards
cyclization is the oxidation of the hydroxyl group at the 3 carbon of the threonine, leading
to a keto group with reactivity superior to the carboxylic acid carbon. This step might be
catalyzed by the product of bonE which shows sequence similarity to 3-hydroxybutyrate
dehydrogenase and 3-ketoacyl-ACP reductase-enzymes which catalyze similar reactions.
Then the amino group of the serine residue reacts with the generated keto group under re-
lease of a water molecule to give an imine intermediate. Peptide macrocyclizations leading
to imines are unusual, but have been described before [32-34]. The process of cyclization
seems to happen spontaneously [32]. The generated imine group within the cyclized pre-
cursor is further reduced to a secondary amine leading to mature bonsecamin. We suppose
that the final reduction step is catalyzed by the product of bonD which shows homology to
the product of IgrE, involved in the reduction of linear gramicidin precursors [35].

The proposed scheme for bonsecamin biosynthesis includes a number of unusual
enzymatic steps. In order to validate the proposed biosynthetic pathway, the inactivation
of the bonE gene as well as the deletion of the second PCP domain or TE domain within
bonC were undertaken and led to complete cessation of bonsecamin production (Figure S9).
No putative derivatives or precursors of the compound could be detected in the culture
broth of the engineered strains.

4. Conclusions

In this article we reported the identification of the new compound bonsecamin after
successful heterologous expression of a cryptic NRPS cluster of S. albus ssp. chlorinus NRRL
B-24108. Bonsecamin is a cyclic pentapeptide with a secondary amine moiety formed
between the side chain of a threonine and the amino group of a serine. The identified
minimal set of biosynthetic genes indicated that bonsecamin was a result of the interplay
between an amino acid ligase and a nonlinear NRPS.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/microorganisms9081640/s1: Table S1: Strains, BACs, plasmids and primers used in this work;
Table S2: Putative products of the genes in the DNA fragment encoding bonsecamin production;
Figure S1: 'H NMR spectrum (700 MHz, DMSO-d6) of bonsecamin. Figure S2: 13C NMR spectrum
(700 MHz, DMSO-d6) of bonsecamin. Figure S3: 1H-'H COsy spectrum (700 MHz, DMSO-d6) of
bonsecamin. Figure S4: Edited-HSQC spectrum (700 MHz, DMSO-d6) of bonsecamin. Figure S5:
HMBC spectrum (700 MHz, DMSO-d6) of bonsecamin. Figure Sé: I5N-HSQC spectrum (700 MHz,
DMSO-d6) of bonsecamin. Figure S7: LC-MS chromatograms of hydrolyzed bonsecamin derivatized


https://www.mdpi.com/article/10.3390/microorganisms9081640/s1
https://www.mdpi.com/article/10.3390/microorganisms9081640/s1

Microorganisms 2021, 9, 1640 10 of 11

with D- or L-FDLA and the amino acid (aa) references derivatized with L-FDLA. Figure S8: MS/MS
fragmentation of bonsecamin. Figure S9: Production of bonsecamin in S. albus Del14 mutant after
gene deletion experiments.
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Table S1. Strains, BACs, plasmids and primers used in this work.

Material

Purpose

A. Bacterial strains
Streptomyces albus Del14
Escherichia coli GB05 RedCC
Escherichia coli ET12567 pUB307
B.BACs

2018

2018_dell

2018_del2
2018_delKR_delbla
2018_delPCP_delbla
2018_delTE2_delbla

C. Plasmids

pUC19

D. PCR primer Red/ET
20200815_1_fw [2018_del1]

20200815_1_rev [2018_dell]

20210315_1_fw [2018_del2]

20200815_2_rev [2018_del2]

20201217 _1_fw [2018_delKR_delbla]

heterologous host [1]
cloning host [Helmholtz-Institut fiir Pharmazeutische Forschung Saarland (HIPS)]

alternate host intergeneric conjugation [2]

heterologous expression of NRPS cluster
determination downstream border of NRPS cluster
determination upstream border of NRPS cluster
single gene inactivation

single gene inactivation

single gene inactivation

ampicillin resistance marker

TAGTCCAGCGTCATCAGCGGGGCGTCCGAGGCACTGCGGACCACGAGGCGCGTCAGGTGGCAC
TTTTCG
TCCGACGGCGGGCGGCCCCGCACTAGGCTCGCCGCCATGACGGACGTCGACTTTTCTACGGGGT
CTGAC
CTATCGTCGCCACGCCTTGGTGCACGGGAAATCCGGTGTGATGCCGGTGCCGTCAGGTGGCACT
TTTCG
CACTGGATGCCCAGGCAGGGGGTACGCAGCATGACCGAGGAGGACGCGGCCTTTTCTACGGGG
TCTGAC
GCTGGTGAACCCGCCGTCGACGGTGACCGTGGAGCCGGTCACCTGGCGGGAGTTTAAACCGTC
AGGTGGCACTTTTCG
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20201217 _1_rev [2018_delKR_delbla] GGAGTGCTCACCGCGGCGCCGCTCGCGGGCAAGGCCGCCGTCATCACGGGTTTAAACGACTTTT
CTACGGGGTCTGAC

20201217_2_fw [2018_delPCP_delbla] GGCCAGGGCGGCCAGTTCGCCCAGCCGCGGGATGCGGGTGAGGTCGGTGAAGTTTAAACCGTC
AGGTGGCACTTTTCG

20201217_2_rev [2018_delPCP_delbla] CGCGCGGTCTGGCAGCAGATCCTGGGGCTGACGGCGGAGGAGATCGGTGGTTTAAACGACTTT
TCTACGGGGTCTGAC

20201217_4_fw [2018_delTE2_delbla] CAGTTCCGCGGTCGCGGCCGGATTGCCGCGCACGAAGTAGTGGCCGCCCGAGTTTAAACCGTC
AGGTGGCACTTTTCG

20201217_4_rev [2018_delTE2_delbla] TGCGTGCCGTATCCGTGCGGGCACCCGGTCAACTTCAAACCGCTGGCCGGTTTAAACGACTTTT
CTACGGGGTCTGAC
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Figure S1: 'TH NMR spectrum (700 MHz, DMSO-d6) of bonsecamin.
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Figure S2: 3C NMR spectrum (700 MHz, DMSO-d6) of bonsecamin.
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Figure S3: 'H-'"H COSY spectrum (700 MHz, DMSO-d6) of bonsecamin.
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Figure S4: Edited-HSQC spectrum (700 MHz, DMSO-d6) of bonsecamin.
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Figure S5: HMBC spectrum (700 MHz, DMSO-d6) of bonsecamin.

Figure S6: ’"N-HSQC spectrum (700 MHz, DMSO-d6) of bonsecamin.
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Figure S7: LC-MS chromatograms of hydrolyzed bonsecamin derivatized with D- or L-FDLA and the amino acid (aa) references
derivatized with L-FDLA.

HoOC *0
N
H
HO, o) NH o}
X -ion HN a, -ion
X3 -ion o 331.162 -lon _Q 363 167
189.088 5 161 092° 5
X, -ion a, -ion
260.125 232.130
'"“91"05 1 MSMS_430 GB6_01 13338.d: +MS2(430.2305), 35.0eV, 0.5min #53
X102
185.0926
4 161.0924 260.1249
1 189.0877
24 256.1298
1 232.1299 31.1619
0- | .'|| T |l .|I T "I |I T ?03:16'693 |I T T T T T T T T T ’l T
150 200 5 300 350 400 mz

Figure S8: MS/MS fragmentation of bonsecamin.
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Figure S9. Production of bonsecamin in S. albus Del14 mutant after gene deletion experiments. EIC extracted for masses [430-431].
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Table S2. Putative products of the genes in the DNA fragment encoding bonsecamin production.

gene # locus tag putative product
1 SACHL 05130 Catalase
2 SACHL_05120 hypothetical protein
3 SACHL_05110 Cobalt import ATP-binding protein CbiO
4 SACHL_05100 Cobalt transport protein CbiQ
5 SACHL_05090 Cobalt transport protein CbiN
6 SACHL_05080 Cobalt transport protein CbiM
7 SACHL_05070 -
8 [bonA] SACHL_05060 enterobactin exporter EntS
9 [bonB] SACHL_05050 Tyrocidine synthase 3 - val
10 [bonC] SACHL_05040 Tyrocidine synthase 3 - ser
11 [bonD] SACHL_05030 Linear gramicidin dehydrogenase LgrE
12 [bonE] SACHL_05020 (-)-trans-carveol dehydrogenase
13 [bonF] SACHL_05010 Dimodular nonribosomal peptide synthase - thr
14 [bonG] SACHL_05000 Alanine-anticapsin ligase BacD
15 SACHL_04990 hypothetical protein
16 SACHL_04980 hypothetical protein
17 SACHL_04970 -
18 SACHL_04960 P-aminobenzoate N-oxygenase AurF
19 SACHL_04950 hypothetical protein
20 SACHL_04940 hypothetical protein
21 SACHL_04930 hypothetical protein
22 SACHL_04920 CGNR zinc finger
23 SACHL_04910 (5)-2-haloacid dehalogenase
24 SACHL_04900 Putative phenylalanine aminotransferase
25 SACHL_04890 All-trans-nonaprenyl-diphosphate synthase (geranyl-diphosphate specific)
26 SACHL_04880 prenyltransferase
27 SACHL_04870 Squalene-hopene cyclase
28 SACHL_04860 2-octaprenyl-3-methyl-6-methoxy-1,4-benzoquinol hydroxylase

(1]

M. Myronovskyi, B. Rosenkrdnzer, S. Nadmid, P. Pujic,c P. Normand, A. Luzhetskyy, Generation of a
cluster-free Streptomyces albus chassis strains for improved heterologous expression of secondary metabolite
clusters, Metab. Eng. 49 (2018) 316-324. https://doi.org/10.1016/j.ymben.2018.09.004.

F. Flett, V. Mersinias, C.P. Smith, High efficiency intergeneric conjugal transfer of plasmid DNA from
Escherichia coli to methyl DNA-restricting streptomycetes, FEMS Microbiol. Lett. 155 (2006) 223-229.
https://doi.org/10.1111/j.1574-6968.1997.tb13882.x.
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Abstract: Since the 1950s, natural products of bacterial origin were systematically developed to
be used as drugs with a wide range of medical applications. The available treatment options
for many diseases are still not satisfying, wherefore, the discovery of new structures has not lost
any of its importance. Beyond the great variety of already isolated and characterized metabolites,
Streptomycetes still harbor uninvestigated gene clusters whose products can be accessed using
heterologous expression in host organisms. This works presents the discovery of a set of structurally
novel secondary metabolites, dudomycins A to D, through the expression of a cryptic NRPS cluster
from Streptomyces albus ssp. Chlorinus NRRL B-24108 in the heterologous host strain Streptomyces albus
Dell4. A minimal set of genes, required for the production of dudomycins, was defined through gene
inactivation experiments. This paper also proposes a model for dudomycin biosynthesis.

Keywords: Streptomyces; NRPS; heterologous expression

1. Introduction

Biologically active natural products of microbial origin are the result of natural design and
evolutionary optimization to target essential biological processes, and are, therefore, a valuable source
of potential drug leads [1-3]. Since the 1950s, the bacterial genus of Streptomyces largely contributed
to the pool of diverse structural scaffolds, some of which were developed as successful drugs,
e.g., vancomycin (antibacterial) [4], avermectin (antiparasitic) [5,6] and actinomycin D (anticancer) [7,8],
etc. As a result of extensive screening, the discovery of structurally novel compounds with new
biological targets has become a challenging task nowadays. However, only a small part of the
biosynthetic gene clusters encoded in microbial genomes is readily expressed in the laboratory,
while the rest remain silent. It seems that under standard conditions, only a confined number of clusters
leads to the production of natural products, which are then often rediscovered. Identification of unique
biosynthetic pathways within genome sequence data and their targeted expression in optimized chassis
strains is regarded as a most promising approach to access new biologically active scaffolds [9,10].

Recently we have reported the first studies on the genome mining of the strain Streptomyces albus ssp.
Chlorinus NRRL B-24108. Heterologous expression of S. albus ssp. Chlorinus genes enabled identifying
the biosynthetic gene clusters of the antibiotic nybomycin and the herbicide albucidin, as well as the

Microorganisms 2020, 8, 1800; doi:10.3390/microorganisms8111800 www.mdpi.com/journal/microorganisms
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isolation and characterization of the novel compounds benzanthric acid and fredericamycin C2 [11-14].
This study reports on a biosynthetic gene cluster of Streptomyces albus ssp. Chlorinus encoding an
uncharacterized nonribosomal peptide synthetase. The bioinformatic analysis did not reveal any
characterized homologs of the studied cluster, implying that it might encode a novel natural product.
Heterologous expression of the NRPS cluster in our optimized hosts Streptomyces albus Dell4 [15] and
Streptomyces lividans Del8 [16] led to identifying a set of four new compounds we named dudomycins.
The compounds were purified, and their structures were elucidated in 'H and '3C nuclear magnetic
resonance (NMR) experiments. The identified compounds are structurally related and consist of a core
lysine and three branched-chain hydroxy fatty acid residues. A hypothesis on dudomycin biosynthesis
is proposed based on the results of gene deletion experiments.

2. Materials and Methods

2.1. General Experimental Procedures

The strains, bacterial artificial chromosomes (BACs), and plasmids used in this work are listed in
Table S3. Escherichia coli strains were cultured in lysogeny broth (LB) medium [17]. Streptomyces strains
were grown on soy flour mannitol (MS) agar [18] and in liquid tryptic soy broth (TSB; Sigma-Aldrich,
St. Louis, MO, USA). Liquid DNPM medium (40 g/L dextrin, 7.5 g/L soytone, 5 g/L baking yeast,
and 21 g/ MOPS, pH 6.8 as aqueous solution) and defined medium DM (mannitol 5 g/L, amino acid
0.5 g/L, K2PO4 0.5 g/L, MgS0O4 x 7 H20 0.2 g/L, FeSO4 x 7 H20 0.01 g/L) were used for metabolite
expression. When DM was used for production, the cells of the preculture were washed three times
using amino acid-free defined medium prior to inoculation. Amino acids L-val, L-ile, L-lys, and p-lys
were supplied to a defined medium as needed. The antibiotics kanamycin, apramycin, hygromycin,
ampicillin, and nalidixic acid were added when required.

2.2. Isolation and Manipulation of DNA

DNA manipulation, transformation into E. coli, as well as intergeneric conjugation between E.
coli and Streptomyces, were performed according to standard protocols [17-19]. BAC DNA from a
constructed genomic library of Streptomyces albus ssp. Chlorinus NRRL B-24108 was isolated with
the BACMAX™ DNA purification kit (Lucigen, Middleton, WI, USA). Deletion of several genes was
performed on the BAC 4E8 itself using a two-step approach. Step one focused on deleting all genes
1 to 21, leading to BAC 4E8_dell, step two addressed further deletion of genes 25 and 26 on BAC
4E8_dell, resulting in BAC 4E8_del2. The genes were replaced by resistance markers ampicillin and
hygromycin through homologous recombination using the Red/ET system [20]. PCR was performed for
amplification of the respective gene cassettes from plasmids pUC19 and pXCM hygformax. PCR primers
20190429_1_fw, 20190429_1_rev, 20190429_2_fw, and 20190429_2_rev were constructed with overhang
regions for site-specific introduction of the cassettes left or right from the dudomycin cluster and
simultaneous removal of the genes 1 to 21 or 25 and 26. Restriction mapping and sequencing were
used to control the success of the recombination. Restriction enzymes from ThermoFisher Scientific
(Waltham, MA, USA) or New England BioLabs NEB (Ipswich, MA, USA) were used according to the
manufacturer’s instruction.

2.3. Metabolite Extraction

For metabolite extraction, Streptomyces strains were grown in 15 mL of TSB in a 100 mL baffled
flask for 1 to 2 days, and 1 mL of seed culture was used to inoculate 100 mL of production medium in a
500 mL baffled flask. Cultures were grown for 7 days at 28 °C and 180 rpm in an Infors multitron shaker
(Infors AG, Basel, Switzerland). Metabolites were extracted from the culture supernatant with an equal
amount of either n-butanol or ethyl acetate, evaporated at 40 °C and kept at storage condition 4 °C.
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2.4. Mass Spectrometry (MS) Metabolite Analysis

Dried extracts were dissolved in methanol prior to the mass spectrometry (MS) analysis.
MS experiments were carried out on a Dionex Ultimate 3000 UPLC system (ThermoFisher Scientific,
Waltham, MA, USA) coupled to PDA detector (stationary phase 30 or 100 mm ACQUITY UPLC BEH
C18 1.7 um column (Waters Corporation, Milford, MA, USA), mobile phase: Linear gradient of [A]
ddH,0 + 0.1% formic acid/[B] acetonitrile + 0.1% formic acid, 5% to 95% at flow rate of 0.6 mL/min).
Further mass detection was performed coupling either an amaZon speed (Bruker, Billerica, MA, USA)
or LTQ Orbitrap XL mass spectrometer (ThermoFisher Scientific, Waltham, MA, USA) using positive
ionization mode and mass range detection of m/z 200 to 2000. Data analysis was performed using
software Compass Data Analysis v. 4.1 (Bruker) and Xcalibur v. 3.0 (ThermoFisher Scientific).

