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Abstract

Polycyclic tetramate macrolactams (PoTeMs) are an intriguing novel class of bacterial
secondary metabolites with complex molecular frameworks. Their chemical synthesis is
highly challenging, making innovative approaches to access these substances desirable.

This work summarizes novel approaches for the production and modification of the
PoTeM ikarugamycin (27). By employing the biosynthetic enzymes from the ika gene
clusters of Streptomyces sp. T1i6239 and Salinispora arenicola CNS-205, it was possible to
conduct a chemoenzymatic synthesis of 27. This is the first biocatalytic synthesis of a
PoTeM, in an one-pot reaction at room temperature, overnight, thereby surpassing yields
of classical chemical total synthesis efforts.

By applying PoTeM hydroxylases from either Lysobacter capsici DSM 19286 or Saccharo-
phagus degradans DSM 17024, the selective hydroxylation of 27 at position C-3 was
achieved, resulting in the production of butremycin (28) in vitro and in vivo. This work
highlights for the first time that enzymes from different PoTeM pathways can be utilized
to generate novel frameworks.

The PKS/NRPS enzyme (T16239-IkaA) from the biosynthetic pathway of 27 should
furthermore be reprogrammed by site-directed mutagenesis to generate novel PoTeM
analogues possessing a L-lysine backbone instead of L-ornithine (39). Comparative bioin-
formatic analysis of adenylation domains specific for the incorporation of 39 and L-lysine
(42) led to the identification of five relevant amino acid positions within T6239-IkaA,
potentially altering the substrate selection. By site-directed mutagenesis methods, the A
domain sequence was changed according to the in silico predictions. A mutant enzyme
was generated that, however, still incorporated 39, but with low catalytic activity.

In addition to the biocatalytic reactions, first trials aiming at the structural analysis of
the PoTeM biosynthetic enzymes were started. First crystallization trials were conducted
for the alcohol dehydrogenase TkaC from S. arenicola CNS-205. Protein crystals were
obtained and used for diffraction measurements. So far, the resolution was too low to
construct a structural model of this PoTeM enzyme. New sets of improved crystals are
available for further measurements to obtain a first structural model of SA-TkaC in the

future.
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Abstract

Furthermore, a PCR-based methodology to clone biosynthetic gene clusters was devel-
oped and termed ‘Direct Pathway Cloning’ (DiPaC). It has proven feasible to extract
gene clusters with sizes from 12 to 54.6 kb and varying GC content from diverse microbial
sources, allowing to promote subsequent heterologous expression. By employing DiPaC,
seven PoTeM clusters in total were isolated from the respective genomes, with three of
them unrelated to any known compound. DiPaC was used to clone the entire erythromycin
gene cluster from Saccharopolyspora erythraea DSM 40517. The ery cluster (54.6kb) was
transferred into the genomes of Streptomyces coelicolor M1152 and M1154 and production
of erythromycin A (8) was proven by liquid-chromatography in combination with mass
spectrometry. This is the first heterologous setup to produce 8 in Streptomyces to date.
The DiPaC method is beneficial to improve the field of natural product chemistry in terms

of discovering und studying novel classes of compounds more rapidly.
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Zusammenfassung

Polyzyklische Tetramsaure-haltige Makrolactame (PoTeM) stellen eine neuartige Klasse
mikrobieller Sekundédrmetabolite dar, die sich durch eine beeindruckende strukturelle Kom-
plexitat auszeichnet. Die chemische Totalsynthese dieser Verbindungen ist anspruchsvoll
und wenig ergiebig, sodass innovative Ansatze wiinschenswert wéren, die es erlauben, diese
Substanzklasse nachhaltig zu erschlielen.

Die vorliegende Arbeit befasste sich mit der enzymatischen Synthese und Modifikation
von Ikarugamycin (27). Durch den Einsatz der Biosyntheseenzyme aus den ika-Genclustern
von Streptomyces sp. T116239 sowie Salinispora arenicola CNS-205 war es moglich, eine
chemoenzymatische Totalsynthese fiir 27 zu etablieren. Der entwickelte biokatalytische
Ansatz besteht aus einer Eintopfreaktion, die bei Raumtemperatur iiber Nacht durchge-
fithrt werden kann und dabei Ausbeuten liefert, welche die der organisch-chemischen
Totalsynthesen tibertrifft.

Durch Verwendung von PoTeM-Hydroxylasen aus Lysobacter capsici DSM 19286 sowie
Saccharophagus degradans DSM 17024 gelang es zudem, 27 selektiv am C-3-Kohlenstoft-
atom durch Einftihrung einer Alkoholgruppe zu modifizieren. Dadurch wurde Butremycin
(28) in in vitro- und in vivo-Ansiatzen hergestellt. Diese Arbeiten zeigten erstmals, dass
Enzyme unterschiedlichster PoTeM-Biosynthesewege kombiniert werden konnen und so
neue Strukturen generierbar sind.

Ferner sollte das PKS/NRPS-Enzym (T16239-1kaA) aus der Biosynthese von 27 durch
gezielte Mutagenese so verandert werden, dass PoTeM-Analoga mit L-Lysin (42) im Riick-
grat anstelle von L-Ornithin (39) zugénglich werden. Durch vergleichende, bioinformatische
Analysen von Adenylierungsdoménen wurden fiinf relevante Aminoséurepositionen inner-
halb von Tu6239-IkaA identifiziert, durch deren Austausch ein Substratwechsel erreicht
werden sollte. Mittels gezielter Mutagenese gelang es die selektierten Reste entsprechend zu
verdndern. Allerdings wurde so ein Enzym entwickelt, welches nur noch geringe Aktivitét
aufwies und weiterhin 39 als Baustein verwendete.

Neben den biokatalytischen Arbeiten sollten auch erste Grundlagen fiir strukturbio-
logische Untersuchungen gelegt werden. Erste Kristallisationsversuche wurden fiir die

Alkoholdehydrogenase TkaC aus S. arenicola CNS-205 unternommen. Hierbei wurden

ix



Zusammenfassung

Proteinkristalle erzeugt und Beugungsmessungen durchgefiihrt. Bis jetzt war jedoch
die Auflosung, die die Kristalle lieferten, zu gering, um eine Strukturaufkldrung damit
durchfithren zu kénnen. Mit verbesserten Kristallen konnen neue Messungen durchgefiihrt
werden, um so in der Zukunft ein erstes Strukturmodell von SA-TkaC erstellen zu kénnen.