2.5. Purification

The extract from the 10 L culture was dissolved in methanol. A first purification step was carried out
using Size Exclusion Chromatography (SEC; stationary phase: Sephadex-LH20; mobile phase: isocratic
elution using 100% methanol). Fractions containing dudomycins were pooled, dried, redissolved in
methanol and undergone a second purification step: Reversed Phase (RP) HPLC (Agilent Infinity
1200 series HPLC system; stationary phase: Synergi™ 4 um Fusion-RP 80 A 250 x 10 (Phenomenex,
Torrance, CA, USA); mobile phase: Linear gradient of [A] HO + 0.1% formic acid/[B] acetonitrile +
0.1% formic acid, 30% to 95% [B] in 14.5 min at flow rate of 4 mL/min, column oven temperature 45 °C,
detection UV 210 nm followed by fraction control on HPLC-MS). Fractions were pooled to obtain the
four pure dudomycin isolates A to D.

2.6. Nuclear Magnetic Resonance (NMR) Spectroscopy

The 'H-NMR spectrum in CDCl3 (Deutero, Kastellaun, Germany) was recorded on a Bruker
Avance 500 spectrometer (Bruker, BioSpin GmbH, Rheinstetten, Germany) equipped with a 5 mm
BBO probe at 298 K. The chemical shifts were reported in parts per million (ppm) relative to TMS.
The spectra were recorded with the standard 'H pulse program using 64 scans. All other NMR spectra
were acquired on a Bruker Ascend 700 MHz NMR spectrometer at 298 K equipped with a 5 mm TXI
cryoprobe. As a solvent, deuterated CD3;0D was used. HSQC, HMBC, 1H-1H COSY spectra were
recorded using the standard pulse programs from the TOPSPIN v. 3.6 software. Selective 1D TOCSY
experiments were performed using mixing times of 120 ms.

2.7. Genome Mining and Bioinformatic Analysis

The genome of S. albus ssp. Chlorinus was screened for secondary metabolite biosynthetic gene
clusters using the antiSMASH online tool (https://antismash.secondarymetabolites.org/#!/start) [21].
Analysis of genetic data was performed using Geneious software, v. 11.0.3 [22]. The genomic sequence
of Streptomyces albus ssp. Chlorinus was deposited in GenBank under accession number VJOK00000000.
For dereplication, the Dictionary of Natural Products (DNP) 28.1 was used as a database of known
natural products.

3. Results and Discussion

3.1. Identification and Expression of the NRPS Gene Cluster

Genome mining of Streptomyces albus ssp. Chlorinus NRRL B-24108 using AntiSMASH software
revealed several cryptic biosynthetic gene clusters (BGCs) within its chromosome [22]. A BGC encoding
a putative nonribosomal peptide synthetase (NRPS) caught our attention as the software did not detect
any homology to already characterized BGCs [23]. A BAC 4E8 covering the entire NRPS cluster was
identified in the previously constructed genomic library of S. albus ssp. Chlorinus (GenBank accession
number VJOKO00000000). The BAC 4E8 was transferred into the optimized heterologous host strains
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Streptomyces albus Dell4 and Streptomyces lividans Del8, leading to the respective exconjugant strains
Streptomyces albus 4E8 and Streptomyces lividans 4E8. The obtained exconjugant strains were cultivated
in the production medium DNPM, and the metabolites were extracted from the culture supernatant
with ethyl acetate or N-butanol. High-resolution HPLC-MS analysis revealed the presence of four new
peaks in the ethyl acetate and N-butanol extracts of both S. albus and S. lividans harboring the BAC 4E8
(Figure 1; Figures S1 and S2). The identified peaks could not be observed in the extracts of the control
strains without the BAC. Analysis of the mass spectra of the identified peaks revealed the molecular
ions [M + H*] with the masses 573.411, 587.426, 601.442, and 615.457 Da. A search in the DNP database
of natural products for the identified high-resolution masses did not generate any matches, implying
that the identified compounds might be new. The mass differences of 14 Da between the individual
compounds imply that they might differ by the presence of additional CH, groups. The identified
compounds were named dudomycins A, B, C, and D.

Intens.
x107

S. albus 4E8
0.8
573 587 601
0.4
0.0 s . P O
110 12.0 130 14.0 150  Time [min)
x107
% S. albus Del14
0.4
0.0 My s P A grppraipaan b sellosiatin
1.0 12.0 13.0 14.0 150  Time [min]

Figure 1. HPLC-MS analysis of dudomycin production by S. albus Dell4 strain harboring the BAC
(bacterial artificial chromosomes) 4E8. The strain S. albus Del14 without the BAC was used as a control.
The extracted base peak chromatograms 573-574 Da, 587-588 Da, 601-602 Da, 615-616 Da are shown.

3.2. Purification and Structure Elucidation

To get insights into the structures of the produced compounds, the producer strain S. albus 4E8
was cultivated in 10 L of the production medium DNPM, and the metabolites were extracted from the
culture supernatant with ethyl acetate. The strain S. albus 4E8 was preferred to S. lividans 4E8, due to
its higher production level. The dudomycins A to D corresponding to the identified molecular ions
[M + H*] with the masses 573.411, 587.426, 601.442, and 615.457 Da were successfully purified from
the extract: 1.2 mg of dudomycin A, 1.1 mg of dudomycin B, 0.7 mg of dudomycin C and 0.5 mg of
dudomycin D were obtained. The structure elucidation of the isolated dudomycins was performed
using 1D and 2D NMR with a special focus on 1D TOCSY experiments.

Due to its small molecular mass, dudomycin A was the first compound used for the structure
elucidation. The molecular formula was calculated as C3yHs¢OgN, based on the calculated
high-resolution mass of 572.403 Da, indicating four degrees of unsaturation. Analysis of 'H, 13C NMR,
and edited HSQC led to 6 methyls, 13 methylenes, 7 methines, and 4 quaternary carbons. Two of the
remaining five protons belonged to NH-groups, as the 'H NMR measurement in CDCl; revealed the
presence of two signals at SH 6.81 and 6H 7.12 ppm (Figure S3), which disappeared in protic solvents.
Due to broad signals and the compound’s poor solubility in CDCl3, all other spectra were recorded in
CD3;OD.

Interpretation of HHCOSY revealed four discrete spin systems in the molecule. The first sequence
starting from the methine signal at SH 4.26 followed by four methylenes at $H 1.83,1.38, 1.51, and 3.17
was assigned to lysine, which was supported by HMBC data. The remaining three spin systems
were mostly close to each other, leading to many overlaps of methylene and methyl resonances
in the area of 6H 0.8-1.7 (Figure S4). However, well-separated methine proton signals at $H 5.20,
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3.95, 3.92 enabled selective 1D TOCSY experiments using these resonances as irradiation points.
Their careful interpretation enabled the full assignment of all spin systems leading to three different
3-hydroxy-6-methyl heptanoic acid moieties (HMH1 to HMH3).

Long-range HMBC correlations of Lys-H-2 (6H 4.26, 6C 56.2) to HMH1-C-1" (6C 171.9) and
Lys-H-6 (6H 3.17, 6C 40.4) to C-1” (6C 174.3) proved connections of HMH1 and HMH?2 via amide bonds.
The carbonyl group of lysine (6C 178.9) did not show any external connections, hence it was assigned
as a free carboxyl group. The remaining long-range HMBC correlations between H-3" (6H 5.20, 6C 73.3)
and C-1" (8C 173.2) indicated an ester bond between HMH1 and HMH3 leading to the final structure
of dudomycin A (Figure 2; Figures S3-510; Table S1).

HMH?2

g

Figure 2. Observed HMBC (arrows) and selective 1D TOCSY (bold lines) key correlations of
dudomycin A.

The results of NMR analysis indicate that the dudomycins B (C31HsgOgN3), C (C3,HgpOgN3),
and D (C33HgpOgNy) are structurally related to dudomycin A. From these compounds, only dudomycin
D (Table S2) was a pure substance, while dudomycins B and C were the mixtures of several isomers.
Similar to dudomycin A, the structure of dudomycin D contains a lysine core, with three hydroxy fatty
acids attached. However, in contrast to dudomycin, A three residues of 3-hydroxy-6-methyl octanoic
acid (HMO1 to HMO3) can be found in the structure of dudomycin D instead of three residues of
3-hydroxy-6-methyl heptanoic acid (HMH1 to HMH3). The alkyl chain of the 3-hydroxy-6-methyl
octanoic acid is extended by one additional CH; group compared to 3-hydroxy-6-methyl heptanoic
acid what explains the overall mass difference of 42 Da between dudomycins A and D.

NMR spectra of dudomycins B and C revealed that both samples consist of three isomers each.
Similar to dudomycins A and D, dudomycins B and C also contain a lysine core in their structures.
In contrast to dudomycins A and D, which contain either HMH or HMO residues bound to the core,
dudomycins B and C contain a mixture of HMH and HMO residues in their structures. The results of
'H NMR and a multitude of 1D TOCSY measurements indicate that dudomycin B contains two HMH
and one HMO residues, while dudomycin C contains one HMH and two HMO residues. These results
are in accordance with the observed mass difference of 14 Da between Dudomycin A and B and of
28 Da between dudomycins A and C. Three isomeric forms are possible for both dudomycin B and C
(Figure 3, Figures 511-524).

R = CHj; or C3Hs R

Figure 3. The structures of isolated dudomycins. In the case of dudomycin A, all three R groups
correspond to the CHj3 group. Dudomycin B is a mixture of 3 constitutional isomers with two R groups
corresponding to CH3 and one R group—to C,Hs. Dudomycin C is a mixture of 3 constitutional
isomers with one R group corresponding to CHj3 and two R groups—to C,Hs. In dudomycin D,
all three R groups correspond to CoHs.

Experiments to determine the absolute configuration of dudomycins have not been performed,
due to low amounts of the isolated compounds. The results of a feeding experiment imply that r-lysine
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is used as a precursor for dudomycin biosynthesis (Figure 525). A higher dudomycin production level
was observed upon the cultivation of S. albus 4E8 in a defined medium with r-lysine as a nitrogen
source than in the medium with p-lysine.

The occurrence of HMH and HMO in natural products is very rare, and to the best of our
knowledge, the structures of dudomycin A to D have not been reported before.

3.3. Determination of the Minimal Dudomycin Gene Cluster

The 30 kb DNA fragment cloned in the BAC 4E8 contains 26 genes (Figure 4; Table 1). Gene 22
encodes a putative NRPS comprising condensation (C), adenylation (A), peptidyl carrier protein (PCP),
and thioesterase (TE) domains. The A domain was predicted to have a weak preference for recognition
of the amino acid ornithine. Due to the structural similarity of ornithine and lysine gene 22 encoding,
an NRPS enzyme was regarded to be involved in dudomycin biosynthesis. A sequence analysis of the
regions upstream and downstream of gene 22 was performed to identify the genes possibly involved
in the production of dudomycins. This analysis did not reveal any gene whose product could be
enzymatically involved in dudomycin biosynthesis. Sequence homology analysis revealed that the
homologs of genes 22, 23, and 24 are clustered together in the genomes of seven different strains
implying that those genes might be involved in the same pathway. Genes 23 and 24 encode a putative
transport protein and a putative transcriptional regulator, respectively. To confirm that the genes
upstream, gene 22 are not involved in dudomycin biosynthesis, the genes 1 to 21 were substituted in
the BAC 4E8 with an ampicillin cassette using Red/ET. The constructed BAC 4E8_dell was transferred
into S. albus Del14 strain yielding S. albus 4E8_dell. HPLC-MS analysis of the metabolite production by
the obtained strains did not detect any differences in dudomycin production compared to the S. albus
4E8 strain. This clearly indicated that the genes 1 to 21 encoded in the BAC 4E8 are not involved in the
biosynthesis of dudomycins.

To find out if genes 25 and 26 are involved in dudomycin production, they were replaced in the
BAC 4E8_dell with a hygromycin resistance cassette using Red/ET. The constructed BAC 4E8_del2
contains genes 22, 23, and 24 only. The BAC was transferred into S. albus Del14, and the obtained strain
S. albus 4E8_del2 was checked for dudomycin production. HPLC-MS analysis revealed that deleting
genes 25 and 26 did not affect the production of dudomycins (Figure 526), indicating that these genes
do not take part in the biosynthesis of the compounds.

The results of gene deletion experiments demonstrate that genes 22, 23, and 24 (designated as
dudA, dudB, and dudC), encoding the putative NRPS, transport protein, and transcriptional regulator
(Table 1, Figure 4), suffice for the production of dudomycins. Since the products of dudB and dudC
do not have an enzymatic function, we suppose that only the product of dudA is responsible for the
biosynthesis of dudomycins. The products of dudB and dudC are likely involved in the transport of
the biosynthetic products and in the regulation of dudomycin production, respectively. Since the
inactivation of the genes dudB and dudC was not performed, the possibility that the genes are not
essential for dudomycin production cannot be completely excluded.

1kb dudA dudB dudC
17 19 21 23

G@DﬁDbDbDEﬂDﬂm : ID‘Dtin mEe -ED@

4E8
4E8 dell
4E8 del2

Figure 4. The chromosomal fragment of Streptomyces albus ssp. Chlorinus NRRL B-24108 containing the
dudomycin gene cluster. The genes putatively involved in dudomycin biosynthesis are highlighted in
dark grey. The chromosomal fragments cloned in BACs 4E8, 4E8_dell and 4E8_del2 are shown with
black bars.
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Table 1. Proposed functions of the genes in the DNA fragment containing the dudomycin gene cluster.

Gene # Locus Tag Putative Function
1 SACHL_42600 glycosyltransferase
2 SACHL_42610 hypothetical protein
3 SACHL_42620 phosphatase
4 SACHL_42630 N,N’-diacetyllegionaminic acid synthase
5 SACHL_42640 hypothetical protein
6 SACHL_42650 hydrolase
7 SACHL_42660 membrane lipoprotein precursor
8 SACHL 42670 galactose/methyl galactoside import ATP-binding
protein
9 SACHL_42680 ribose transport system permease protein
10 SACHL 42690 branched-chain amino acid transport system/permease
component

11 SACHL_42700 cytidine deaminase
12 SACHL_42710 pyrimidine-nucleoside phosphorylase
13 SACHL_42720 hypothetical protein
14 SACHL_42730 hypothetical protein
15 SACHL_42740 hypothetical protein
16 SACHL_42750 hypothetical protein
17 SACHL_42760 hypothetical protein
18 SACHL_42770 hypothetical protein
19 SACHL_42780 ubiquinone biosynthesis O-methyltransferase
20 SACHL_42790 zinc metallo-peptidase
21 SACHL_42800 hypothetical protein

22 [dudA] SACHL_42810 dimodular nonribosomal peptide synthase

23 [dudB] SACHL_42820 inner membrane transport protein

24 [dudC] SACHL_42830 transcriptional regulator
25 SACHL_42840 demethylrebeccamycin-p-glucose O-methyltransferase
26 SACHL_42850 hypothetical protein

3.4. Biosynthesis of Dudomycins

Structurally dudomycins consist of a lysine core and three hydroxy fatty acid residues, two of
which are attached directly to the lysine moiety through amide bonds, while the third residue is
esterified with one of the lysine bound hydroxy fatty acids (Figure 3). Two types of hydroxy fatty acids
are used for the biosynthesis of dudomycins: The shorter HMH and the longer HMO. Three HMH
residues are found in the smallest compound—dudomycin A, while three HMO residues are used to
form the largest compound—dudomycin D. Dudomycins B and C contain both types of hydroxy fatty
acids in their structures. The results of gene inactivation studies and sequence analysis demonstrated
that only the product of the dudA gene is responsible for biosynthesis of dudomycins. The gene encodes
an NRPS comprising four domains only: C, A, PCP, and TE. We propose that the A domain activates the
L-lysine and loads it on the PCP module. The C domain then attaches two hydroxy fatty acid moieties
to the two available amino groups of PCP-bound lysine. The product is released through the hydrolytic
activity of the TE domain. We propose that the third hydroxy fatty acid is spontaneously esterified
with HMH1 or HMOJ1, respectively (Figures 2 and 5). It remains unclear if the attachment of the third
hydroxy fatty acid occurs before or after the release of the NRPS product. No peaks corresponding
to the dudomycin derivatives without HMH3 or HMO3 residue could be identified by HPLC-MS
analysis in the extracts of Streptomyces strains harboring the dudomycin biosynthetic cluster.
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Figure 5. Proposed biosynthesis exemplarily for dudomycin A.