Weiterhin wurde eine PCR-basierte Methode zur Klonierung von Biosynthesegenclustern
entwickelt, das sogenannte ,,Direct Pathway Cloning“ (DiPaC). Damit gelang es, Gencluster
von 12 bis 54.6 kb Grofle aus unterschiedlichsten mikrobiellen Quellen unabhangig vom
GC-Gehalt zu klonieren, um im Anschluss heterologe Expressionsversuche durchzufiihren.
Durch Verwendung von DiPaC war es innerhalb dieser Arbeit moglich, sieben PoTeM-Gen-
cluster zu isolieren, von denen drei bisher noch keiner chemischen Verbindung zugeordnet
werden konnten. Mit DiPaC war es aulerdem moglich, das gesamte Erythromycin-
Gencluster von Saccharopolyspora erythraea DSM 40517 zu klonieren. Das ery-Cluster
(54.6 kb) wurde in die Streptomyzetenstamme S. coelicolor M1152 und M1154 eingebracht
und die Produktion von Erythromycin A (8) mittels LC-MS nachgewiesen. Dies ist
die erste erfolgreiche heterologe Produktion dieses bekannten Sekunddrmetaboliten in
Streptomyzeten. Dieser Ansatz ist &uflerst niitzlich und von besonderer Bedeutung fir das
Forschungsgebiet der Naturstoffbiochemie, um neuartige Naturstoffe (und Stoffklassen)

noch schneller zu entdecken und eingehend untersuchen zu kénnen.



1. Introduction

1.1. Secondary metabolites as innovative drug leads

Secondary metabolites play an important role in today’s medicine as they cover a broad
range of therapeutic applications with often innovative modes of action.! Their structures
are diverse and complex, making them an ideal source to develop treatment options for
a vast range of diseases in the clinic.? During the course of evolution, these molecules
have developed strong potency to tackle specific targets. For mankind, they significantly
contribute to improve life quality, as different examples impressively show (Figure 1): One
famous class of fungal secondary metabolites are the penicillins, discovered by Alexander
Fleming in 1928, which allowed the treatment of wound infections that have been life-
threatening before.? These B-lactam compounds, penicillin G (1) as one representative, *
are still among the most important antibiotic drugs. Tetracyclines represent another
prominent group of often prescribed natural antibiotics.® The glycopeptide vancomycin
(2) is well known as it is an important antibiotic of last resort, used to fight multi-resistant
human-pathogenic bacteria that no other conventional antibiotic is able to tackle.® It
has become more and more important in the last years, as resistances to conventional
antibiotics are continuously evolving. In western industrialized countries, metabolic diseases
are increasing, caused by high-caloric, fat-rich diets. For the treatment of atherosclerosis,
drugs like lovastatin (3) are prescribed, which are able to control endogenous cholesterol
production.® With this drug and analogues, the pharmaceutical industry earned billions
of dollars making statin blockbusters.? Paclitaxel (4), first isolated from the bark of the
pacific yew Taxus brevifolia, is a potent anti-cancer drug used in cancer chemotherapy. '’
The significance of such secondary metabolites in modern medicine was recently highlighted
in 2015: The discovery of avermectins, such as avermectin By, (5), a series of potent
anthelmintic and insecticidal compounds by William C. Campbell and Satoshi Omura
was awarded the Nobel Prize.!! These drugs have protected millions of people from river

blindness and lymphatic filariasis. !
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Figure 1. Selection of clinically-important pharmaceuticals derived from secondary metabolites:
penicillin G (1), the last resort antibiotic vancomycin (2), the cholesterol-reducing
drug lovastatin (3), the cancer chemotherapeutic agent paclitaxel (4), the an-
thelmintic avermectin Bi, (5) whose discovery was awarded the Nobel Prize in 2015,
and the tetracycline antibiotic doxycycline (6).



1.2. The molecular dogma of natural product research

Secondary metabolites are often termed natural products as they are isolated from natural
sources, such as plants, fungi and bacteria, which are the producers of these compounds.
For example, penicillin G (1) is derived from the mold Penicillium chrysogenum.® Most of
the antibiotics known to date are produced by Actinobacteria: Tetracyclines were isolated
from Streptomyces aureofaciens® and vancomycin (2) from Amycolatopsis orientalis.®
Although secondary metabolites are not essential for the survival of their producers, it is
believed that they provide advantages over opponents in the same living environment.

The complex and intriguing structures found in nature are also a source of inspiration for
chemists. Trying to resynthesize natural substances is a laborious and tedious challenge,
but allows to gain deep knowledge on nature’s creativity. It further opens the door to
alter structures and to make more potent analogues. In the case of tetracycline antibiotics,
synthetic analogues such as doxycycline (6) were generated, having more effective activities
than their precursors, e.g., a prolonged half-life in the body.!%!3

Natural sources are inexhaustibly diverse and the same seems to be true for bacterial
secondary metabolites, leading to a virtually unlimited reservoir for novel innovative drug
leads. ' The discovery of unexplored compounds is a key challenge of current research efforts.
An unimaginable number of yet unknown molecules possessing exciting and beautiful
scaffolds paired with potent pharmacological activities are still awaiting discovery! Likewise,
the underlying biosynthetic logic is going to be explored, providing us with lessons from

nature, e.g., for the development of new biocatalysts.!®

1.2. The molecular dogma of natural product research

All the information needed to produce a secondary metabolite is stored on specific locations
of the genomic DNA (gDNA) of the natural producer. During evolution, genetic elements
known as biosynthetic gene clusters (BGCs) have developed, in particular in bacteria.
By sequencing microbial genomes, these gene clusters can be identified and correlated to
chemical structures.'® Based on these findings, a general principle, the molecular dogma,
of natural product biochemistry, can be proposed (Scheme 1). The gDNA of the natural
producer harbors a set of (clustered) genes. If activated, the production of messenger RNA
(mRNA) is initiated, which is needed to start the formation of the encoded protein(s) by
the ribosome. The corresponding cellular enzymatic machinery provided by this process
catalyzes the synthesis of the secondary metabolite(s).

In the last decade, DNA sequencing has promoted the research field of natural product

(bio-)chemistry. New powerful sequencing techniques have emerged, which are summarized
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Scheme 1. The dogma of molecular natural product biochemistry states that all the information
to synthesize a secondary metabolite is stored on the DNA of the natural producer.
By the use of computer programs, in silico predictions can be made in both directions.

by the generic term next-generation sequencing (NGS).! Since the first genome of the
bacterium Haemophilus influenzae was published in 1995,'® many more bacteria from
diverse phyla have been sequenced. They often contain multiple gene clusters, of which
many cannot be related to a known compound, the so-called ‘orphan gene clusters’.!
Nowadays, it is possible to sequence and assemble whole bacterial genomes within days,
thereby leading to a massive increase of genomic data of either partially sequenced or
closed genomes.*?° Data bases like NCBI’s gene bank can be accessed on the internet
and sequences downloaded for free, facilitating broad access to the research community.
This is a great treasure chest for the discovery of novel chemistry.