Attachment of two hydroxy fatty acid residues to a lysine, which is catalyzed by the single-module
NRPS encoded by dudA is not typical. Atleastanother two cases are known when a single NRPS module
performs two rounds of condensation. During the biosynthesis of myxochelins a single-module NRPS
encoded by the mxcG gene creates the amide linkage between two 2,3-dihydroxybenzoic acid residues
and the two amino groups of lysine [24]. During the biosynthesis of vibriobactin the single-module
NRPS encoded by the vibF gene also catalyzes two condensation events. However, in the case of
vibriobactin, two condensation domains are present within VibF each of which is likely responsible for
one condensation reaction [25].

Three genes, dudA to dudC, are required for the biosynthesis of dudomycins in S. albus Del14
and S. lividans Del8. The dudA gene encodes the above mentioned NRPS, and genes, dudB and
dudC, encode the putative membrane transporter and transcriptional regulator. No genes involved in
precursor supply could be identified in the DNA regions flanking genes, dudA to dudC, implying that
all precursors required for the dudomycin biosynthesis, including the hydroxy fatty acids HMH and
HMO are provided by the host metabolism.

Streptomyces are known for their extraordinary prevalence of branched-chain fatty acids, which are
synthesized by type II fatty acid synthases [26]. Branched-chain amino acids often serve as precursors
for biosynthesis of iso and anteiso carboxylic acids. Through oxidation of the amine group, the amino
acids are converted into a-keto acids, which are then used as starter units in bacterial fatty acid
biosynthesis [27]. Valine and isoleucine with high probability serve as main biosynthetic precursors for
HMH and HMO, respectively. These amino acids are converted to 3-methyl-2-oxobutanoic acid and
3-methyl-2-oxopentanoic acid through the action of valine dehydrogenase or homologous enzymes.
The formed 2-keto carboxylic acids are decarboxylated and used as starter units by a type II fatty acid
synthase which converts them to HMH and HMO after decarboxylative condensation of two malonyl
units (Figure 6). The precursor role of L-valine and r-isoleucine in biosynthesis of HMH and HMO is
indirectly confirmed by feeding studies [28]. During cultivation in a defined medium with rL-valine as
nitrogen source, the strain S. albus 4E8_del2 produced mostly the smaller dudomycins (dudomycins A
and B), which contain mainly HMH, which is derived from rL-valine. With L-isoleucine, as a single
nitrogen source, the strain produced mostly the bigger dudomycins C and D. These compounds
contain mainly HMO, which is derived from r-isoleucine (Figure 525). Furthermore, heavily impaired
production of dudomycins was observed when BAC 4E8 was expressed in an S. albus del VDH strain [29]
with inactivated valine dehydrogenase gene vdh (Figure S27). This result suggests that the valine
dehydrogenese is involved in the supply of HMH and HMO by oxidation of the branched-chain
amino acids L-valine and r-isoleucine. Low dudomycin production by S. albus delVDH 4E8_del2 also
indicates that other homologs of the valine dehydrogenase with broad substrate specificity are encoded
in the genome of S. albus, in accordance with previously published data [30].
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Figure 6. Proposed biosynthesis of HMH and HMO.

4. Conclusions

In this paper, we report the identification and successful heterologous expression of a new
NRPS cluster leading to the production of a group of new compounds called dudomycins A to
D. The single-module NRPS which is responsible for dudomycin production activates L-lysine and
catalyzes its condensation with two hydroxy fatty acid CoA precursors. Such examples where a single
condensation domain catalyzes two condensation steps are very rare. The branched hydroxy fatty
acids used for the dudomycin biosynthesis are provided by the host’s metabolism. The amino acids
L-valine and r-isoleucine serve as main precursors for their biosynthesis.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2607/8/11/1800/
sl. Figure S1: Production of dudomycins by different hosts using different organic solvents for extraction,
Figure S2: Mass spectra of dudomycins (A-D), Figure S3: THNMR (500 MHz, CDCl3) spectrum of dudomycin
A, Figure $4: THNMR (500 MHz, CD3;0D) spectrum of dudomycin A, Figure S5: 13C NMR (176 MHz, CD;0D)
spectrum of dudomycin A, Figure S6: DEPT-135 (176 MHz, CD30D) spectrum of dudomycin A, Figure S7, HSQC
(700 MHz, CD30D) spectrum of dudomycin A, Figure S8: COSY (700 MHz, CD30D) spectrum of dudomycin
A, Figure S9: HMBC (700 MHz, CD30D) spectrum of dudomycin A, Figure S10: (A) 'HNMR spectrum of
dudomycin A showing the irradiation points B (Lys, H-2), C (HMH3, H-3"""), D (HMH2, H-3"") and E (HMH1,
H 3’). (B-E) Selective 1D TOCSY (700 MHz, CD30D) spectra of the corresponding irradiation points, Figure S11:
THNMR (700 MHz, CD;0D) spectrum of dudomycin B, Figure S12; DEPT-135 (176 MHz, CD30D) spectrum of
dudomycin B showing a 2/1 ratio of the methyl signals of HMH and HMO, Figure S13: HSQC (700 MHz, CD;0D)
spectrum of dudomycin B, Figure S14: COSY (700 MHz, CD30D) spectrum of dudomycin B, Figure S15: HMBC
(700 MHz, CD30D) spectrum of dudomycin B, Figure S16: (A) 'HNMR spectrum of dudomycin B showing the
irradiation points C (H-3""/H-3""") and C (H-3"). (B-D) Selective 1D TOCSY (700 MHz, CD3OD) spectra of the
corresponding irradiation points, Figure S17: H NMR (700 MHz, CD30D) spectrum of dudomycin C, Figure S18:
DEPT-135 (176 MHz, CD30D) spectrum of dudomycin C showing an approximate 1/2 ratio of the methyl signals
of HMH and HMO, Figure S19: HMBC (700 MHz, CD;0D) spectrum of dudomycin C, Figure S20: (A) "HNMR
spectrum of dudomycin C showing the irradiation points B (H-3""/H-3""") and C (H-3’). (B-D) Selective 1D
TOCSY (700 MHz, CD30D) spectra of the corresponding irradiation points, Figure S21: "HNMR (700 MHz,
CD3;0D) spectrum of dudomycin D, Figure S22: DEPT-135 (176 MHz, CD30D) spectrum of dudomycin D,
Figure 523: HSQC (700 MHz, CD30D) spectrum of dudomycin D, Figure S24: (A) 'HNMR spectrum of dudomycin
D showing the irradiation points B (HMO2/3, H-3""/H-3"""), C (HMO1, H-3’) and D (Lys, H-2). (B-D) Selective 1D
TOCSY (700 MHz, CD30D) spectra of the corresponding irradiation points; Figure S25: Production of dudomycin
derivatives in defined medium (DM) with single sources of nitrogen, Figure 526: Production of dudomycins
after gene deletion experiments, Figure S27: Decreased production of dudomycin derivatives by S. albus delVDH
4E8, Table S1: NMR data of dudomycin A in CD30D, Table 52: NMR data of dudomycin D in CD30D, Table S3:
Strains, BACs, plasmids and primers used in this work, Tables S4: Proposed functions of the genes in the DNA
fragment containing the dudomycin gene cluster.
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Figure S1. Production of dudomycins by different hosts using different organic solvents for
extraction. Base Peak Chromatogram (BPC) extracted for masses M+H+ [573-574], [587-588],
[601-602], [615-616]. Butanolic extractions led to more background peaks in crude extracts. S. albus
4E8 showed higher production levels compared to S. lividans 4E8.
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Figure S2. A to D: Mass spectra of dudomycins A to D.
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and C (H-3"). B-D. Selective 1D TOCSY (700 MHz, CDsOD) spectra of the corresponding

irradiation points.
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Figure S21. 'H NMR (700 MHz, CD30D) spectrum of dudomycin D.
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Microorganisms 2020, 8, x FOR PEER REVIEW 24 of 32

artr L

| i ik ikl G i B b i ol S ok e il ot b B e R U

i

R S S RS SR e R

Figure 523. HSQC (700 MHz, CDsOD) spectrum of dudomycin D.



Microorganisms 2020, 8, x FOR PEER REVIEW 25 of 32

EGES
all
/;‘—Bl:’;l
o I'»é,
c : T D (W
H-2
D / A A A AN
""'s5  s0 45 40 35 30 25 20 15 10  Chemical Shif (ppm)

Figure S24. A. '"H NMR spectrum of dudomycin D showing the irradiation points B (HMO2/3,
H-3”/ H-3""), C (HMO1, H-3') and D (Lys, H-2). B D. Selective 1D TOCSY (700 MHz, CDsOD)
spectra of the corresponding irradiation points.



Microorganisms 2020, 8, x FOR PEER REVIEW 26 of 32

o 250 +
2 =
§ A EDM L-val
: 200 - ODM L-ile
150 -
1]
@
E 100 4
-
1]
@
o
N l r
0 b T T - 1
A[573] B [587] C [601] D [615]
dudomycin
g 1200 5 EDM [-lys
(=]
§ 1000 - ODM D-lys
E
800 -
(1]
2 600 -
]
=
1]
2 400 -
200 -
o . .
A[573] B [587] C [601] D [615]
dudomycin

Figure S25. Production of dudomycin derivatives in defined medium (DM) with single sources of

nitrogen.



Microorganisms 2020, 8, x FOR PEER REVIEW 27 of 32

Intens

x107

1.0

0.5

0.0

Intens.

x107

0.5

0.0.

S. albus 4E8 dell

| T TV o M A
11.0 12.0 13.0 14.0 15.0  Time [min]

S. albus 4E8 del2

1.0 12.0 13.0 14.0 15.0 Time [min]

Figure 526. Production of dudomycins after gene deletion experiments. BPC extracted for masses
[573-574], [587-588], [601-602], [615-616].



Microorganisms 2020, 8, x FOR PEER REVIEW 28 of 32

3 1200 B DNPM S. albus 4£8
o
§ 1000 1 ODNPM S. albus delVDH 4E8
=
o
E L
(1]
-
©
[+1]
o
A[573] B [587] C [601] D [615]
dudomycin

Figure S27. Decreased production of dudomycin derivatives by S. albus delVDH 4ES.



Microorganisms 2020, 8, x FOR PEER REVIEW

Table S1. NMR data of dudomycin A in CDsOD.

unit

Lys

70\&/'1;!.,41.:--%

T

.

HMH1I 1'

HMH2 1"
o

an

HMH3 1"
i

am

2

4™
sm
6"
y &l
8"

8. type
178.9.C

56.2.CH
34.0.CH,
24.3.CH,
30.2. CH,
40.4.CH,

171.9.C
42.2.CH,
73.3.CH

33.2.CH,
35.6.CH,
20.2.CH

23.1.CH,
23.0.CH,

1743
44.9.CH,
70.2.CH
36.3. CH,
36.0. CH,
20.4,CH
23.1.CH,
23.1.CH,

173.2
43.9.CH,
69.9.CH
36.2. CH,
36.0. CH,
20.4,CH
23.3.CH,;
23.3.CH,

oH.(J nHz)
4.26.dd(4.8.7.5)
1.83.m: 1.677.m
1.38.m

1.51.m

3.17.m

7.12,bst
6.81.bs!

2.56.dd(7.7.14.1): 2.50.dd(5.1. 14.4)
5.20.dd(4.94.7.5)

1.64.m

1.23.m

1.54.m

0.88.d(6.5)

0.89.d(6.5)

.dd(4.5,13.9): 2.28.dd(8.0.13.9)

2.47.dd(5.4.14.8): 2.42.d4(7.6.14.9)
3.95.m

1.49.m: 1.348. m

1.23.m

1.56.m

0.91.d(4.8)

0.90.d(4.8)

*NH Signal measuwredin CDCL,

29 of 32
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Table S2. NMR data of dudomycin D in CDsOD.

unit no.

Lys

HMO1 2

HMO2 2"
3"
4"
5n
6"
7n
g"
o"

HMO3 2"
3
4
5m
6"
7
g
o

8C'. type
55.8,CH
33.6,CH,
24.1,CH,
20.9,CH,
40.1,CH,

41.9,CH,
72.9,CH

32.8,CH,
32.5,CH,
35.3,CH

30.4,CH,
11.6,CH,
19.3,CH,

44.7,CH,
69.9,CH

35.6,CH,
33.3,CH,
35.5,CH

30.5,CH,
11.6,CH,
19.4,CH,

43.7,CH,
69.6, CH
35.5,CH,
33.3,CH,
35.5,CH
30.5,CH,
11.6 CH,
10.4,CH,

SH. (JinHz)
4.26,dd (4.5,6.8)
1.82,m: 1.66, m
1.38,m

1.51,m

3.17,m

2.57,dd(8.5,14.4):2.49,dd (4.9, 14.4)
5.20,m

1.64,m

1.36,m:1.18, m

1.34,m

1.33,m:1,17,m

0.88,0vl

0.87,d(6.0)

2.31,dd (4.9, 13.5);2.28,dd (8.2,13.6)
3.92,m

147, m

1.30,m:1.37,m

1.34,m

1.35,m:1.37,m

0.89, ovl

0.88,d(5.4)

2.46,dd(5.5,15.1);2.424,d(8.2,15.1)
3.94,m

1.47,m

1.30,m:1.37,m

1.34,m

1.35,m:1.37,m

0.89, ovl

0.88,d(5.4)

*from DEPT-135 measurement
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Table S3. Strains, BACs, plasmids and primers used in this work.

Material

Purpose

A. Bacterial strains
Streptomyces albus Del14
Streptomyces lividans Del8

Streptomyces albus J1074 delVDH

Escherichia coli GB05 RedCC

Escherichia coli ET12567 pUB307

B.BACs

4E8

4E8 dell

4E8 del2

C. Plasmids

pUC19

PXCM hygformax

D. PCR primer
20190429_1_fw [4E8 dell]

20190429_1_rev [4E8 dell]

20190429_2_fw [4E8 del2]

20190429_2_rev [4E8 del2]

optimized heterologous host [1]

optimized heterologous host [2]

heterologous host [3]

cloning host [Helmholtz-Institut fiir Pharmazeutische Forschung Saarland (HIPS)]

alternate host intergeneric conjugation [4]

heterologous expression of NRPS cluster
determination left border of NRPS cluster

determination right border of NRPS cluster

ampicillin resistance marker

hygromycin resistance marker

CAGGGAGGAGGCCACCCCGCGCCGGTAGAAGACGCCCAGCAGGCCGACCGCG
TCAGGTGGCACTTTTCG
GATCGCGTGCATGCCCAGATGGTCGCGCGCATACCGCCGTCGGAACGGGCGCG
GATATCCTACTATGCCGAGGTATAATGTAGCCAGCGTGTTACCAATGCTTAATC
AGTG
GGCGACGGCTCCCCGGGCCCGCGAGCCCACGACTCCCGTCCCCACGGCCATCA
GGCGCCGGGGGCGGTGT
GCGATGAGTATCCGTACTCATGTCCGGGCCGCGGGTGCCGCCTAGCGTGAAAT
ACTTGACATATCACTGT
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Table S4. Proposed functions of the genes in the DNA fragment containing the dudomycin gene cluster

gene # locus tag putative function

1 SACHL_42600 glycosyltransferase

2 SACHL_42610 hypothetical protein

3 SACHL_42620 phosphatase

4 SACHL_42630 N,N'-diacetyllegionaminic acid synthase

5 SACHL_42640 hypothetical protein

6 SACHL_42650 hydrolase

7 SACHL_42660 membrane lipoprotein precursor

8 SACHL_42670 galactose/methyl galactoside import ATP-binding protein
9 SACHL_42680 ribose transport system permease protein

10 SACHL_42690 branched-chain amino acid transport system / permease component
11 SACHL_42700 cytidine deaminase

12 SACHL_42710 pyrimidine-nucleoside phosphorylase

13 SACHL_42720 hypothetical protein

14 SACHL_42730 hypothetical protein

15 SACHL_42740 hypothetical protein

16 SACHL_42750 hypothetical protein

17 SACHL_42760 hypothetical protein

18 SACHL_42770 hypothetical protein

19 SACHL_42780 ubiquinone biosynthesis O-methyltransferase

20 SACHL_42790 zinc metallo-peptidase

21 SACHL_42800 hypothetical protein

22 [dudA]  SACHL_42810 dimodular nonribosomal peptide synthase

23 [dudB] SACHL_42820 inner membrane transport protein

24 [dudC]  SACHL_42830 transcriptional regulator

25 SACHL_42840 demethylrebeccamycin-D-glucose O-methyltransferase
26 SACHL_42850 hypothetical protein
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3 Lipothrenins - N-hydroxylated threonine-hexadecanedioic-acids produced
after heterologous expression of a fatty acid biosynthetic gene cluster

O

’
Ho)k/[/ N\(
0] CI)H 0] (I)H S ©
HoJiN HOT
HO m HO © @]
HO HO

lipothrenin A 1 NAC-lipothrenin A 5, 6

Figure 1: Two main compounds lipothrenin A and NAC-lipothrenin A after heterologous expression
of a FA BGC.

3.1 Introduction

The discovery of cryptic biosynthetic gene clusters (BGCs) in Streptomyces coelicolor two decades ago
revealed a treasure chest of new natural products (NPs) hidden in the genome of streptomycetes."
Activation of cryptic BGCs by heterologous expression is one of the tools to access the encoded
compounds.” * Selection of promising strains with biosynthetic gene clusters for heterologous
expression can be guided by dereplication to get an insight to the range of known and unknown
compounds of a strain. We screened a library of less studied Streptomyces strains by dereplication
and genome mining to identify strains with a high potential to produce new NPs. From this library we
selected Streptomyces aureus LU18118, since it produces a variety of compounds with unknown
masses. A BAC library constructed for S. aureus LU18118 was expressed in the optimized host strains
S. lividans A8 and S. albus Al14 to determine BGCs which are responsible for the production of the
new compounds. Heterologous expression of a fatty acid biosynthesis annotated gene cluster led to
the production of new compounds with unidentified masses in both heterologous host strains S.
lividans A8 and S. albus Al4. The encoded compounds from the BGC were identified as new
lipothrenins (Figure 1). Lipothrenins consist of the core elements threonine and hexadecanedioic acid
which are linked by an amide bond. Various modifications such as N-hydroxylation, dehydration and
N-acetylcysteinylation (NAC) led to a total amount of 14 derivatives. The BGC borders and the
biosynthesis were determined by deletion experiments. By this, a ketosynthase encoding gene,

specific for the synthesis of linear FA compounds, was identified. Furthermore, stereospecific N-
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oxygenation of the amid-nitrogen via an encoded diiron dioxygenase was demonstrated. Finally, a

biosynthetic pathway towards lipothrenin and NAC-lipothrenins was proposed.

3.2 Materials and Methods

3.2.1 General Experimental Procedures

All strains and bacterial artificial chromosomes (BACs) used in this work are listed in (Table S1).
Escherichia coli strains were cultured in LB medium.* Streptomyces strains were grown on soya flour
mannitol agar (MS agar)’ or in liquid tryptic soy broth (TSB; Sigma-Aldrich, St. Louis, MO, USA) for
cultivation. Liquid DNPM medium (40 g/L dextrin, 7.5 g/L soytone, 5 g/L baking yeast, and 21 g/L
MOPS, pH 6.8) was used for secondary metabolite expression. The antibiotics kanamycin, apramycin,

ampicillin and nalidixic acid were supplemented when required.

3.2.2 Metabolite Extraction and Analysis by Mass Spectrometry (MS)

Streptomyces strains were grown in TSB medium for 24 hours. Subsequently, the strains were
inoculated in DNPM production medium and grown for 6 days at 28°C and 180 rpm. Metabolites
were extracted from the supernatant with n-butanol. The extract dissolved in methanol was
separated on a Dionex Ultimate 3000 UPLC system (Thermo Fisher Scientific, Waltham, MA, USA)
equipped with an ACQUITY UPLC BEH C18 1.7 um column (30, 50 or 100 mm, Waters Corporation,
Milford, MA, USA) using a linear gradient of 5-95 vol% aqueous acetonitrile (ACN) with 0.1 % formic
acid (FA) at a flow rate of 0.6 mL/min and a column oven temperature of 45°C. Sample analysis was
carried out on a coupled PDA detector followed by an amaZon speed (Bruker, Billerica, MA, USA), for
production control. High-resolution masses were obtained from either an LTQ Orbitrap XL mass
spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) or a maXis high-resolution LC-QTOF
system (Bruker, Billerica, MA, USA) using positive ionization mode and mass range detection of m/z
200 to 2000. Data analysis was performed using Compass Data Analysis v. 4.1 (Bruker) and Xcalibur v.

3.0 (Thermo Fisher Scientific).

3.2.3 Nuclear Magnetic Resonance (NMR) Spectroscopy and Optical Rotation (OD)

NMR spectra were recorded on a Bruker Avance | 500 MHz (Bruker, BioSpin GmbH, Rheinstetten,
Germany) equipped with a 5 mm BBO probe at 298 K. The chemical shifts (8§) were reported in parts
per million (ppm) relative to TMS. As solvents, deuterated DMSO-d6 (8, 2.50 ppm, 6 39.51 ppm)
from Deutero (Kastellaun, Germany) was used. Edited-HSQC, HSQC-TOCSY, HMBC, 'H-'H cosy,
ROESY, NOESY and N-HSQC spectra were recorded using the standard pulse programs from TOPSPIN
v.2.1 software. Optical rotations were measured on a Perkin Elmer Polarimeter Model 241

(Uberlingen, Deutschland).
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3.2.4 General isolation procedure of lipothrenins and NAC-lipothrenins

Streptomyces strains were grown in 5-10 L of DNPM production medium and extracted with n-
butanol. The dry crude extract was dissolved in 100 mL methanol. The isolation process was guided
by LC-MS to identify fractions. The extract was purified on a Isolera™ One flash purification system
equipped with a Chromabond RS330 C,; ec (Macherey-Nagel, Diren, Germany) using a gradient of
5-35 vol% aqueous methanol for 1 column volume (CV) followed by 35-80 vol% aqueous methanol
for 7 CV at a flow rate of 100 mL/min and UV detection at 210 and 280 nm. Further impurities were
removed by size exclusion chromatography (SEC; stationary phase: Sephadex-LH20) with isocratic
elution using methanol.

Fractions with compounds were dissolved in methanol and reversed-phase HPLC was carried out on a
Waters Autopurification System (Waters Corporation, Milford, MA, USA) with a SQD2-MS-Detector
and equipped with a preparative VP 250/21 NUCLEODUR C;5 HTec 5 um column (MACHERY NAGEL,
Diren, Germany) using fraction specific gradients of aqueous methanol with 0.1% FA at a flow rate of
20 mL/min.

Final purification steps were carried out on an Agilent Infinity 1100 series reversed-phase HPLC
system equipped with a Synergi™ 4 pum Fusion-RP Ciz 80 A 250x10 mm column (Phenomenex,
Torrance, CA, USA) using fraction specific gradients of aqueous ACN with 0.1% FA, a flow rate of

4 mL/min and an oven temperature of 20°C.

3.2.5 Marfey’s Analysis

Lipothrenins were hydrolyzed in 100 pL 6 N HCl at 110°C for 1 hour. While cooling down, the sample
was dried for 15 min under nitrogen, dissolved in 110 mL water and 50 pL each were transferred into
1.5 mL Eppendorf tubes. Next, 20 puL of 1IN NaHCO; and 20 pL of 1% L-FDLA (N®-(5-Fluoro-2, 4-
dinitrophenyl)-L-leucinamide) or bD-FDLA in acetone were added to the hydrolysate, respectively. The
amino acid standards were prepared the same way only using L-FDLA. The reaction mixtures were
incubated at 40°C for 90 min at 700 rpm and subsequently quenched with 2N HCl to stop the
reaction. The samples were diluted with 300 uL ACN and 1 pL was analyzed by MaXis high-resolution
LC-QTOF system using aqueous ACN with 0.1 vol% FA and an adjusted gradient of 5-10 vol% in 2 min,
10-25 vol% in 13min, 25-50 vol% in 7 min and 50-95 vol% in 2 min. Sample detection was carried out

at 340 nm.

3.2.6 Isolation and Manipulation of DNA
BAC extraction from a S. aureus LU18118 constructed genomic library (Intact Genomics, USA), DNA
manipulation, E. coli transformation, and E. coli/Streptomyces intergeneric conjugation was

performed according to standard protocols.*® Plasmid DNA was purified with the BACMAX™ DNA
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purification kit (Lucigen, Middleton, WI, USA). Restriction endonucleases were used according to
manufacturer’s recommendations (New England Biolabs, Ipswich, MA, USA).

BAC 16 derivatives with gene deletions were constructed using the RedET approach. For this, the
ampicillin marker from pUC19 was amplified by PCR with primers harboring overhang regions
complementary to the boundaries of the DNA to be deleted. Recombineering of the BAC was
performed with the amplified fragments. The recombinant BACs were analyzed by restriction
mapping and PCR. The primers used for recombineering purposes are listed in Table S2. Primers for

sequencing the correct mutants are listed in Table S3.

3.2.7 Genome Mining and Bioinformatics Analysis
The S. aureus LU18118 genome was screened for secondary metabolite biosynthetic gene clusters
using the antiSMASH’ online tool (https://antismash.secondarymetabolites.org/#!/start), basic local

alignment search tool (BLAST)® and Geneious 11.0.3 software.’

3.3 Results and Discussion

3.3.1 Identification and expression of the lipothrenin gene cluster

From a strain library with less studied streptomycetes, S. aureus LU18118 stood out due to the
production of many compounds with unknown masses identified by dereplication (Figure 2). The
genome of S. aureus LU18118 was analyzed in silico by antiSMASH to select BGCs encoding
potentially new compounds. From a BAC library constructed for S. aureus LU18118, 13 BACs that
cover 21 unknown BGCs were chosen for the heterologous expression in the optimized host strains S.
lividans A8 and S. albus A14. The BACs were transferred into the heterologous hosts and the mutants
were cultivated in DNPM production medium, extracted with n-butanol and the production of new
metabolites was screened by LC-MS. Only BAC 16 was successfully expressed in both strains and led
to the production of the unknown compounds which have also been produced by S. qureus LU18118.
The new compounds can be divided into two group due to the mass differences of 16 Da and 18 Da:
m/z ([M+H]") 404.266 (1), 388.271 (2, 3), 370.260 (4) Da and m/z 565.278 (5, 6), 549.284 (7-10) and
531.272 (11-14) Da (Figure 2). Multiple peaks with same masses suggest the presence of isomers. All
compounds showed UV/VIS bands at 204 nm and mass differences equivalent to oxygen or water.
The new compounds were isolated from the wild type strain in parallel to the heterologous
expression. All compounds were obtained in good amounts; thus, isolation from the heterologous

hosts was not necessary.
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Figure 2: LC-MS chromatograms of n-butanol extracts of S. aureus LU18118, S. albus |16 and S. lividans 16.
All strains showed production of two groups of masses [M+H]": 370-404 Da (*) and 531-565 Da (**). In
S. albus 16 m/z 404 Da was the main peak.

3.3.2 Isolation and structure elucidation of lipothrenins

S. aureus LU18118 was cultivated in 10 L DNPM medium and the metabolites were extracted with
n-butanol. The crude extract was further purified by reversed-phase flash purification and size
exclusion chromatography. The final HPLC purification step led to the successful isolation of
compounds 1-14. All structures (Figure 3) were determined by extensive analysis of 1D and 2D NMR
(Table S4-S13, Figure S7-S55).

The molecular formula of 1 was calculated as C,oH3;NO; with 3 degrees of unsaturation based on m/z
403.259 Da. Proton NMR data revealed a very large singlet a 64 1.25, which is common for the long
methylene chain of fatty acids. The classic high field shifted doublet of the w-methyl group was
absent, indicating another moiety at this position. HMBC correlations from the FA-chain associated
methylenes CH,-14 and CH,-15 to &. 174.5 revealed a carboxyl group in w-position. Methylene CH,-2
showed peak splitting, indicating a rigid structure attached to the adjacent carboxylate 6. 173.5 (C-1).
The remaining proton and carbon signals were assigned to one methyl, two methines and a carbon
signal at 8¢ 171.6. The spin system was assigned to threonine, which showed a connection to the FA-
chain by an HMBC correlation of the a-CH to &. 173.5. Based on the molecular formula and the
remaining *C-NMR signals, the FA-chain was determined to possess 14 methylenes and 2 carboxyl
groups which led to hexadecanedioic acid. Despite using DMSO-d; as a solvent, no NH proton signals

were observed. The unusually high shifted a-CH at 6 63.3 and the remaining unassigned oxygen
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from the calculated formula suggests that threonine carries an N-hydroxyl group. The previously
described NMR data for N-hydroxyl threonine are in accordance to our data.’® Threonine might be
able to adopt a six-membered conformation stabilized through a hydrogen bridge between N-OH and
the carboxyl group of threonine. The resulting rigid conformation would explain the previously
observed peak splitting of methylene C-2 of FA. The new compound has no similarity to other
lipo-amino acids and was named lipothrenin A (1).

Compounds 2 and 3 were purified as a mixture. The molecular formula of 2 and 3 was calculated as
CyoH37NOg with 3 degrees of unsaturation based on m/z 387.262 Da. Proton NMR revealed a mixture
of two compounds highly similar to 1, but showing additional NH signals at &6, 7.86 and 7.66.
Lipothrenins 2 and 3 showed differences in the shifts and coupling constants of the threonine
moiety, indicating a mixture of two stereoisomers. This was analyzed by Marfey’s method."
Compounds 1, 2 and 3 were hydrolyzed with 6N hydrochloric acid and the hydrolysis product,
together with the reference amino acids L-Thr, D-Thr, t-allo-Thr and Dp-allo-Thr, were derivatized with
L-FDLA. Subsequent LC-MS measurements identified D-allo-Thr in lipothrenin A (1), while in the
mixture of 2 and 3 p-allo-Thr and L-Thr were identified (Figure S5). Compared to 1, the compounds

lack the N-hydroxyl and were named D-lipothrenin B (2) and L-lipothrenin B (3).
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Figure 3: Structures of all lipothrenin and NAC-lipothrenin derivatives.
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The molecular formula of 4 was calculated as C,oH3sNOs with 4 degrees of unsaturation based on m/z
369.252 Da. In the *C-NMR spectra, two signals appeared at 6. 129.0 and 130.6, while the a- and B-
CH groups in the '"H NMR spectrum vanished. The new spin system was established by HMBC and
ROESY correlations of the NH (Table S6), revealing Z-dehydrobutyrine (Dhb). The compound was
named Z-lipothrenin C (4).

The molecular formulae of the heavier compounds were calculated as CysHisN,041,S (5, 6),
Cy5H44N,00S (7-10) and CysH4aN,05S (11-14) based on m/z ([M+H]) 564.271 (5, 6), 548.277 (7-10) and
530.266 (11-14) Da. Molecular formulae of the heavier compounds 5-14 showed a difference of
CsH/NOsS compared to the lighter compounds 1-4, indicating both groups are structurally related.
Analysis of "H NMR spectra of 5 and 6 revealed the previously described signals for lipothrenin A (1),
and additional ones at 64 8.21 (NH), 4.31 (CH), 2.97 (CH,a), 2.74 (CH,b) and 1.84 (CHs). The signals
were assigned to N-acetyl cysteine (NAC), which was determined at position CH-2 of the FA chain
through analysis of COSY and HMBC correlations. Compounds 7-10 showed the same N-acetyl
cysteine modification and were assigned as the NAC derivatives of 2 and 3.