By the use of computer programs like antiSMASH, 2! PRISM 22 or SMURF, % it is possible
to search for secondary metabolite gene clusters in silico. This concept is summarized by
the term ‘genome mining’ The key challenge is to understand the genetic features and
to produce their encoded products either in the natural or a heterologous host. Based
on predictions, proposals of biosynthetic pathways can be created. Using the nucleotide
sequences as a start, open reading frames are identified and genes annotated, in this
way allowing the prediction of biosynthetic pathways and thus of the chemical structures
of the encoded secondary metabolites. Vice versa, knowing the structure of a natural
compound, e.g., cyclic peptides,?* allows in many cases to come up with an idea of how
the biosynthetic machinery should be composed, which enzymes are needed, and how the
reaction sequence will be arranged (Scheme 1).

The big challenge is to get functional proof from wet laboratory work. Although in silico
predictions have evolved and are the first approach to get an idea of the genetic potential

of the organism of interest, the real world situation might differ drastically.



1.3. Polyketide biosynthesis

1.3. Polyketide biosynthesis

Polyketide synthases (PKSs) produce a broad range of biomedically important secondary
metabolites. Well studied examples of this class, presented in the following, are the
statin drug lovastatin (3), doxorubicin (7) and the antibiotic erythromycin A (8).?° The
biosynthesis of these compounds involves repetitive, Claisen-like condensation reactions,
in which acetyl-CoA (9), malonyl-CoA (10) or simple acyl-CoA derivatives (11-16) are
utilized to form complex frameworks (Figure 2).262® The process of polyketide formation
shares high homology to the biosynthesis of fatty acids.?® The difference is that the
oxidation states of the resulting carbon chain are variable: In most of the cases, lipids are
fully reduced, whereas in polyketides, fully-reduced, partially and unreduced states are
possible. PKS enzymes can be subdivided into a domain structure that involves a set of
essential domains, i.e., the acyltransferase (AT), ketosynthase (KS) and the acyl carrier
protein (ACP). Additional, optional domains are the ketoreductase (KR), dehydratase
(DH), enoyl reductase (ER) and the thioesterase (TE).

9 0 100 O
Me)]\S-CoA Ho)l\/u\s-cm
11 o 120 o 130 o
Me\)l\s-cm HOJH/U\S-COA HOJ l\‘/U\s-coA
Me OH

14 0 15 o 16 0
/\)L Me
Me S-CoA S-CoA | N S-CoA
Me =

Figure 2. Selection of CoA substrates used as building blocks for PKS biochemistry. Acetyl-
(9) and malonyl-CoA (10) are most frequently used. Further (starter) units
are propionyl- (11), methylmalonyl- (12), hydroxymalonyl- (13), butyryl- (14),
isobutyryl- (15) and benzoyl-CoA (16).

PKS enzymes, as fatty acid synthases, need to undergo enzymatic activation. After
their synthesis by the ribosome, a post-translational modification is required that converts
the PKS from the unmodified apo into the catalytically-active holo form.3° A special class
of enzymes, the phosphopantetheinyl transferases (PPTases), e.g., Sfp,3!32 are able to
attach a phosphopantetheine (PPant) residue derived from coenzyme A (CoA) (17) onto

conserved serine residues of the acyl carrier protein (Scheme 2). This allows the covalent
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attachment of CoA-activated substrates as well as the processing of the resulting thioester

bound substrates and intermediates during chain elongation.
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Scheme 2. Phosphopantetheinylation is a post-translational modification needed for the activa-
tion of PKS enzymes. The PPTase, e.g., Sfp,3132 uses a building block of CoA (17)
to attach the prosthetic group on conserved serine residues, thereby converting the
enzyme from the apo form into the catalytically-active holo form.

PKS enzymes are classified according to their domain organization and mode of action:
type I, IT and IIT PKS (Scheme 3).%52 The formation of the intermediate polyketide chain
is either catalyzed by individual modules or in an iterative manner, involving only a single
module.?® Modular type I systems typically use each catalytic domain once, in this way
elongating the intermediate chain by addition of one building block (see erythromycin
biosynthesis, Scheme 7). The process is comparable to an assembly line and dependent on
the sequence of the processing domains. Thus, a prediction on the product structure is
often easily possible. This finding is known as the ‘collinearity rule’.33:34

Type IT PKS enzymes work iteratively and have exclusively been found in bacteria.
These synthases consist of two detached ketosynthases (KS,, KSg) and an ACP (Scheme 4).
KS, is responsible for the synthesis of the polyketide chain by decarboxylative elongation
of C-2 building blocks derived from malonyl-CoA (10). KSg is not directly involved in
the processing of the intermediate polyketide, but controls the length of the produced
chain and is therefore also known as the ‘chain length factor’.?> The biosynthesis by such

a minimal PKS can be assisted by further modifying enzymes. These include cyclases
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PKS

type | type Il

bacteria, fungi plants, bacteria, fungi

modular iterative

Scheme 3. Classification of polyketide synthases (PKS).

(CYC), ketoreductases (KR) and aromatases (ARQO).? The biosynthesis of doxorubicin
(7) underlies PKS type II principles (Scheme 4).%

Type III PKS enzymes are special as they do not require an ACP and can perform the
chain elongation directly on CoA building blocks. They are also known as chalcone/stilbene
synthase-like PKS and work iteratively.?%35 Similar to type II PKS, they convert malonyl-
CoA (10) as elongation substrate, but are flexible concerning CoA activated starter units,
e.g., cinnamic acid.?® The chain length, as well as the individual cyclization chemistry, lead
to the generation of a huge variety of aromatic compounds. Type III PKS have mainly
been found in plants. One prominent example are the flavonoids, e.g., the plant metabolite
naringenin (18) (Scheme 5). Recently, some representatives from bacteria®® and fungi®’

have been discovered.

OMe O OH (')O,\\NHz
o’

7 ‘OH

Me

Scheme 4. Doxorubicin (7), used in cancer chemotherapy, is produced by a bacterial type II
PKS consisting of two ketosynthase subunits (KSyg).2
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Scheme 5. The plant metabolite naringenin (18) is one example of a type III PKS-derived
natural product. 18 is formed from hydroxy cinnamic acid and malonyl-CoA (10).%