The NAC modifications introduce two additional stereocenters at a-CH of cysteine or at CH-2 of the
fatty acid that would lead 4 diastereomers. The appearance of two diastereomeric pairs of NAC-
lipothrenins (see Figure 3) suggests only one of the additional stereocenters is present in both
orientations. By using Marfey’s method, we tried to identify the conformation of threonine and
cysteine. NAC-lipothrenins 7-10 were digested by 6N HCI, derivatized with b- and L-FDLA and
analyzed by LC-MS. Compounds 7 and 9 revealed D-allo-Thr as the constituent amino acid while 8
and 10 contained L-Thr. This agrees with the previous results found for 2 and 3. Analysis of the
coupling constant of CH-a and CH-B showed a difference between D-allo-Thr (J = 3-3.5) and L-Thr
(/=6-6.3). The specific coupling constants of D-allo-Thr and L-Thr were used to retrospectively
annotate the correct stereochemistry of 2 and 3. The sulphur bond to C-2 was not cleaved by acid
hydrolysis with HCl. This was expected since reductive conditions are required.”” Therefore, we
looked for the 2, 4-dinitrophenyl-L-leucinamide (DLA)-cys-FA conjugate (Figure S6) to investigate if
there are any differences in the retention time of DLA-D-cys-FA and DLA-L-cys-FA. Derivatization of
the hydrolysates 7-10 with L-FDLA did not lead to retention time differences, when observing the
extracted mass of DLA-cys-FA. The same result was obtained after derivatization with D-FDLA,
indicating that only one cysteine isomer is present in NAC-lipothrenin. However, there was a
difference between L- and D-FDLA derivatized cys-FA, indicating Marfey’s method also applies for the
cys-FA conjugant (Figure S6). The retention time of L-DLA-cys-FA was shorter compared to the b-DLA-
cys-FA conjugant. Therefore, cysteine is likely in L-configuration and the appearance of stereoisomers
originates in the a-CH of FA. Compounds 11-14 were assigned as the N-acetyl-cysteine derivatives of

lipothrenin C. NAC-lipothrenins 11 and 12 eluted simultaneously and appeared as a mixture in NMR
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measurements. The same result was obtained for 13 and 14. Differences between 11/12 and 13/14
were determined in the chemical shift of CH-B of Dba. Similar to 4, compounds 11/12 showed a shift
of 8¢ 131.8 indicating Z-configuration. Compounds 13/14 showed a shift of 6:125.0, which could be
due to isomerization to the E-conformer. This was confirmed by comparisons with predicted data

from ACD labs (8¢ (E) = 124.0, 6. (2) = 130.4).

3.3.3 Identification of the lipothrenin biosynthetic genes

BAC 16 contains a 51 kb chromosomal fragment of S. aureus LU18118. The annotated FA cluster
comprises 33 kb of the fragment, thus many genes might not take part in the biosynthesis. To
experimentally determine the minimal set of lipothrenin biosynthetic genes, we performed
sequential gene deletions of the left and right flanking regions of the chromosomal fragment. Single
gene deletions within the minimal set were performed to selectively investigate biosynthetic
functions (Figure 4). Modified BACs were transferred in S. albus A14 leading S. albus 16_A mutant
strains, from hereon called 16_A for sake of simplicity (Table S1). Mutant strains were cultivated in

DNPM and metabolite production was monitored by LC-MS.
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Figure 4: Chromosomal fragment of S. aureus LU18118 with the lipothrenin biosynthetic genes. (a) Overview of the
performed deletion within BAC 16; (b) All genes encoded within the chromosomal fragment; the minimal required
genes for lipothrenin biosynthesis are marked red.

3.3.3.1 Determination of the minimal set of lipothrenin biosynthesis genes
The FA cluster location was annotated by antiSMASH between 16 kb and 49 kb in the BAC insert. At
the right flank, /itQ-IitS and orf 01 encode genes with regulatory function which might be involved in

the biosynthesis of lipothrenins.
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Table 1: Genes on BAC 16 involved in lipothrenin biosynthesis (/itA-itS).

Gene length (aa) putative function coverage/identity  accession

orf -06 285 SDR reductase 99/99 WP_202415345
orf-05 171 Hypothetical protein 99/99 WP_161232279
orf-04 159 Rhodanese-like sulfurtransferase 99/97 WP_161108198
orf-03 164 Transcriptional regulator 98/98 GGT45137
orf-02 997 Nuclease SbcCD subunit C 99/97 GHE70600
orf-01 338 Nuclease SbcCD subunit D 99/99 WP_136237380
litA 1168 Bacterial transcriptional activator 95/99 WP_028959863
litB 269 Beta-ketoacyl ACP synthase Ill 99/98 WP_210637060
litC 496 MEFS transporter permease 99/99 WP_210637059
litD 573 Fatty-acyl AMP ligase 99/89 WP_069171638
litE 326 Ribonucleotide-diphosphate reductase 99/99 WP_137209500
litF 88 Acyl carrier protein 98/91 WP_202278898
litG 228 SGNH/GDSL hydrolase 99/92 WP_202278897
litH 539 GMC family oxidoreductase 99/99 WP_210637056
litl 124 Hypothetical protein 99/82 WP_202278895
litJ 421 Acyl-CoA dehydrogenase 99/96 WP_202278894
litk 85 Hypothetical protein - -

Litl 311 Hypothetical protein 99/99 WP_210637055
litM 297 ThiF family adenylyltransferase 99/99 WP_161108191
litN 311 Diiron oxygenase 99/97 WP_069171647
litO 110 DUF4873 domain protein 99/98 WP_210637054
litP 256 Dienelactone hydrolase 99/98 WP_028959855
litQ 205 Transcriptional regulator 99/94 WP_069171650
litR 526 Transcriptional regulator 98/98 WP_136237385
litS 181 Sigma-70 family 99/98 WP_164555762
orf01 209 Translation regulator 99/99 WP_136237387
orf 02 180 Histidine phosphatase 99/91 WP_163088151
orf 03 281 Hypothetical protein 90/98 WP_210637257
orf 04 136 CoA-binding protein 99/98 WP_033276933

To investigate this, two deletion mutants were created covering litQ-orf01 (16_ARS1) and orf01-orf04
(16_ARS) (Figure S1). The production of 1-14 in 16_ARS1 was abolished while production in 16_ARS
was decreased. Regulators /itQ-/itS seem to be essential for the expression of the /it cluster. However,
the exact number of involved regulatory genes at the right flank needs to be determined in further
deletion experiments. To determine the left border of the lit cluster, four mutants were created
containing deletions of orf-24 - orf-11 (16_ALS1), orf-24 - orf-09 (16_ALS2), orf-24 - orf-03 (16_ALS3)
and orf-24 - litA (16_ALS4) (Figure S1). Lipothrenin production in the deletion mutants 16_ALS1 and
16_ALS2 was not altered. Similar to mutant 16_ARS, lipothrenin production in mutant 16_ALS3 was
decreased. Mutant 16_ALS4 finally led to a complete production abolishment of 1-14 indicating the
left cluster border is located between orf-02 and litA. Genes orf-02 and orf-01 encode for nucleases
and do likely not express functions related to lipothrenin biosynthesis. Gene litA is encoding for an
OmpR-like winged helix-turn-helix domain containing protein, a family of Streptomyces antibiotic

regulatory proteins (SARP)."” Both genes litA and litR are members of the SARP family and are likely
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involved in the initiation of lipothrenin biosynthesis. In summary, the minimal set required for

lipothrenin biosynthesis was roughly determined between litA-/itS (Table 1).

3.3.3.2 LitBis involved in hexadecanedioic acid biosynthesis

De novo FA synthesis in Streptomyces is catalyzed by components of type Il FA synthase. In most of
Streptomyces species, the core genes fabD (malonyl acyltransferase), fabH (keto synthase lll), acpP
(acyl carrier protein) and fabF (keto synthase IlI) are clustered, while enoylreductase, the

18 |n the lit cluster,

ketoreductase and dehydratase genes are located elsewhere in the genome.
only three FA synthase related genes have been identified: ketosynthase LitB, acyl carrier protein LitF
and dehydrogenase LitJ. LitF is likely involved in the activation of hexadecanedioic acid (see 1.3.3.4).
Deletion of dehydrogenase gene encoding gene lit/ led to a slight decrease in the production of
lipothrenins, but a major impact on FA synthesis can be excluded. The protein size of LitB (269 aa)
was substantially smaller to previously described fabH genes, suggesting an altered function. In
Streptomyces, FabH uses the starter units acetyl-CoA, butyryl-CoA and isobutyryl-CoA to catalyze the

17.18 The exclusive incorporation of the even

biosynthesis of linear and branched chain fatty acids.
numbered and unbranched hexadecanedioic acid in lipothrenin 1-4 indicates, that /itB might be
involved in the production of the linear dicarboxylic acid. To explore the influence of /itB on the FA
chain biosynthesis, we created the mutant strain 16_AlitB. As a result, in addition to the previously
described lipothrenins 1-14, 16_AlitB showed production of three new compounds with m/z 418.1 Da
(16, 17) and m/z 404.1 Da (15) (Figure S2). Isolation and structure elucidation by NMR spectroscopy
led to the assignment of iso-lipothrenin A (15), an isomer of lipothrenin A (1). Compound 15 shares
the same molecular formula (CyH3sNO;) and mass (m/z 403.259 Da) compared to 1. Analysis of the
'H shifts and coupling constants revealed the same N-hydroxylated D-allo-threonine moiety as 1. An
additional methyl group at 64 1.03 and a methine at &4 2.28 indicated differences at the FA chain.
HMBC and COSY correlations indicated that the w-carboxyl group changed its position to C-14 of the
FA chain. The altered FA of 15 was assigned as 2-methylpentadecanedioic acid (Table S14). The new
compounds 16 and 17 showed calculated formulas of C,;H3gNO, based on the monoisotopic mass
m/z 417.273. Analysis of "H NMR and HSQC showed the same N-hydroxylated D-allo-threonine
moiety as 1, but changes at the FA chain. Based on the COSY and HMBC data, the two new
compounds were identified as 14-methyl lipothrenin A (17) and 15-methyl lipothrenin A (16) (Table
S15, S16).

In summary, the mutant strain 16_AlitB showed production of the new lipothrenins 15, 16 and 17
with branched chain fatty acid residues (Figure 5), while the linear lipothrenins 1-14 were
significantly reduced. After deletion of /itB, the production of 15, 16 and 17 suggests that LitB was

complemented by other KS genes encoded in the genome of S. albus Al4. The results from the
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deletion experiment indicate that LitB is involved in the biosynthesis of the linear hexadecanedioic

and might not be able to accept branched chain starter units.

Figure 5: Structures of lipothrenin A (1), iso-lipothrenin A (15), 14-Me lipothrenin A (16) and 15-Me
lipothrenin A (17).

3.3.3.3 Stereoselective N-oxygenation

N-oxygenation is carried out by enzymes such as metal-dependent mono- and dioxygenases, flavin-
dependent monooxygenases etc. Those enzymes are selectively activating and transferring oxygen to
different kinds of nitrogen groups. By using antiSMASH and BLAST for sequence analysis, we
identified the diiron monooxygenase encoding gene /itN and a DUF4873-domain containing gene /itO
which is often associated with flavin-binding monooxygenases. The putative diiron oxygenase
encoded by [itN shows similarities to N-oxygenase AurF. This enzyme belongs to the family of
non-heme dinuclear iron monooxygenases which catalyze conversion of aryl-amine substrates to

1920 75 investigate the involvement of /itN and /itO in the N-oxygenation, we

aryl-nitro products.
created two mutant strains 16_AlitN and 16_AlitO containing deletions of /itN and /itO, respectively.
Both deletion mutants showed high production of the non-hydroxylated isomers 2, 3 and 7-10.
Simultaneously, the production of the N-hydroxylated compounds 1, 5 and 6 was reduced in 16_AlitO
and abolished in 16_AlitN (Figure S4). These results indicate that lipothrenins 2, 3 and 7-10 might be
precursors for compounds 1, 5 and 6. The results from the deletion indicate both enzymes LitN and
LitO have an influence on the oxygenation of the amide nitrogen. The hypothetical DUF4873-domain
containing protein LitO might not be directly involved in the N-oxygenation but likely has an effect on
the enzymatic activity of the diiron oxygenase LitN, which presumably executes the N-oxygenation
reaction. The assignment of the stereochemistry of 1, 5 and 6 revealed the N-oxygenation occurs
selectively at the amide nitrogen of lipothrenins with D-allo-Thr. Lipothrenins with N-hydroxylated

L-Thr or Dbh were not observed. This indicates the N-oxygenation reaction occurs stereospecifically

at compound 2 (Figure 6).
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Figure 6: Diiron monooxygenase /itN and DUF4873-domain /itO catalyzes the stereoselective
N-oxygenation of compound 2.

3.3.3.4 Biosynthetic route towards lipothrenins and NAC-lipothrenins
Lipothrenins are yet undescribed members of bacterial lipo-amino acids with an N-dicarboxylic fatty
acid moiety. In the literature many amide-linked lipo-amino acids from bacteria have been described

and some biosynthetic routes have been published.”**

Fatty acid chains are usually activated by
fatty acyl-AMP ligase (FAAL) or fatty acyl-CoA ligase (FACL) followed by a transfer to ACP. The
subsequent amide bond formation between the activated fatty acyl chain and amino acids is

23, 26-28

catalyzed by N-acyltransferases or N-acyl amino acid synthases. Isomerization of amino acids

are catalyzed by racemases or epimerases before or after the amide bond formation.??!

The lipothrenin gene cluster was analyzed to identify genes that match the above mentioned
functions. The FAAL encoding gene /itD and the ACP encoding gene [itF likely catalyze the activation
of the hexadecanedioic acid. A similar mechanism has been described for the lipidation reaction of
daptomycin.®® N-acyltransferase or N-acyl amino acid synthase genes responsible for the subsequent
amide bond formation have not been identified within the lipothrenin BGC. Therefore, we performed
a series of gene deletions within the /it cluster to determine candidates that are involved in the
amide bond formation. The following genes were analyzed due to their unknown function in the
lipothrenin  biosynthesis: LitE (ribonucleotide-diphosphate reductase), LitH (GMC family
oxidoreductase), Lit/ (Acyl-CoA dehydrogenase), LitM (ThiF family adenyltransferase) and LitP
(dienelactone hydrolase). Lipothrenin production is expected to be abolished if one of the genes
involved in the amide bond formation is deleted.

The constructed deletion mutant 16_AlitE, 16_AlitH and 16_Alit) showed effects on the production
level and metabolite composition of 1-14 (Figure S3). However, these genes are likely not involved in
the amid bond formation since lipothrenins were still produced.

Production of 1-14 in the mutant strain 16_AlitP was completely abolished (Figure S3). BLAST analysis
of LitP revealed high similarities to the dienelactone hydrolase from Pseudomonus sp. B13.* LitP

belongs to the family of a/B hydrolases and might in the amide bond formation. However, deletion
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of litP could also have led to a polar effect on the adjacent transcriptional regulator /itQ, thereby
shutting off the /it cluster transcription. This effect has to be investigated in future experiments by
litP complementation or removal of the resistance marker in 16_AlitP. If /itQ is affected in 16_AlitP,

production of 1-14 will remain absent.
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Figure 7: Proposed biosynthetic route to lipothrenin A (1) and NAC-lipothrenin A/A, (5, 6).

Deletion mutant 16_AlitM showed high production of non-oxidized lipothrenins 2 and 3, while other
lipothrenin derivatives were not produced (Figure S3). The N-oxygenase genes litN and /itO are
placed within the same operon as litM; thus, the absence of the N-hydroxylated compound 1 can be
explained by polar effects on litN and /itO. The abolishment of the production of the NAC-modified
lipothrenins 5-14 indicated influences of litM on N-acetyl-cysteinylation. The litM gene encodes a
ThiF family adenylyltransferase which catalyzes the adenylation by ATP of the carboxyl group of the
C-terminal glycine of sulfur carrier protein ThiS.>* However, the function of LitM in the NAC-
modification is unclear. N-acetyl-cysteinylation of natural products is a common process in
streptomycetes that serves for detoxification and cell stress protection; LitM might be involved in

35, 36

this process. A function related to the amide bond formation can be excluded since lipothrenins

B (2, 3) production was not abolished.
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Genes responsible for the isomerization of L-threonine or the dehydration that leads to Z-
dehydrobutyrine have not been identified through the performed deletion experiments. Therefore,
many of the genes involved in lipothrenin biosynthesis might part of the primary metabolism since
no equivalents have been identified in the lipothrenin gene cluster. The biosynthesis is accomplished
as previously described by /itN and /itO completing the proposed biosynthesis route towards the final

product lipothrenin A (1) (Figure 7).