Iterative type I PKS (iPKS) were identified in fungi first. One prominent example is
the biosynthesis of lovastatin (3) (Scheme 6).%%3 The iPKS enzymes in general consist
of one module which is involved in several repetitive reactions. The domain functions
are identical compared to the multimodular domain enzymes (Scheme 7). In the case of
3, a nonaketide is produced from acetyl-CoA (9) and eight equivalents of malonyl-CoA
(10) by the polyketide synthase LovB. A free-standing enonyl reductase (ER) substitutes
for an inactive domain, which is located in between KS-; AT-, DH-, MT-, and the KR-
and ACP domains. S-Adenosyl methionine (SAM) is the donor of a methyl group, which
is introduced by the methyltransferase domain (MT). Another special property is that
the polyketide synthase LovB does not employ all of the available modules during each
elongation cycle: In the first steps of elongation, partial reductions take place, so that
trans configured C—C double bonds are formed. After the incorporation of fully reduced
C-2 building blocks, another unsaturated position is generated that is in close proximity
to the diene system from the initial elongation steps, facilitating a Diels-Alder reaction,
which results in the formation of the naphthalene backbone of 3. Post-PKS-modifications
include one oxidation step to introduce the second double bond in 3 and a derivatization
by attachment of o-S-methylbutyrate. This special building block is produced by a se-
cond PKS enzyme, LovF, from two units of malonyl-CoA (10) and is introduced by the

transesterase LovD at the hydroxy function of the naphthalene moiety.4°
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Scheme 6. The cholesterol lowering drug lovastatin (3) is produced by a fungal iterative type I
PKS. 3839 Acetyl-CoA (9) and eight equivalents of malonyl-CoA (10) are condensed
by LovB, which possesses an inactive enoyl reductase domain (ER) (blue), working
together with free-standing LovC. S-adenosyl methionine (SAM) delivers a methyl
group (*). The a-S-methylbutyrate building block is produced by a second PKS
enzyme LovF and attached by the transesterase LovD.40

The prototypical example of a modular type I polyketide assembly line is that of
erythromycin A (8) biosynthesis (Scheme 7).2%4 8 is a macrolide antibiotic produced by the
soil-dwelling bacterium Saccharopolyspora erythraea (formerly Streptomyces erythreus)*?
and is of clinical importance as it is used as a broad spectrum antibiotic.*? Its biosynthesis
was intensively studied and the structure of the compound related to an intriguing
enzymatic machinery. From the sequenced genome of S. erythraea, a gene cluster with
a size of about 54.6 kb was identified, comprised of 22 genes.?%** All these provide the
complete enzymatic machinery to form 8.%°47 Three PKS genes (eryAl, eryAIl and
eryAIIl) play a central role, coding for the polyketide synthases DEBS1-3, respectively.
These comprise the streamlined machinery for the polyketide macrolactone precursor,
6-deoxyerythronolide B (19) (Scheme 7). One building block of propionyl-CoA (11),
which functions as the starter unit, and six equivalents of methylmalonyl-CoA (12), used
as elongation substrates, are fused in Claisen condensations. The AT domains of the
individual modules are specific for the recruitment of 11 and 12. The ketosynthase domain

(KS) catalyzes the incorporation of 12 by release of carbon dioxide, in this way elongating
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the chain. The ketoreductase domains (KR) reduce the B-keto groups to the respective
alcohol. When dehydratase (DH) and enoyl reductase (ER) domains are present, the
hydroxy function is eliminated and the resulting double bond removed by saturation.
In the end, the terminal thioesterase domain (TE) cleaves off the linear precursor and
catalyzes the macrolactone formation (Scheme 7).

The biosynthesis includes a set of hydroxylation, glycosylation and methylation events
(Scheme 8). A first hydroxylation, catalyzed by the cytochrome P450 monooxygenase
EryF, converts 6-deoxyerythronolide B (19) into erythronolide B (20).%® In the following,
two glycosylation events take place, installing sugar residues at the hydroxy functions of
positions C-3 and C-5 using dTDP-L-mycarose (EryBV) and dTDP-D-desosamine (EryCIII)
as substrates.? This results in the formation of erythromycin D (21). Interestingly, the
sugar biosynthesis pathways leading to these special sugar building blocks are also encoded
in the gene cluster. Two sets of enzymes are able to convert glucose-1-phosphate into
L-mycarose and D-desosamine.*® There are two routes in which 21 can be processed to
yield the final metabolite 8 (Scheme 8). The favored enzymatic sequence consists of EryG
followed by EryK. At first, one hydroxy group within the L-mycarose moiety is methylated,
thereby producing erythromycin B (22). Another hydroxylation event on the macrolide
core at C-12 results in the formation of erythromycin A (8). Erythromycin C (23) is
believed to be a shunt product, occurring when EryK hydroxylates first. This generates
23, which can also be converted into 8 by EryG.

10
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Scheme 8. Summary of erythromycin A (8) biosynthesis. The macrolactone core is produced
from propionyl- (11) and methylmalonyl-CoA (12) and is modified further by
hydroxylation, glycosylation and methylation, catalyzed by individual enzymes.
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1.3. Polyketide biosynthesis

The erythromycin PKS system possessed AT domains that are integrated in each of the
biosynthetic modules. Such systems are known as cis-AT PKS. In addition, trans-AT PKS
systems do exist, in some cases also termed ‘AT-less PKS’.#? These enzymes lack the AT
domains in their modular organization and instead receive the elongation substrate from
free-standing ATs. First attempts to analyze genomic data of Bacillus subtilis 168, the
producer of the antibiotic bacillaene (24), assumed sequencing errors as a possible reason
for the missing AT domains, but it became evident that such a principle is utilized more
frequently.?® As a consequence, the rule of collinearity cannot be applied in trans-AT PKS.
In comparison to modular type I PKS systems, predictions on the formed product are thus
much more difficult: trans-AT modules can be used once or several times for the formation
of an intermediate product.?® Also, skipping of modules within the elongation process is
possible. Compared to the cis-AT PKS, trans-AT PKS possess more variations in their
modular composition, thereby achieving even higher structural variability. One feature
is the presence of dehydrating bimodules that possess inactive ketosynthase domains
(KSp) to form conspicuous (conjugated) double bonds in Z-configuration as found in 24
(Figure 3).%

Figure 3. Structure of the antibiotic bacillaene (24) produced by Bacillus subtilis 168.

In modular PKS systems, domains belonging to non-ribosomal peptide synthetases
(NRPSs) are frequently included, thereby contributing to the structural complexity of the
related product structures. The biosynthetic principles of NRPS are highlighted in the

next chapter.
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1. Introduction

1.4. Non-ribosomal peptides

Non-ribosomal peptides (NRPs) are another important group of secondary metabolites,
mainly isolated from bacterial and fungal sources.?* They often possess useful pharma-
cological properties, e.g., the antibiotics penicillin G (1) and vancomycin (2), presented
previously, or the immunosuppressant cyclosporine (25) administered after organ trans-
plantation (Figure 4).5! NRPs consist of proteinogenic and non-proteinogenic amino acids.
Many of the NRPS biosynthetic gene clusters encode enzymes that can derivatize amino
acids from the primary metabolism or generate unusual non-proteinogenic amino acids
de movo, thereby increasing the substrate pool.>?