3.4 Summary

Heterologous expression of BAC 16 from a genomic library of S. aureus LU18118 led to the discovery
of new N-hydroxylated threonine-hexadecanedioic-acids named lipothrenins. All lipothrenin
derivatives exist as an N-acetylcysteine (NAC) modified version which were named NAC-lipothrenins.
The unbranched hexadecanedioic acid moiety is the same in all derivatives while the threonine
moiety is varying (L-threonine, b-allo-threonine or Z/E — dehydrobutyrine). Only lipothrenins with bp-
allo-threonine carry the N-hydroxyl group (lipothrenin A). The lipothrenin gene cluster was analyzed
by gene deletion experiments to propose a biosynthetic pathway towards lipothrenin A and NAC-
lipothrenin A/A;. A minimal set of 19 genes (litA-litS) involved in the biosynthesis was roughly
determined. The biosynthesis of hexadecanedioic acid is dependent on ketosynthase LitB which
catalyzes the formation of the linear fatty acid product rather than the branched chain fatty acids
which are usually observed in actinomycetes. The linear hexadecanedioic acid is activated by fatty
acyl-AMP ligase LitD and acyl carrier protein LitF. Genes coding for enzymes that catalyzed the amide
bond formation and isomerization of threonine were not identified by the performed deletion
experiments or by in silico analysis. The stereoselective N-oxygenation is carried out by diiron
oxygenase /itN in combination with DUF4873 protein LitO. Deletion of /itM led to the abolishment of
the NAC modified lipothrenins. However, the function of /itM in the N-acetyl cysteinylation of
lipothrenins is unclear. Many of the genes involved in lipothrenin biosynthesis might part of the
primary metabolism since no equivalents have been identified in the lipothrenin gene cluster by in
silico analysis or deletion experiments. In addition, deleted genes might be complemented by genes
outside of the cluster. Therefore, to draw a full picture of the lipothrenin biosynthesis, further

experiments are required.
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1 Heterologous expression and genetic manipulation

Table S1: Strains, Plasmids and BACS used in this study

Strain/Plasmids/BACS Description Source

Strains

Streptomyces aureus wild type strain with lipothrenin cluster BASF

LU18118

Streptomyces albus A14 Optimized heterologous host strain®

Streptomyces lividans A8 Optimized heterologous host strain’

Escherichia coli GBO5 General cloning host cloning host

RedCC [HIPS*]

Escherichia coli ET12567 Donor strain for intergeneric conjugation3

pUB307

Plasmids and BACS

pUC19 Plasmid; General cloning vector; Used as a source of Thermo
ampicillin-resistance marker for RedET experiments Scientific

16 BAC containing lipothrenin cluster This study

16_ALS1 Derivative of 16; contains substitution of the genes orf(- This study
24) — orf(-12) with ampicillin resistance gene

i6_ALS2 Derivative of 16; contains substitution of the genes orf(- This study
24) — orf(-08) with ampicillin resistance gene

16_ALS3 Derivative of 16; contains substitution of the genes orf(- This study
24) — orf(-04) with ampicillin resistance gene

16_ALS4 Derivative of 16; contains substitution of the genes orf(- This study
24) — |itA with ampicillin resistance gene

16_AlitB Derivative of 16; contains substitution of the gene /itB This study
with ampicillin resistance gene

16_AlitE Derivative of 16; contains substitution of the gene /itE with  This study
ampicillin resistance gene

16_AlitH Derivative of 16; contains substitution of the gene litH This study
with ampicillin resistance gene

16_Alit) Derivative of 16; contains substitution of the gene litJ This study
with ampicillin resistance gene

16_AlitM Derivative of 16; contains substitution of the gene litM This study
with ampicillin resistance gene

16_AlitN Derivative of 16; contains substitution of the gene litN This study
with ampicillin resistance gene

16_AlitO Derivative of 16; contains substitution of the gene /itO This study
with ampicillin resistance gene

16_AlitP Derivative of 16; contains substitution of the gene /itP This study
with ampicillin resistance gene

16_ARS1 Derivative of 16; contains substitution of the genes /itQ This study
orf(01) with ampicillin resistance gene

16_ARS Derivative of 16; contains substitution of the genes orf(01)  This study

— orf(04) with ampicillin resistance gene

*Helmholtz-Institut fur Pharmazeutische Forschung Saarland
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Table S2: Used primers for RedET.
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Gene # Oligo Name Sequence
ATGAGTGAACTTGCGAGCGCAGTTCGGATCCGGGCCGCCGGGCCCG
orf24-orf11 ALs1_f ACGGTTTAAACCGTCAGGTGGCACTTTTCG
TTACTGACCGACGAGGCCCGGCTGCAGCGTCTTCCTGAACAGCACC
orf24-orf11 ALS1_r GTGTTTAAACTTACCAATGCTTAATCAGTG
ATGAGTGAACTTGCGAGCGCAGTTCGGATCCGGGCCGCCGGGCCCG
orf24-0rf09 aLs2_f ACGGTTTAAACCGTCAGGTGGCACTTTTCG
TCAGAGAGCCGCGAGTTCGTCCACCAGGTCGTCCAGACCCAGCGAC
orf24-orf09 ALS2_r CCGTTTAAACTTACCAATGCTTAATCAGTG
ATGAGTGAACTTGCGAGCGCAGTTCGGATCCGGGCCGCCGGGCCCG
orf24-orf03 ALS3_f ACGGTTTAAACCGTCAGGTGGCACTTTTCG
TCACCGCCCCACGGGACGGCGCGGCAGCGGCGAGGAGTACACCAC
orf24-orf03 ALS3_r GCCGTTTAAACTTACCAATGCTTAATCAGTG
. ATGAGTGAACTTGCGAGCGCAGTTCGGATCCGGGCCGCCGGGCCCG
orf24-litA ALs4_f ACGGTTTAAACCGTCAGGTGGCACTTTTCG
. TTACGTGGTGAGGAGGGTTCGCAGGGTGGCTGCCTCCGGTACGCCG
orf24-litA ALS4_r AGGTTTAAACTTACCAATGCTTAATCAGTG
B Alitg § TCAGGGGATGCGGACCACCGTGCCCGCGTACGTCAGGCCCGCGCCG
it 1tB_ AAGGTTTAAACCGTCAGGTGGCACTTTTCG
B AlitB ATGGCCGCCACGGCCGCGGGGAAGGCGCTCGCCGACGCGGGCGCG
it itB_r GCGGTTTAAACTTACCAATGCTTAATCAGTG
e AlE ATGAGCGTCACGACCCCCGGGCTCGTACTCGACGTCACCGAGACGG
- CCCGTTTAAACCGTCAGGTGGCACTTTTCG
e Al TCAGGCCGCGGCGGCCCGGATCGGGTGCGGCGCGTTCCAGCGCTCG
it Ite_r GCGTTTAAACTTACCAATGCTTAATCAGTG
it AlitH £ ATGGGCGCCGGCCTCACCGCGCGGTACGTCGTGGTCGGCGCGGGCT
it ItH_ CGGGTTTAAACCGTCAGGTGGCACTTTTCG
it AlitH TCAGCGGCCGGCGAGGGCCCCGCGGCGGTGCTGCGCCGCCTCGGE
it ItH_r GAGGTTTAAACTTACCAATGCTTAATCAGTG
it Alits § GTGATCGCGACCACCACCACCGCCGTACCGAACGCCCCGACCCTCTC
It it CGGTTTAAACCGTCAGGTGGCACTTTTCG
it Alit TCACAGCCGGCGCCCGTACAGCGCACCGGTAATGGCCAGCGCAAGC
it t_r ACGTTTAAACTTACCAATGCTTAATCAGTG
it AlitM ATGAGCACCACCACCGCGGCCAGGACGGTTCCGGCCGGTGTCCCCG
it itM_ AGGGTTTAAACCGTCAGGTGGCACTTTTCG
it AlitM TCACGACTCCTTGTCCTGTGTGCGCTGAGTGCTGTCCGAAAAGGCAT
it itM_r CGTTTAAACTTACCAATGCTTAATCAGTG
. Alit £ ATGACCACCGCCACCGACCGCCCGGGCCGTCGCTCGGAGGACCCGE
! R TCGGTTTAAACCGTCAGGTGGCACTTTTCG
. AlitN + CTAGGCATCCTTGAGCCAGCCGGCCGAGCGCCACACCTTCTCCGAGC
- GGTTTAAACTTACCAATGCTTAATCAGTG
ito AlitO f GTGGACGATGACGGGTACGAAGGTCCGGCGGTGCTGGCGGTGGAA
! o GGCCGTTTAAACCGTCAGGTGGCACTTTTCG
ito o TCAGTTGCCGGAGGTACCGAATTCCGAAACTTCTTCGATGGTGAACG
It AlitO_r GGTTTAAACTTACCAATGCTTAATCAGTG
jitp Alitp £ ATGTGCTTCGACGAGGACGCCATTCCACCGGTACCGCAGGTTCCGG
it ItP_ ATGGTTTAAACCGTCAGGTGGCACTTTTCG
itp Alitp TCAGCCCGCCCCGACCCGGTCCACGAACCGCAGCACCCGGTCCCAG
it th_r GCGTTTAAACTTACCAATGCTTAATCAGTG
TCAGGCGTCCCCGTACGCCTCCCCGCCCAGCTCGAATCCGGCCGTCC
orf01-orf04 ARS1_f CCGTTTAAACCGTCAGGTGGCACTTTTCG
TCAGGCGAGGCGCGGGATCTCGATCGCGGGGCAGCGGTCCATCACC
orf01-orf04 ARS1_r ATGTTTAAACTTACCAATGCTTAATCAGTG
itP-orfo1 ARS £ ATGCCCACGACTCGTACGAGAACGCGTCCGACGCAGCGTGAGCGGT
itP-orfl - CCGGTTTAAACCGTCAGGTGGCACTTTTCG
litp-orfo1 ARS. T ATGCAGGACGAGTACCGCACCGTGGCCCGCGCGGGTGTGCACGAG

ACCGTTTAAACTTACCAATGCTTAATCAGTG
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Table S3: Used primers for screening correct mutants.

Gene # Oligo Name Sequence

orf24-orfil ALS1_seqf TTGCACAACATGGGGGATCA
orf24-orfi1 ALS1_seqr GAGCAGGTGGTTCAGGTAGC
orf24-orf09 ALS2_seqf TCCTTGAGAGTTTTCGCCCC
orf24-orf09 ALS2_seqr GTCTGTCTGCACCACCATGT
orf24-orf03 ALS3_seqf GTGACACCACGATGCCTGTA
orf24-orf03 ALS3_seqr CGAACGCGAACACGAACTG
orf24-litA ALSA_seqf GTGACACCACGATGCCTGTA
orf24-litA ALS4 _seqr CATGTCCGACATCCTCGACC
litB AlitB_seqf CGTCTGTACGTGCGTCAGG
litB AlitB_seqr ACAGGAGTCCGTGTGAACAC
litE AlitE_seqf GAACGATTCCGCGGACCTC
litE AlitE_seqr GTCCTCGATGTCCTTGACCG
litH AlitH_seqf TGACCAACGTCTTCGAGTCG
litH AlitH_seqr GAACTGGAGGGAGAAGTCGC
litJ Alit)_seqf CCACATGACACGAAAGGCAG
litJ Alit)_seqr GTACGACACCGCGGAGAAG
litM AlitM_seqf CGTCTGTCGCTGGAACTGAT
litM AlitM_seqr CGTACAGGGAGATCCGCTTC
litN AlitN_seqf GTACGTGGTCGAGATCCTGG
litN AlitN_seqr CCATGCCTTCGATCCGGTAG
litO AlitO_seqf ACAACCCGCTGATGTACGAG
litO AlitO_seqr GTAGAACCCGTACAGGCCG
litP AlitP_seqf CTACCGGATCGAAGGCATGG
litP AlitP_seqr GCTCTGAAGAGGTGCTGCTT
orf01-orf04 ARS1_seqf GTGAACACTGCGACAACCAC
orf01-orf04 ARS1_seqr CAGTGCTGCAATGATACCGC
litP-orf01 ARS_seqf CACAGCTTCTTCGACGCCAA
litP-orf01 ARS_seqr CTGAAGGTGATCCGCGAGAC
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Figure S1: LC-MS chromatograms of deletion mutants 16_ARS, 16_ARS1, 16_ALS1, I16_ALS2, 16_ALS3 and 16_ALS4 showing the
extracted masses of the derivatives of lipothrenin A (1, 5, 6, red), lipothrenin B (2, 3, 7-10, green) and lipothrenin C
(4, 11-14, blue).
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Figure S2: LC-MS chromatograms of deletion mutants 16_AlitB showing the extracted masses of the derivatives of
lipothrenin A (1, 5, 6, red), lipothrenin B (2, 3, 7-10, green), lipothrenin C (4, 11-14, blue) and 14/15-methyl-lipothrenin A
(16, 17, black).
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Figure S3: LC-MS chromatograms of deletion mutants 16_Alit), 16_AlitH, 16_AlitE, 16_AlitP and 16_AlitM showing the
extracted masses of the derivatives of lipothrenin A (1, 5, 6, red), lipothrenin B (2, 3, 7-10, green), lipothrenin C (4, 11-14,
blue) and shunt products (orange).
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Figure S4: LC-MS chromatograms of deletion mutants 16_AlitN and 16_AlitO showing the extracted masses of the derivatives
of lipothrenin A (1, 5, 6, red), lipothrenin B (2, 3, 7-10, green) and lipothrenin C (4, 11-14, blue).
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2 Physical information of isolated lipothrenins

lipothrenin A (1): White powder; 3.0 mg; [a]2° +7.5 (c 0.24, MeOH); UV: A = 200 nm; 'H and *C NMR

data, see Table S4; ESI-TOF-MS m/z 404.266 [M+H]" (calc. for C,oH33sNO, 404.265).
lipothrenin B (2, 3): White powder; 11.7 mg; UV: A = 200 nm; 'H and **C NMR data, see Table S5; ESI-

TOF-MS m/z 388.271 [M+H]" (calc. for C,oH33NOg 388.270).
Z-lipothrenin C (4): White powder; 2.0 mg; UV: A =200 nm; 'H and *C NMR data, see Table S6; ESI-

TOF-MS m/z 370.260 [|V|+H]+ (calc. for C,oH36NOs 370.259).
2-NAC-D-lipothrenin A (5): White powder; 16.6 mg; UV: A = 200 nm; *H and *C NMR data, see Table

$7: ESI-TOF-MS m/z 565.278 [M+H]" (calc. for C,sHasN,010S 565.279).
2-NAC-D-lipothrenin A, (6): White powder; 13.9 mg; UV: A = 200 nm; ‘H and **C NMR data, see Table

S8; ESI-TOF-MS m/z 565.278 [M+H]* (calc. for Cy5H44N,040S 565.279).
2-NAC-D-lipothrenin B (7): White powder; 5.3 mg; UV: A =200 nm; ‘H and *C NMR data, see Table

S9; ESI-TOF-MS m/z 549.284 [M+H]" (calc. for C,5H4sN,04S 549.285).
2-NAC-L-lipothrenin B (8): White powder; 5.8 mg; UV: A = 200 nm; 'H and *C NMR data, see Table S9;

ESI-TOF-MS m/z 549.284 [M+H]" (calc. for C,sHasN,0,S 549.285).
2-NAC-D/L-lipothrenin B mixture (9, 10): White powder; 13.0 mg; UV: A =200 nm; 'H and *C NMR

data, see Table S11; ESI-TOF-MS m/z 549.284 [M+H]" (calc. for C,sHasN,0sS 549.285).
2-NAC-Z-lipothrenin C and C; mixture (11, 12): White powder; 6.5 mg; UV: A =200 nm; 'H and ®c

NMR data, see Table S12; ESI-TOF-MS m/z 531.272 [M+H]" (calc. for C,5Ha3N,03S 531.274).
2-NAC-E-lipothrenin C and C; mixture (13, 14): White powder; 4.0 mg; UV: A =200 nm; 'H and **C

NMR data, see Table S13; ESI-TOF-MS m/z 531.272 [M+H]" (calc. C,sHa3N,05S 531.274).

iso-lipothrenin A (15): White powder; 5.0 mg; [m]é0 +7.5 (€ 0.22, MeOH); UV: A = 200 nm; 'H and ®c

NMR data, see Table S14; ESI-TOF-MS m/z 404.266 [M+H]" (calc. for C,oH3sNO; 404.265).