Multimodular enzymes, known as non-ribosomal peptide synthetases (NRPSs), produce
the NRPs. The minimal set of catalytic domains consists of the condensation domain (C),
which forms peptide bonds, an adenylation domain (A) and a peptidyl carrier protein
(PCP), also termed ‘thiolation domain’ (T). The adenylation domain (A) selects the amino
acid and activates it by consumption of ATP to form an energy-rich mixed anhydride with
AMP (AMPylation) (Scheme 9). This allows the amino acid to be further processed as a
substrate: Loading onto the PCP domain is possible, facilitating initiation of condensation

reactions to synthesize a peptide chain.

NH,
N BN
N
4
0 A o . AL
HoN HoN
2 j)I\OH 2 j)l\o—'F}—o o
R ; gl R o
ATP PPi OH OH

Scheme 9. Activation of an amino acid for NRPS biosynthesis in the form of an energy-rich
mixed anhydride is catalyzed by the A domains of the NRPS.

Non-ribosomal peptide synthetases share similar modular principles compared to the
type I PKS machineries. The A domain is comparable to a PKS AT domain as both are
needed for substrate selection. The task of the PCP domain is identical to the ACP that
is providing substrates for elongation reactions. Both serve as anchors for the covalently
attached building blocks and biosynthetic intermediates. NRPS carrier proteins likewise
undergo post-translational modification by phosphopantetheinylation.?43% In addition to
the essential domains, a number of optional domains allow further product diversification.
Epimerization domains (E) can be present, converting naturally occurring L-amino acids

into the corresponding D-epimers. The proton of the o-C atom can be abstracted and
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1.4. Non-ribosomal peptides

reprotonation initiated from the opposite site, in this way changing the configuration of the
stereocenter. Further domains are known, e.g., catalyzing methylation (MT), cyclization
(Cy), oxidative events (Ox), reduction (R) and formylation (F) reactions.?* Together,
these domains account for the massive structural diversity of NRPS-derived compounds.
Interestingly, NRPs consisting of more than 25 amino acids do not exist.?* The NRPS
assembly line is usually containing a terminal thioesterase domain (TE) that cleaves off

the processed peptide chain, in many cases simultaneously inducing macrocyclization.

Load M1 M2 M3 M4 . M5 .
Ala Leu Leu Val Bmt Abu
Al (YA MT (VA MT (YA MT (YA MT (LA
$ 3 $ $ s $
HS HS HS HS HS HS
M6 M7 M8 M9 M10
Sar Leu Val Leu Ala
C A C A MT C A C A MT C A TE
$ 3 $ s s 3
HS HS HS HS HS OH

Ala _>—Me
- Me

Figure 4. NRPS assembly line for the immunosuppressant cyclosporine (25). The individual
modules utilize the proteinogenic amino acids alanine (Ala), leucine (Leu), valine
(Val) and the non-proteinogenic building blocks sarcosine (Sar), L-o-aminobutyric
acid (Abu) and butenyl-methyl-threonine (Bmt, 26). The terminal thioesterase
domain (TE) induces cyclization. N-methylations of the amino acids introduced by
the methyltransferase domains (MT) are indicated (*).
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1. Introduction

The biosynthesis of cyclosporine (25) is conducted by a multimodular NRPS (Fig-
ure 4).°193 Tt consists of a loading module and ten extension modules that select the
proteinogenic amino acids alanine (Ala), leucine (Leu), valine (Val) as well as the non-
proteinogenic building blocks sarcosine (Sar), L-o-aminobutyric acid (Abu) and butenyl-
methyl-threonine (Bmt, 26). As a result, a linear, TE-bound peptide chain of eleven
amino acids Ala-Leu-Leu-Val-Bmt-Abu-Sar-Leu-Val-Leu-Ala is formed. Some modules
possess methylation domains (MT) responsible for the N-methylation of the respective
amino acids, thereby increasing the structural complexity. The thioesterase domain (TE)
induces lactamization and release of 25.

Due to highly similar biosynthetic principles, hybrid pathways of NRPS and PKS
enzymes exist. The catalytic power of both are combinable, in this way accessing the full
potential to produce complex and structurally demanding molecules.?**> The biosynthesis
of the cyclic peptide cyclosporine (25) requires the special building block butenyl-methyl-
threonine (Bmt, 26).%¢ 26 is derived from a PKS pathway in which acetyl-CoA (9) and
malonyl-CoA (10) are condensed (Scheme 10). In further steps, S-adenosyl methionine
(SAM) provides a methylgroup, followed by incorporation of another C-2 building block
derived from 10. Reductions involving NADPH, as well as oxidative formation of an
a-keto function, lead to a precursor that is converted into 26 by transamination. 26 in its
AMPylated form is then processed by the NPRS module to produce 25.

9 O
Me)l\S-COA
O O

10
(0] : (0] (0]
— AAN
J\/u\ Me/\)I\S-Enz Me X SEnz
S-CoA

/SAM

10
HO

OH O O O

6 steps
A~ AN <= S AN
Me Y S-CoA - EnzSH Me T SEnz
Me Me

[ON
OH O OH O
Me/\/\;/'\H/U\S-CoA —— Me/\/\./H/U\OH 26

Me O Me NH,

Scheme 10. Biosynthetic pathway of butenyl-methyl-threonine (Bmt, 26).5

In this work, a particularly unusual hybrid PKS/NRPS system will be presented, which
uses the catalytical power of both types of modules for the construction of structurally

demanding frameworks.
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1.5. Polycyclic tetramate macrolactams

1.5. Polycyclic tetramate macrolactams

Polycyclic tetramate macrolactams (PoTeMs) comprise a relatively new class of bacte-
rial secondary metabolites. They all share a tetramic acid moiety that is fused to a
macrolactam ring. Since the discovery of ikarugamycin (27) in 1972 by Jomon et al.,5"
many more related compounds were isolated from various marine and terrestrial bac-
teria all over the globe (Figure 5). The most prominent examples apart from 27 and
its hydroxyl-derivative butremycin (28)°® are dihydromaltophilin,® better known as the
‘heat-stable antifungal factor’ (HSAF) (29),% isolated from Lysobacter enzymogenes C3,%
the frontalamides (30a,b), from Streptomyces sp. SPB78 associated with the southern
pine beetle Dendroctonus frontalis®® and the alteramides (31a,b) from sponge-associated
Alteromonas sp.% More representatives that highlight the structural diversity are mal-
tophilin (32) from a Stenotrophomonas maltophilia strain,®® the clifednamides (33a,b),
geodin A (34) from a southern Australian sponge Geodia sp.,% xanthobaccin A (35) from
a Stenotrophomonas sp.,%" and further sponge-accociated compounds like discodermide
(36),% cylindramide (37),59 as well as aburatubolactam (38), isolated from a marine
Streptomyces sp. ™3

Within the PoTeM structural framework, carbacyclic ring systems are fused to the
macrolactam portion. Different arrangements exist, formally consisting of two or three
cyclopentane/-hexane units. Tricyclic constitutions with a 5-5-6 pattern, e.g., found in
HSAF (29) or frontalamides (30a,b), but also 5-6-5 cyclization, e.g., in ikarugamycin (27)
or the clifednamides (33a,b), are occurring. In addition, bicyclic arrangements possessing
a 5-5 ring pattern were identified, e.g., in alteramides (31a,b), geodin A (34), cylindramide
(37) or aburatubolactam (38) (Figure 5). The PoTeM scaffolds furthermore vary in their
oxygenation and alkylation patterns, as well as in the degree of saturation. The structural
diversity results in a broad spectrum of biomedical activities, ranging from antibiotic
and anti-fungal to anti-trypanosomale and cytotoxic, making these compounds promising

57656772 However, the mode of action for many of them is yet poorly

lead structures.
understood.
Although these compounds are exciting from structural and biomedical perspectives,
only little was known about their biosynthetic origin until recently. In the last decade, the
underlying principles for the formation of PoTeMs have intensively been studied. The first
functional studies on a PoTeM biosynthetic pathway were conducted by Du et al. on HSAF
(29) biosynthesis.® The group identified a bimodular PKS/NRPS system composed of nine
domains, five of them, KS-AT-DH-KR-ACP, being PKS-related and four, C-A-PCP-TE,

typical for NRPS (Figure 6). Owing to the structural similarity of 29 to the spinosyns, ™
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Figure 5.

18

Selection of structures of literature reported PoTeMs: ikarugamycin (27), HSAF
(29), the frontalamides (30a,b), the alteramides (31a,b), maltophilin (32), the
clifednamides (33a,b), geodin A (34), xanthobaccin A (35), discodermide (36),
cylindramide (37) and aburatubolactam A (38). The A-B-C-D ring system is
defined in 29. The tetramic acid moiety is highlighted in yellow.



1.5. Polycyclic tetramate macrolactams

a related modular PKS biosynthetic pathway was expected by Du et al.%° The bimodular
PKS/NRPS identified in Lysobacter enzymogenes C3 was thus assumed to constitute the
final two modules of such a PKS/NRPS machinery. However, the remaining modules of
the system could not be identified. Disruption of the PKS/NRPS gene indeed abolished
production of 29, thus clearly establishing its importance in HSAF biosynthesis.® Based
on this hypothesis, Yu et al. proposed incorporation of L-ornithine (39) and two carbon
atoms C-26 and C-27 from malonate by the PKS/NPRS bimodule (Figure 6). They
speculated that another PKS gene, in theory encoding eleven more modules, would still
be needed to form the remaining carbon-carbon bonds. In addition, the cyclizations were
thought to be controlled by the encoded ferredoxin reductase and sterol desaturase, which
meanwhile turned out to be wrong. At that time, only a 13 kb partial region of the HSAF
gene cluster was regarded, in total comprising four genes, coding for the PKS/NRPS

enzyme, an arginase, ferredoxin reductase and sterol desaturase (Figure 6).%

PKS NRPS
'

Ve

% KS-AT-DH-KR-ACP:C-A-PCP-TE

Figure 6. Schematic representation of the HSAF (29) biosynthetic gene cluster from Lysobac-
ter enzymogenes C3.5%7 Tt was postulated that one PKS/NRPS bimodule would
generate a minor portion of the skeleton of 29, highlighted in pink. Genes in brackets
encoding downstream enzymes were not yet identified at that time. Color code — red:
PKS/NRPS; green: FAD-dependent oxidoreductase; blue: alcohol dehydrogenase;
violet: PoTeM hydroxylase; turquoise: ferredoxin reductase; magenta: arginase.

The general picture of PoTeM biosynthesis changed in 2010, when Clardy et al. identified
the frontalamides (30a,b) in Streptomyces sp. SPB78, a fully sequenced bacterial strain. %2
Bioinformatic analysis showed that a similar PKS/NRPS gene is the central genetic element,
flanked upstream by one gene coding for a sterol desaturase, and downstream by genes
for phytoene dehydrogenases, an alcohol dehydrogenase and a cytochrome P450 enzyme
(Scheme 11).%% Focused on the frontalamides, Blodgett et al. proved by gene knock-outs
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1. Introduction

that the PKS/NRPS gene (ftdB) from the frontalamide cluster is responsible to generate
the whole carbon framework of 30a,b. By further screening of the Streptomyces sp. SPB78
genome, it was verified that no other suitable PKS genes belonging to the ftd cluster exist,
as previously proposed by the Du lab,® indicating an iterative mechanism of the PKS
module with the ability to catalyze the production of a second polyketide chain before
condensation with L-ornithine (39).%? Such iterative systems are common for secondary
metabolites from fungi, but rather unusual for bacterial type I systems. Nevertheless,
their proposal for the cyclization chemistry to install the ring systems of PoTeMs was
not plausible. Aldol reactions were depicted, but not applicable to explain the reactivity
on all positions of the proposed intermediate (Scheme 11). In their model, Clardy et al.
assumed the formation of 3-polyketo-chains, including one reduced position with a double
bond in trans configuration.%? The cyclizations would be catalyzed by the redox tailoring
enzymes FtdC-FtdF, encoded downstream of the PKS/NRPS gene.%? For the first time, a
proposal was made that included the redox tailoring enzmyes to contribute to the PoTeM

cyclization biochemistry.

ftdA B (03 D E F
—
1 kb

5
0o

Scheme 11. Postulated biosynthesis by Clardy et al. for the frontalamides (30a,b).%2 An
iterative mode of FtdB (PKS/NPRS) was proposed generating two polyketide
chains that are fused to L-ornithine (39). Further modifications leading to 30a,b
are installed by the encoded tailoring enzymes FtdA and FtdC-F. Color code — red:
PKS/NRPS; green: FAD-dependent oxidoreductase; blue: alcohol dehydrogenase;
yellow: cytochrome P450; violet: PoTeM hydroxylase.