14-methyl-lipothrenin A (16): White powder; 19.1 mg; [a]2’ +7.3 (c 1.71, MeOH); UV: A = 200 nm; 'H

and °C NMR data, see Table S15; ESI-TOF-MS m/z 418.280[M+H]" (calc. for C,;H4,NO; 418.280).
15-methyl-lipothrenin A (17): White powder; 31.2 mg; [a]2® +2.0 (c 2.92, MeOH); UV: A = 200 nm; 'H

and °C NMR data, see Table S16; ESI-TOF-MS m/z 418.280 [M+H]" (calc. for C,;H4oNO-, 418.280).
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3 NMR Spectroscopy

3.1 Lipothrenins isolated from Streptomyces aureus LU18118

Table S4: NMR data (500 MHz, DMSO-d6) for lipothrenin A (1)

No 6c (type) 6y, mult. (Jin Hz)
Thr 171.6,C
63.3, CH 4.50, d (8.8)
64.8, CH 4.03,dq (6.3, 8.8)
20.4, CH; 1.01,d (6.3)
1 173.5,C
2 31.6, CH, 2.34,m
3 24.2, CH, 1.47, m
4-13  28.6-29.1, CH, 1.25, bs (20H) N N
14 24.5, CH, 1.47, m HMBC  COSY
15 33.7, CH, 2.18,t(7.4)
16 174.5,C

Table S5: NMR data (500 MHz, DMSO-d6) for D- and L-lipothrenin B mixture (2, 3)

Dl-Iipothrenin B(2) Ll-lipothrenin B (3)
No S¢ (type) 6y, mult. (Jin Hz) 6¢ (type) Sy, mult. (Jin Hz)
Thr 172.4,C 172.4,C
58.3, CH 4.15, dd (8.4, 6.3) 57.4, CH 4.19,dd (3.4, 8.7)
66.8, CH 3.84,q(6.3) 66.3, CH 4.09, dq (3.4, 6.3)
19.8, CHs 1.06, d (6.4) 20.3 CH, 1.03, d (6.4)
NH 7.86,d (8.2) NH 7.66,d (8.7)
1 172.3,C 172.6,C
2 35.1, CH, 212, m 35.1, CH, 212, m
2.17, m 217, m
3 25.3, CH, 147, m 25.3, CH, 1.47, m
4-13 28.6-29.1, CH, 1.23, bs (20H) 28.6-29.1, CH, 1.23, bs (20H)
14 24.5, CH, 147, m 24.5, CH, 1.47, m
15 33.7, CH, 2.18,t(7.5) 33.7, CH, 2.18,t(7.5)
16 174.6,C 84, mult. (J in Hz) 174.6,C

1Stereochemistry assignment based on 2-NAC-lipothrenine B

(o]
AP
j)o

HO
HO

HMBC COSsY
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Table S6: NMR data (500 MHz, DMSO-d6) for Z-lipothrenin C (4)

No 6c (type) 6y, mult. (Jin Hz)
Dhb 165.8, C
129.0,C
130.6, CH 6.46, q (7.1)
13.5, CH;, 1.62,d (7.1)
NH 8.92,s
1 171.0,C
2 35.1, CH, 2.19,t(7.3)
3 25.2, CH, 151, m
4-13 28.5-29.0, CH, 1.30, bs (20H)
14 24.5, CH, 1.47, m
15 33.7, CH, 2.18,t(7.3)
16 174.5,C

o H
HO‘\N
Y

HMBC

B>

o

N
cosy

O

£

HO 16

ROESY

1.2 2-NAC-Lipothrenins isolated from Streptomyces aureus LU18118.

Table S7: NMR data (500 MHz, DMSO-d6) for 2-NAC-D-lipothrenin A (5)

No S¢ (type) 6y, mult. (Jin Hz)
Thr 1704, C
63.5, CH 4.61,d (8.5)
66.4, CH 4.14, m (6.3, 8.5)
20.1, CHs 1.09, d (6.3)
Cys 172.0,C
52.5, CH 4.31, dt (5.4, 8.2)
31.1, CH, 2.97,dd (5.2, 13.4)
2.74,dd (8.6, 13.3)
NH 8.21,d (8.2)
Ac 169.4, C
22.4, CH; 1.84,s
1 171.9,C
2 41.4, CH 3.92 dd (6.0, 9.0)
3 31.5, CH, 1.58, m
1.76, m
4 26.7, CH, 1.31, m
5-13 28.6-29.1, CH, 1.23, bs
14 24.5, CH, 1.47, m
15 33.7,CH, 2.18,t(7.4)
16 174.6,C
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Table S8: NMR data (500 MHz, DMSO-d6) for 2-NAC-D-lipothrenin A; (6)

Lipothrenin - Supplementary

No 6c (type) 6y, mult. (Jin Hz)
Thr 170.5,C
64.1, CH 4.62,d (8.5)
64.5, CH 4.18, m (6.6, 8.8)
20.1, CH; 1.07,d (6.3)
Cys 172.3,C
52.1, CH 4.40, dt (4.7, 8.5)
31.4, CH, 3.07,dd (4.9, 13.4)
2.78,dd (9.0, 13.4)
NH 8.17,d (7.9)
Ac 169.4, C
22.2, CH, 1.86, s
1 172.3,C
2 41.6,CH 3.98 dd (6.3, 8.5)
3 31.7,CH, 1.56, m
1.76, m
4 26.8, CH, 1.30, m
5-13 28.7-29.2, CH, 1.23, bs
14 24.6, CH, 147, m
15 33.7, CH, 2.18,t(7.4)
16 174.6,C

Table S9: NMR data (500 MHz, DMSO-d6) for 2-NAC-D-lipothrenin B (7)

No S¢ (type) 6y, mult. (Jin Hz)
Thr 171.2,C
57.8, CH 4.16, dd (6.0, 8.3)
66.2, CH 3.87, m (6.3)
19.2, CH, 1.11, d (6.4)
NH 8.09,d (8.1)
Cys 171.5,C
51.8, CH 4.32,dt (5.1, 8.2)
31.2, CH, 2.94,dd (5.2, 13.4)
2.78,dd (8.6, 13.3)
NH 8.19,d (7.9)
Ac 168.6, C
21.8, CHs 1.84, s
1 170.7,C
2 46.2, CH 3.43 dd (6.0, 9.0)
3 31.3,CH, 1.69, m
1.50, m
4 26.0, CH, 1.25, m
5-13 27.8-28.9, CH, 1.23, bs
14 23.8, CH, 147, m
15 33.0, CH, 2.18,t(7.4)
16 173.8,C
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Table S10: NMR data (500 MHz, DMSO-d6) for 2-NAC-L-lipothrenin B (8)

No 6c (type) 6y, mult. (Jin Hz)
Thr 171.4,C
56.9, CH 4.25,dd (3.0, 9.0)
65.6, CH 4.16,dq (3.2, 6.6)
19.6, CH; 1.03,d (6.4)
NH 7.98, d (9.0)
Cys 171.5,C
52.1, CH 4.33,dt (5.2, 8.3)
31.1, CH, 2.96, dd (5.1, 13.5)
2.88, dd (8.7, 13.6)
NH 8.19,d (7.9)
Ac 168.6, C
21.9, CH; 1.85,s
1 171.0,C
2 46.4, CH 3.57,dd (5.8,9.4)
3 31.2, CH, 1.69, m
149, m
4 26.2, CH, 1.25, m
5-13 27.8-28.9, CH, 1.23, bs
14 23.8, CH, 1.47, m
15 33.0, CH, 2.18, (7.4)
16 173.8,C

HMBC

COsy

ROESY

Table S11: NMR data (500 MHz, DMSO-d6) for 2-NAC-D-/L-lipothrenin B, mixture (9, 10)

2-NAC-D-lipothrenin B,

2-NAC-L-lipothrenin B;

No Sc (type) 6y, mult. (Jin Hz) S¢ (type) Sy, mult. (Jin Hz)
Thr 171.9,C 172.1,C
58.4, CH 4.19,dd (6.3,8.2) | 57.6,CH 4.20, dd (3.6, 6.3)
66.8, CH 3.87, m (6.3) 66.3, CH 4.16, dq (3.0, 6.6)
19.7, CH, 1.08, d (6.0) 20.4, CH, 1.07, d (6.6)
NH 8.13,d (8.8) NH 7.95, d (8.8)
Cys 172.1,C 172.2,C
51.7, CH 437, m 51.8, CH 437, m
31.7, CH, 2.99,dd (4.7,13.2) | 31.7, CH, 2.99, dd (4.7, 13.2)
2.74, m 2.73, m
NH 8.18, d (8.0) NH 8.18, d (8.0)
Ac 169.3, C 169.3
22.3, CH, 1.84, s 22.3, CHs 1.84, s
1 171.3,C 171.9,C
2 46.6, CH 3.42 dd (5.9, 8.9) 46.8, CH 3.54, dd (6.0, 8.8)
3 31.8, CH, 1.69, m 31.8, CH, 1.69, m
1.49, m 1.49, m
4 26.7, CH, 1.22, m 26.7, CH, 1.22, m
5-13 28.6-29.1, CH, 1.23, bs 28.6-29.1, CH, 1.23, bs
14 24.5, CH, 1.47, m 24.5, CH, 1.47, m
15 33.7,CH, 2.18,t(7.4) 33.7,CH, 2.18,t(7.4)
16 1745, C 1745, C
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Table $12: NMR data (500 MHz, DMSO-d6) for 2-NAC-Z-lipothrenin C and C, mix (11, 12)

No 6c (type) 6y, mult. (Jin Hz)
Dhb 165.5, C
128.5,C
131.8, CH 6.54, q (7.0)
13.5, CH; 1.65, d (6.9)
NH 9.19, s
Cys 172.2,C
51.8, CH 4.38,dt (4.7, 8.7)
31.9, CH, 3.04,dd (4.7, 13.2) o
2.78,dd (9.1, 13.2)
NH 8.15,d (7.9) HO A\
Ac 169.2, C
22.4, CH; 1.84,s
1 170.1,C
2 46.6, CH 3.44,dd (5.0, 9.5)
3 31.6, CH, 1.73, m ¥ N
151 m HMBC  COSY
4 26.8, CH, 1.29, m
5-13 28.6—29.0, CH, 1.23, bs
14 24.5, CH, 1.47, m
15 33.7,CH, 2.18, (7.4)
16 174.5,C

Table S13: NMR data (500 MHz, DMSO-d6) for 2-NAC-E-lipothrenin C and C, (13, 14)

No 6c (type) 6y, mult. (Jin Hz)
Dhb 165.2,C
128.2,C
125.0, CH 6.16, q (7.6)
13.1, CH; 1.90,d (7.6)
NH 9.37,s
Cys 171.7,C
52.3, CH 4.30, dt (5.3, 8.1)
31.5, CH, 2.95, dd (5.6, 13.7)
2.81,dd (8.3, 13.2)
NH 8.17,d (8.6)
Ac 168.9, C
22.3, CH; 1.84,s
1 169.8, C
2 47.0,CH 3.38,dd (6.0, 8.7)
3 31.4, CH, 1.70, m vee “eosy
1.50, m
4 26.3, CH, 1.25, m
5-13 27.8—28.8, CH, 1.23, bs
14 24.2, CH, 1.46, m
15 33.4, CH, 2.18, (7.5)
16 174.1,C

200



Lipothrenin - Supplementary

3.2 Lipothrenin derivatives produced by Streptomyces aureus 16_AKS

Table S14: NMR data (500 MHz, DMSO-d6) for Iso-lipothrenin A (15)

No 6c (type) 6y, mult. (Jin Hz)

Thr 170.7, C
63.2, CH 4.57,d (8.6)
64.3, CH 4.09, dq (6.2, 8.8)
20.1, CHs 1.03, d (ovl.)

1 173.5,C

2 31.4, CH, 2.32,m

3 24.0, CH, 1.47,m

4-12 28.4-29.0, CH, 1.23, bs (18H)

13 33.2, CH, 151, m HMBC - cOosY

14 38.5, CH 2.28, m

15 177.2,C

16 16.8, CH, 1.03, d (ovl.)

ovl. = overlap

Table S15: NMR data (500 MHz, DMSO-d6) for 14-methyl-lipothrenin A (16)

No S¢ (type) &y, mult. (Jin Hz)
Thr 170.6, C
63.5, CH 4.61,d(8.2)
64.3, CH 4.12,dq (6.4, 8.4)
20.2, CH; 1.04,d (6.4)
1 173.9,C
2 31.6, CH, 235, m
3 24.0, CH, 1.48, m
4-12 28.5-29.0, CH, 1.23, bs (18H)
13 36.1, CH, 1.11, m
1.26, m @ cosy
14 29.6, CH 1.79, m
15 41.4, CH, 1.98, dd (8.5, 15.0)
2.17,dd (6.1, 15.0)
16 174.0,C
17 19.5, CH3 0.86, d (6.7)

Table S16: NMR data (500 MHz, DMSO-d6) for 15-methyl-lipothrenin A (17)

No 6¢ (type) 6y, mult. (Jin Hz)

Thr 170.6, C
63.5, CH 4.62,d (8.6)
64.4, CH 4.13,dq (6.4, 8.6)
20.2, CH; 1.04,d (6.4)

1 173.9,C

2 33.7, CH, 2.17,t(7.3)

3 24.5, CH, 1.48, m

4-12 28.5-29.0, CH, 1.23, bs (18H)

13 26.7, CH, 1.23, m

14 33.3,CH, 1.52, m @ 'gs\v‘ 17

1.30, m

15 38.7,CH 2.27, m

16 177.5,C

17 17.0, CH; 1.03,d(7.1)
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4 Stereochemistry Assignment by Marfey’s Method

lipothrenin A
D-allo-Thr

DL-lipothrenin B

L-Thr
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Figure S5: LC-MS chromatograms of hydrolysed lipothrenin A (a), B (b) 2-NAC-DL-lipothrenin B/B; (c-e) and the references
L-, D-, L-allo- and D-allo-threonine (f) derivatized with L-FDLA.
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Figure S6: LC-MS chromatograms of the extracted masse of the DLA-cys-FA conjugate derived from hydrolysis of 2-NAC-DL-
lipothrenin B/B, and derivatisation with L- and D-FDLA.
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5 NMR Spectra
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Figure S7: 'H NMR spectrum (500 MHz, DMSO-dg) of lipothrenin A (1).
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Figure S8: >C NMR spectrum (500 MHz, DMSO-d;) of lipothrenin A (1).
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Figure S9: "H-"H-COSY spectrum (500 MHz, DMSO-ds) of lipothrenin A (1).
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Figure S10: HSQC spectrum (500 MHz, DMSO-dg) of lipothrenin A (1).
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Figure S11: HMBC spectrum (500 MHz, DMSO-d;) of lipothrenin A (1).
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Figure S12: 'H NMR spectrum (500 MHz, DMSO-dg) of D- and L-lipothrenin B (2, 3).
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Figure S13: 3C NMR spectrum (500 MHz, DMSO-dg) of D- and L-lipothrenin B (2, 3).
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Figure S14: 'H-'H-cosy spectrum (500 MHz, DMSO-dg) of D- and L-lipothrenin B (2, 3).
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Figure S15: HSQC spectrum (500 MHz, DMSO-dg) of D- and L-lipothrenin B (2, 3).
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Figure S16: HMBC spectrum (500 MHz, DMSO-dg) of D- and L-lipothrenin B (2, 3).
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Figure S17: "H NMR spectrum (500 MHz, DMSO-dg) of lipothrenin C (4).
| . b
T T T LARRLN ERRER] T T T T T T T T T T T T T T T T T T T T T (LRRAS LARAR] T T T T T
176 168 160 152 144 136 128 120 112 104 9 88 80 72 64 56 48 40 32  Chemical Shift (ppm)