By expanded bioinformatic analysis of microbial genomes, it was possible to retrieve
putative PoTeM BGCs in a huge variety of phylogenetically diverse bacteria for the first
time. % These ranged from Gram-positive actinomycetes to Gram-negative y-proteobacteria
that were not known to be potential producers of PoTeM compounds before, indicating
PoTeM gene clusters to be widespread in bacteria. Blodgett et al. were able to relate

the genes from the frontalamide gene cluster ftd of Streptomyces sp. SPB78 to homologs
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1.5. Polycyclic tetramate macrolactams

of other putative clusters from sequenced microbes, thereby identifying the conserved
synteny of PoTeM gene clusters among species.? The sequence conservation allowed
cluster screenings by PCR resulting in the discovery of the clifednamides (33a,b) from an
environmental Streptomyces strain. %

In 2011, the complete sequence of the HSAF (29) biosynthetic gene cluster with a size of
about 20 kb was published. ”® Eight genes in total were annotated that are positioned next to
each other (Figure 6). Disruption mutations placed in the FAD-dependent oxidoreductase
genes abolished the production of 29, confirming the importance of these genes that were
disregared by Yu et al. at the beginning. Further, Lou et al. tested that the A domain of
the NRPS specifically activates L-ornithine (39),” which is functionalized at its o- and
0-amine groups with the polyketide precursor chains. Experiments were conducted to
understand the formation of the tetramic acid moiety. ACP-bound stearoyl fatty acids
as simplified substrate mimics (acyl-S-ACP) were used together with 39, proving the
ability of the NRPS module to generate tetramic acid products in vitro.”™ The reaction
was confirmed by comparison to a synthetic standard of the product. From these data, it
was concluded that the tetramic acid portion, an unifying structural motive of all PoTeMs,
is formed by the thioesterase domain (TE) in a Dieckmann-like reaction.™

B-Hydroxyornithine was speculated to be the building block explaining the hydroxy
moiety in HSAF (29).%° Blodgett et al. were able to relate the first gene, ftdA, of the
frontalamide gene cluster to a possible hydroxylating function, derivatizing the C-3 position
of the PoTeM core, as found in the frontalamides (30a,b). But they could not ascertain
the timing during biosynthesis.%? Evidence in this regard was provided by a study from Li
et al., who confirmed for 29 that the so-called ‘sterol desaturases’ encoded in the HSAF
gene cluster introduce the hydroxy group at the L-ornithine (39) moiety of 29 as the last
step in its biosynthesis.”® Feeding experiments using the non-hydroxylated precursor of
HSAF were conducted and enzyme extracts prepared, in both ways achieving a conversion
into 29, thus validating the in vitro results.”™

For a long time, it was unclear which genes are essential to build up a functional PoTeM
biosynthetic machinery. On the basis of studies conducted in the Gulder lab focusing on
ikarugamycin (27), a first functional proof was made that only three genes are needed to
produce this PoTeM.” These include the PKS/NRPS hybrid enzyme (iPKS/NRPS), a
FAD-dependent oxidoreductase and an alcohol dehydrogenase. The ikarugamycin gene
cluster ika of Streptomyces sp. T116239 was identified by the central PoTeM-PKS/NRPS
gene (ikaA) with its size of approximately 10kb (Scheme 12). Adjacent to this, the two

reductase genes (ikaB, tkaC') are positioned on the same operon. Transfer of the whole
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cluster ikaABC into Escherichia coli BAP1,™ under the control of a T7 promoter, made
the cells capable of producing 27.”" The borders of the cluster were for the first time
firmly established by this experiment and demonstrated that PoTeM clusters are simply
structured. In the case of 27 only three genes are involved, which is in sharp contrast
to the rather complex molecular framework of the final product 27.77 This result was
also important in clearly showing that the PKS module must work iteratively to form the
PoTeM carbon frame.

On the basis of these new results, the present model for the biosynthesis of PoTeMs
is conceived (Scheme 12): The iPKS part of the PKS/NRPS megaenzyme (IkaA) with
its domains KS-AT-DH-KR-ACP generates two polyene chains. They are linked to L-
ornithine (39) by the C domain of the NRPS module, with the final installation of the
tetramic acid moiety to form 40, a central precursor molecule, likely of all PoTeMs. The
reductive tailoring enzymes are responsible to fully construct the molecular framework
of 27. They introduce the carbacyclic portion and make changes to the oxidative state
of the carbon skeleton, thereby installing the complex molecular frameworks of PoTeMs.
The FAD-dependent oxidoreductase IkaB and the alcohol dehydrogenase IkaC control the
cyclization reactions in a sequential manner, by hydride induced ring-closing reactions. In
the case of 27, the FAD-dependent oxidoreductase converts 40 into the stable intermediate
41, involving a spontaneous Diels-Alder reaction, thereby generating ring systems A and B.
At last, the alcohol dehydrogenase closes ring C, forming the 5-6-5 carbacycle to produce
27.77

Shortly after the report of this work, Zhang et al. reconstituted the biosynthesis of 27
in S. lividans TK64 validating the above results. An ikarugaymcin cluster of Strepto-
myces sp. ZJ306™ was identified by PCR-based screening from a genomic library, similar
to Antosch et al. for Streptomyces sp. Tii6239,7" targeting conserved domain sequences
of the PKS/NPRS gene. In feeding experiments employing sodium [l-lsC]acetate, it was
confirmed that a PKS pathway is involved in the production of 27 in the natural producer
Streptomyces sp. ZJ306. By sequential knockout of the genes ikaB and/or ikaC, they
were able to detect the biosynthetic intermediates 40 and 41. The stable intermediate
41 with its 5-6 carbacycle, produced by the FAD-dependent oxidoreductase (IkaB), was
isolated and confirmed by high resolution mass spectrometry and NMR spectroscopy. ™
Furthermore, Zhang et al. purified and characterized the respective alcohol dehydrogenase
IkaC and demonstrated its role in the biosynthetic sequence in vitro. IkaC catalyzes
a Michael addition-like reaction, in which ring C is installed by formal incorporation

of Hy, thereby converting 41 into 27.7 Also, the co-substrate selection of the alcohol
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Scheme 12. Tkarugamycin (27) biosynthesis.””™ The three gene cluster ikaA/B/C for 27
provides the iPKS/NRPS (IkaA), the FAD-depentent oxidoreductase (IkaB) and
an alcohol dehydrogenase (IkaC). Acetyl-CoA (9) and malonyl-CoA (10), together
with L-ornithine (39) are condensed to the unsaturated precursor 40, catalyzed by
the iPKS/NRPS enzyme (IkaA). The iPKS portion (red) produces two unsaturated
polyenes in repetitive Claisen condensations. The NRPS module (gray) recruits
39 and the thioesterase (TE) domain catalyzes the formation of the tetramic
acid moiety (yellow) in a Dieckmann-like reaction. According to Antosch et al.,
ikarugamycin (27) is formed from 40 in sequential ring closure reactions, including
the stable precursor 41, catalyzed by the reductases IkaB and C.77
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dehydrogenase was experimentally validated. It accepts NADPH and NADH as reduction
equivalents. ™ This study was another proof for the sequential action of IkaB and IkaC,
supporting the present knowledge on PoTeM biosynthesis.