Figure S18: BCNMR spectrum (500 MHz, DMSO-dg) of lipothrenin C (4).
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Figure $19: "H-"H-COSY spectrum (500 MHz, DMSO-d,) of lipothrenin C (4).
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Figure S20: HSQC spectrum (500 MHz, DMSO-d¢) of lipothrenin C (4).
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Figure S21: HMBC spectrum (500 MHz, DMSO-dg) of lipothrenin C (4).
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Figure S22: ROESY spectrum (500 MHz, DMSO-dg) of lipothrenin C (4).
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Figure S23: 'H NMR spectrum (500 MHz, DMSO-dg) of 2-NAC-lipothrenin A (5).
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Figure S24: BCNMR spectrum (500 MHz, DMSO-dg) of 2-NAC-lipothrenin A (5).
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Figure S25: "H-"H-COSY spectrum (500 MHz, DMSO-dg) of 2-NAC-lipothrenin A (5).
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Figure S26: HMBC spectrum (500 MHz, DMSO-dg) of 2-NAC-lipothrenin A (5).
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Figure S27: 'H NMR spectrum (500 MHz, DMSO-dg) of 2-NAC-lipothrenin A, (6).
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Figure S28: BCNMR spectrum (500 MHz, DMSO-dg) of 2-NAC-lipothrenin A, (6).
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Figure $29: "H-"H-COSY spectrum (500 MHz, DMSO-dg) of 2-NAC-lipothrenin A, (6).
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Figure $30: HSQC spectrum (500 MHz, DMSO-dg¢) of 2-NAC-lipothrenin A; (6).
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Figure $31: HMBC spectrum (500 MHz, DMSO-dg) of 2-NAC-lipothrenin A (6).
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Figure S32: 'H NMR spectrum (500 MHz, DMSO-dg) of 2-NAC-D-lipothrenin B (7).
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Figure $33: "H-"H-COSY spectrum (500 MHz, DMSO-ds) of 2-NAC-D-lipothrenin B (7).
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Figure S34: HSQC spectrum (500 MHz, DMSO-d¢) of 2-NAC-D-lipothrenin B (7).
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Figure $35: HMBC spectrum (500 MHz, DMSO-d;) of 2-NAC-D-lipothrenin B (7).
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Figure $S36: ROESY spectrum (500 MHz, DMSO-dg) of 2-NAC-D-lipothrenin B (7).
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Figure S37: '"H NMR spectrum (500 MHz, DMSO-dg) of 2-NAC-L-lipothrenin B (8).
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Figure S38: 'H-'H-cosy spectrum (500 MHz, DMSO-dg) of 2-NAC-L-lipothrenin B (8).
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Figure $39: HSQC spectrum (500 MHz, DMSO-dg) of 2-NAC-L-lipothrenin B (8).
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Figure S40: HMBC spectrum (500 MHz, DMSO-dg) of 2-NAC-L-lipothrenin B (8).
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Figure S41: ROESY spectrum (500 MHz, DMSO-dg) of 2-NAC-L-lipothrenin B (8).
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Figure S42: "H NMR spectrum (500 MHz, DMSO-d) of 2-NAC-D-/L-lipothrenin B, mixture (9, 10).
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Figure S43: 3C NMR spectrum (500 MHz, DMSO-dg) of 2-NAC-D-/L-lipothrenin B; mixture (9, 10).
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Figure S44: 'H-'H-cosy spectrum (500 MHz, DMSO-d) of 2-NAC-D-/L-lipothrenin B, mixture (9, 10).
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Figure S45: HSQC spectrum (500 MHz, DMSO-dg) of 2-NAC-D-/L-lipothrenin B, mixture (9, 10).
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Figure S46: HMBC spectrum (500 MHz, DMSO-dg) of 2-NAC-D-/L-lipothrenin B, mixture (9, 10).
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Figure S47: 'H NMR spectrum (500 MHz, DMSO-dg) of 2-NAC-Z-lipothrenin C and C; mixture (11, 12).
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Figure S48: BCNMR spectrum (500 MHz, DMSO-dg) of 2-NAC-Z-lipothrenin C and C; mixture (11, 12).
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Figure $49: "H-"H-COSY spectrum (500 MHz, DMSO-dg) of 2-NAC-Z-lipothrenin C and C; mixture (11, 12).
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Figure S50: HSQC spectrum (500 MHz, DMSO-d;¢) of 2-NAC-Z-lipothrenin C and C; mixture (11, 12).
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Figure S51: HMBC spectrum (500 MHz, DMSO-dg) of 2-NAC-Z-lipothrenin C and C; mixture (11, 12).
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Figure S52: '"H NMR spectrum (500 MHz, DMSO-dg) of 2-NAC-E-lipothrenin C and C, mixture (13, 14).

226



Lipothrenin - Supplementary

)

LA R LA Rd LALAd A L A A A M M LA A Ll ] Ll Al A A M R R U L L4 LAY A R A M M M R
n
n

. oy me

— | %

AL B L LB L E s LR LA WAL AL LA LA R ARl SR ALY LA LR AL RAR ) BRI LAALE LML RAARLRALE) RARRIRARLD
ppm 8.0 85 8.0 7.5 7.0 6.5 6.0 55 5.0 45 40 35 3.0 25 2.0 1.5 1.0

Figure S53: 'H-"H-COSY spectrum (500 MHz, DMSO-dg) of 2-NAC-E-lipothrenin C and C, mixture (13, 14).
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Figure S54: HSQC spectrum (500 MHz, DMSO-d;¢) of 2-NAC-E-lipothrenin C and C; mixture (13, 14).
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Figure S55: HMBC spectrum (500 MHz, DMSO-dg) of 2-NAC-E-lipothrenin C and C; mixture (13, 14).
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Figure S56: "H NMR spectrum (500 MHz, DMSO-dg) of iso-lipothrenin A (15).
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Figure S57: "H-"H-COSY spectrum (500 MHz, DMSO-dg) of iso-lipothrenin A (15).
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Figure S58: HSQC spectrum (500 MHz, DMSO-d¢) of iso-lipothrenin A (15).
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Figure S59: HMBC spectrum (500 MHz, DMSO-dg) of iso-lipothrenin A (15).
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Figure S60: 'H NMR spectrum (500 MHz, DMSO-dg) of 14-methyl-lipothrenin A (16).
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Figure S61: 3C NMR spectrum (500 MHz, DMSO-dg) of 14-methyl-lipothrenin A (16).

®
[=3
Ei1s
F20
— 25
o F 3.0
-]
[ ag
5 L
@ &@ @ F 4.0
B L
Fas
¢
X 2 =
ﬂ@ﬁ O o
T T T T T T T T T T
ppm 4 4.0 3.0 25 20 1.5 1.0

Figure S62: 'H-'H-cosy spectrum (500 MHz, DMSO-dg) of 14-methyl-lipothrenin A (16).
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Figure $63: HSQC spectrum (500 MHz, DMSO-dg) of 14-methyl-lipothrenin A (16).
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Figure S64: HMBC spectrum (500 MHz, DMSO-dg) of 14-methyl-lipothrenin A (16).
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Figure S65: 'H NMR spectrum (500 MHz, DMSO-dg) of 15-methyl-lipothrenin A (17).
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Figure S66: BCNMR spectrum (500 MHz, DMSO-dg) of 15-methyl-lipothrenin A (17).
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Figure S67: "H-"H-COSY spectrum (500 MHz, DMSO-dg) of 15-methyl-lipothrenin A (17).
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Figure S68: HSQC spectrum (500 MHz, DMSO-dg) of 15-methyl-lipothrenin A (17).
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Figure $69: HMBC spectrum (500 MHz, DMSO-dg) of 15-methyl-lipothrenin A (17).
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4 Summary and Conclusion

New chemical entities are urgently needed in the everlasting fight against microbial infections.
Streptomyces are a valuable source of structurally diverse natural products (NPs) with a variety of
biological activities. After years of research, the biosynthetic potential of this genus was assumed to
be exhausted. However, advances in analytical chemistry, genetics and biotechnology revealed a
treasure chest full of undiscovered NPs hidden in the genome of Streptomyces. Herein, we applied
dereplication, genome mining and heterologous expression to find new natural products and their
corresponding biosynthetic gene clusters (BGCs) from Streptomyces. Furthermore, the biosynthetic
pathways of new compounds were analyzed to gain a deeper understanding about NP biosynthesis,
to find new biosynthetic mechanisms and to discover new enzymes. The aim of the thesis was to
enrich the field of natural product research by contributing new chemical structures, biosynthetic
gene clusters and enzymes that can potentially be used for combinatorial biosynthesis or enzyme
catalysis. For this purpose we screened of a library of less studied Streptomyces strains by
dereplication of their metabolome. Thereby, two strains were selected due to their production of

unidentified compounds: Streptomyces aurantiacus LU19075 and Streptomyces aureus LU18118.

In culture broth of S. aurantiacus LU19075, three new compounds with similar masses were
identified. Isolation and structure elucidation led to the identification new depsibosamycins (7) which
are cyclic variants of the previously discovered linear bosamycins.! Depsibosamycins are
octapeptides containing the following amino acid sequence: L-Tyr, D-Tyr, L-Leu, L-erythro-B-OH-Asp,
L-Ser, 5-MeO-D-Tyr, L-Leu, and Gly. In contrast to the linear bosamycins, which were also produced
by the strain, the cyclic depsibosamycins show a side-chain-to-tail lactonisation of serine and glycine
(Figure 1). The discovery of depsibosamycin and the structural similarities to hypeptin is of interest
since cyclic peptides more likely possess biological activities. However, the degradation of the
compound prevented any biological testing. Genome mining revealed an NRPS cluster which showed
high similarities (98%) to the previously reported bosamycin BGC.? This seemed strange since the
previous study only reported the linear bosamycin as the product of the cluster. Heterologous
expression of the depsibosamycin BGC from a genomic library constructed for S. aurantiacus
LU19075 revealed high concentrations of the cyclic compounds in the culture broth of the
heterologous host, while the linear versions were barely detectable. This suggests the cyclic
depsibosamycins are the actual product of the cluster rather than the linear bosamycins. To verify
this, we compared the time course of production of depsibosamycin and bosamycins. Thereby, we
observed that the concentration of depsibosamycin decreases over time while bosamycins increased.

This indicates that the linear bosamycins are a product of physicochemical or enzymatic degradation
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of the cyclic depsibosamycins. In summary, we found out that the cyclic depsibosamycins are the
actual product of its corresponding BGC rather than the linear bosamycins. This might be also the

case for the previously discovered bosamycin gene cluster.

The second strain S. aureus LU18118 was selected due to a plethora of unidentified compounds in its
culture broth. We investigated a genomic library constructed for S. aureus LU18118 to identify
biosynthetic gene clusters encoding some of the found compounds. Potential clusters were
annotated by antiSMASH and a selection of clusters was expressed in the optimized heterologous
hosts S. albus A14 and S. lividans A8. As a result, a fatty acid cluster on BAC 16 was found producing
new lipothrenins. Lipothrenins consist of hexadecanedioic acid which is amide linked to L-threonine,
D-allo-threonine or dehydrobutyrine (Figure 1). The proposed main product lipothrenin A (1) carries
an N-hydroxyl group which is exclusively found on D-allo-threonine. All lipothrenin derivatives exist
as a heavier version carrying an N-acetyl cysteine (NAC) at the a-position of the fatty acid chain (2).
The lipothrenin biosynthetic gene cluster (/it BGC) was analyzed by sequence alighnments tools and
gene deletion studies to predict the minimal /it BGC and to assign the biosynthesis of lipothrenins.
Gene deletions of the left and right shoulders revealed that the minimal cluster includes 19 genes
(liA-1itS). Ketosynthase LitB is involved in fatty acid biosynthesis where it catalyzes the formation of
the linear hexadecanedioic acid rather than the branched chain fatty acids which are usually
observed in actinomycetes. Hexadecanedioic acid is activated by fatty acyl-AMP ligase LitD and acyl
carrier protein LitF. Enzymes involved in the amide bond linkage of the threonine isomers and the
isomerization of L-threonine could not be identified within the /it BGC. The stereoselective
N-oxygenation of o-allo-threonine is catalyzed by diiron oxygenase LitN in combination with DUF4873
protein LitO. The N-acetyl cysteinylation is likely originating from a common process in
streptomycetes that serves for detoxification and cell stress protection. In summary, new
lipothrenins and a corresponding lipothrenin biosynthetic gene cluster have been discovered.
Furthermore, a lipothrenin biosynthesis pathway has been described. Highlights in the biosynthesis
are the ketosynthase LitB and the N-oxygenation enzymes LitN/LitO. LitB could be used to engineer
fatty acid production to achieve the selective production of linear fatty acids. LitN/LitO, on the other
hand, might be of interesting as enzyme catalysts for late stage modifications in natural product total

synthesis.

De novo structure elucidation of new compounds from colleagues was a major part of this thesis. In
one of the collaborations, new compounds were discovered by target genome mining of genes which
are responsible for the biosynthesis of the cyclic arginine derivative capreomycidine. Non-ribosomal
peptides which contain the rare amino acid capreomycidine are of interest since they express

important biological activities.> * The biosynthesis of capreomycidine is catalyzed by alpha-
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ketoglutarate-dependent arginine beta-hydroxylase and pyridoxal-phosphate (PLP)-dependent
aminotransferase. Targeted genome mining for these genes revealed an unknown NRPS gene cluster
in S. albus 11074 carrying the arginine beta-hydroxylase-encoding gene homolog. The NRPS cluster
products were identified by comparisons of the production profile of two previously developed
S. albus mutant strains with and without deletion of the NRPS cluster. Two new compounds were
isolated and their structures, including absolute configurations, were determined by NMR, MS/MS
fragmentation and Marfey’s method. This led to the discovery of new pentapeptides
cyclofaulknamycin (11) and the linear iso-faulknamycin (Figure 1).> The compounds contain the
following amino acids: D-capreomycidine, L-threonine, D-allo-threonine, L-threo-B-phenylserine, D-
leucine and L-valine. The peptide is similar to the previously discovered faulknamycine which
comprises the same amino acids except it is containing D-threo-B-phenylserine instead of the L-
isomer.® Tryon et al. suspected the presence of a cyclic derivative because the structure of
faulknamycin could not be correctly projected onto the corresponding biosynthetic gene cluster.
However, in contrast to our studies, a cyclic faulknamycine could not be identified. Tyron et al. also
proposed the cyclisation of capreomycidine is catalyzed by an epimerase domain within the
faulknamycin BGC since the essential pyridoxal-phosphate (PLP)-dependent aminotransferase is
missing in the cluster.® We identified this gene outside of the cluster in the genome of the
cyclofaulknamycin producing S. albus strain. Deletion of the gene led to a 5-12 fold decrease of the
production of iso- and cyclofaulknamycin. This confirms that the main mechanism towards
D-capreomycidine involves the PLP-dependent aminotransferase. In summary, by target genome
mining of capreomycidine biosynthesis genes, new iso- and cyclofaulknamycin have been discovered.
The cyclic cyclofaulknamycin is the expected main product of the cluster while the linear version is
likely formed by physicochemical or enzymatic degradation. Furthermore, we found out that the
cyclization reaction which results in D-capreomycidine is mainly catalyzed by a PLP-dependent

aminotransferase which was identified outside of the cluster.

In other collaboration with co-workers, structure elucidation by NMR of new compounds has
revealed the impressive variety of chemical scaffolds which can be produced by streptomycetes
(Figure 1). A highlight is the cyclic non-ribosomal peptide cyclohuinilsopeptin (6), which contains four
unnatural amino acids: 3-azabicyclo[3.1.0]hexane-2-carboxylic acid (AHCA), a-amino-2,2,3-trimethyl
cyclopropaneacetic acid (ATCA), 2-amino-3-guanidinopropanoic (AGA) acid and D-B-phenylalanine.
The unique amino acid residues are of high interest for chemists and natural product scientist since
they are challenging to synthesize in vivo and in vitro. Another highlight was the hipposudoric acid
derivative 5 which has been discovered by heterologous expression of a gene cluster in S. albus A14.
The compound is a chromophore which appears dark green and shows sensitivity towards pH
changes like an indicator.
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Figure 1: All compounds which have been structurally characterized within the time period of this thesis: lipothrenin A (1)
and NAC-lipothrenin A (2) (unpublished), dudomycins’ (3), bonsecamin® (4), hipposudoric acid derivative (5) (unpublished),
cyclohuinilsopeptin (6) (unpublished), depsibosamycins1 (7), new PKS Il compound (8) (unpublished), furaquinocin
derivative (9) (unpublished), JBIR-56 derivative (10) (unpublished), cycIo-faqunamycin5 (11) and flavacol derivative (12)
(unpublished).
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Further structure elucidations led to the identification of the NRPS compounds dudomycin (3) and
bonsecamin (4) which have been found after heterologous expression of cryptic BGCs, a new PKS Il
compound 8 with a unique polycyclic ether moiety, a furaquinocin C derivative (9) with a rare
acetylhydrazin moiety, a derivative of JBIR-56 (10) with an undescribed biosynthesis and a flavacol

derivative (12) (Figure 1).

In the course of this work, Streptomyces have been shown to be still a valuable source of natural
products even after years of intensive study. Dereplication and heterologous expression of silent
gene clusters have been proven to be powerful methods to find new NPs. Both methods led to the
discovery of new natural products, new biosynthetic gene clusters and even some interesting gene
functions. Despite the discovery process has accelerated over the years due to constant development
of instruments and methods, nowadays industrial drug discovery and development based on natural
products is still barley economically feasible. Meanwhile, antibiotic resistant is on the rise and soon
going to cast a shadow even on the corona pandemic. Natural product research can be one of the
solutions to this problem, but there is still a lot of work to be done to accelerate natural product

discovery especially through innovative downstream processing.
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