The early steps in PoTeM biosynthesis, the formation of the dodecaene acid chains
from acetyl-CoA (9) and malonyl-CoA (10) and their attachment to L-ornithine (39) to
form 40 are still not well understood (Scheme 13). The existence of the early polyene
precursor 40 was proven by LC-MS experiments, but its isolation and characterization is
challenging because this compound easily decomposes due to heat and light exposure. 80
A study from the Du lab described the generation of the polyene acid chains on purified

PKS enzyme, measured after tryptic digest.%°
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Scheme 13. Origin of PoTeMs. The basic building blocks acetyl-CoA (9) and malonyl-CoA
(10), together with L-ornithine (39) are required to form the unsaturated precursor
40 by the iPKS/NRPS enzyme. 40 is believed to be common in all biosynthetic
pathways of PoTeM compounds known to date, but difficult to isolate.

Although a dozen of PoTeM gene clusters were meanwhile identified in diverse bacteria, %2

many of them have not been related to a chemical structure. The functions of the encoded
PoTeM enzymes are still awaiting detailed elucidation. The studies of Antosch et al.
and Zhang et al. highlighted the importance of the accessories enzymes, in particular the
FAD-dependent oxidoreductases for PoTeM scaffold formation. However, an explanation
on how they control the installation of the carbacyclic portions, e.g., to generate 5-6-5
carbacycles as in 27 or 5-5-6 in 29 and 30a,b, is still lacking. The mechanistic importance
of the variable number of FAD-dependent oxidoreductase genes in diverse PoTeM gene
clusters needs to be evaluated. In the case of the clusters responsible for the formation
of 27, only one gene is involved, but in others pathways, two or at most three copies are
present (Figure 6 and Scheme 11).%% Tt will be exciting to know whether all of these are
functional, and, in particular, what the individual functions are. Detailed research on

PoTeM enzymes is thus needed to fully understand the underlying molecular principles.
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Based on the successful heterologous production of ikarugamycin (27) in the Gulder lab,
it should be tested whether such a structurally complex secondary metabolite can be
synthesized in an in vitro setup, only applying the purified biosynthetic enzymes. Are
the three biocatalysts (IkaABC) provided by the gene cluster of Streptomyces sp. T16239
sufficient to do so? Can the biosynthetic intermediates 40 and 41 be produced by omitting
the reductive enzymes IkaB and/or IkaC?

To answer these questions, the relevant genes from the ikarugamycin biosynthetic gene
clusters of Streptomyces sp. Tii62397"% and Salinispora arenicola CNS-205 need to be
cloned. Suitable plasmid systems, pHis8, pGS-21a (both E. coli) and pXY200 (Strepto-
myces) were chosen, facilitating to heterologously produce the biocatalysts as His-tagged
fusion proteins.

Once enzyme production is successfully established, cellular lysates should be prepared
and mixed to confirm the catalytic activity of a triplet IkaABC, to set the stage for an
in vitro reaction setup. This requires the building blocks acetyl-CoA (9), malonyl-CoA
(10), as well as L-ornithine (39) and additional cofactors such as NADPH and ATP.
A phosphopantetheinyl transferase (PPTase) Sfp together with CoA will be needed to
activate TkaA by installing the PPant residues. In addition, a suitable buffer system has
to be identified. The use of full-length hybrid /PKS/NRPS could conclusively prove the
iterative mode of the PKS part, as it has to convert one building block 9 and five units 10
in repetitive Claisen condensation reactions to make a single hexaketide polyene chain. By
introducing L-ornithine (39), the PoTeM biosynthetic precursor 40 will be formed, which
is converted into 41 and the final product 27.

Having established the in vitro production system for 27, different possibilities arise. It
could be used to explore the substrate scope. Altered starting materials, if accepted, might
lead to the genesis of unnatural compounds. Enzymes from putative PoTeM gene clusters,
previously identified by ‘genome mining’ and available in the Gulder lab, could be tested.
The biocatalytic potential of these needs to be unraveled. More structurally exciting
PoTeM representatives are thought to be discovered, that are encoded in putative (silent)

gene clusters. Cloning of the respective genes from fosmid libraries has to be conducted
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2. Aims of this thesis

for subsequent heterologous production of the respective enzymes. By application of new
enzyme combinations, the in vitro system for the total synthesis of 27 could be used to
make novel PoTeM species.

In a related project, hydroxylating enzymes encoded in many PoTeM clusters upstream
of the PKS/NRPS genes should be investigated. Blodgett et al. and Li et al. were able
to make mutants lacking the putative ‘sterol desaturase’, resulting in the genesis of C-3
non-hydroxylated HSAF (29).%7 Li et al. were able to convert 3-deOH-HSAF into 29
by the use of ‘sterol desaturase’ enzyme extracts and feeding of the non-hydroxylated
precursor to enzyme-producing E. coli, in this way confirming the proposed biochemistry.”®
In the same manner, ikarugamycin (27) should be converted into its hydroxyl derivative,
butremycin (28). For this, PoTeM clusters have to be analyzed for genes coding for ‘sterol
desaturases’ or ‘fatty acid hydroxylases’. Subsequently, after successful cloning of promising
candidates, the respective enzymes need to be prepared to perform the hydroxylations
in vivo and in vitro.

Another focus is to set the stage for the crystallization of PoTeM enzymes. So far, there
is no crystal structure available to shed light on the underlying molecular mechanisms.
The early steps in PoTeM biosynthesis, the formation of the unsaturated precursors and
the following cyclization reactions are of high interest. This might provide a more detailed
knowledge on the molecular mechanisms of the reductive cyclization steps which are to
date still not well understood.

For the cloning of large genes and entire PoTeM biosynthetic gene clusters, a PCR-based
method has been developed and termed ‘Direct Pathway Cloning’ (DiPaC). It should
be investigated if DiPaC can be expanded for the targeting of medium- and large-sized
gene clusters. As a prominent example, the erythromycin cluster ery (54.6kb) from
Saccharopolyspora erythraea was chosen. The heterologous production of erythromycin A

(8) or macrolide precursors will complete this thesis.
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3. Results and Discussion

3.1. Promiscuous hydroxylases for the functionalization
of polycyclic tetramate macrolactams — conversion

of ikarugamycin to butremycin

Based on: Greunke, C.*; Antosch, J.*; Gulder, T.A.M. Promiscuous hydroxylases for
the functionalization of polycyclic tetramate macrolactams — conversion of ikarugamycin
to butremycin. Chem. Comm. 2015, 51, 5334-5336, DOI: 10.1039/c5cc00843c.

*equally contributing authors

In nature, many PoTeMs exist that possess a hydroxy group at the former L-ornithine
moiety (C-3 atom). The most prominent examples are HSAF (29) and the frontalamides
(30a,b).%%62 This functional group is introduced by cluster-encoded enzymes coding for
PoTeM hydroxylases that are found upstream of the central PKS/NRPS gene. 606282 NCBI
BLAST similarity analysis annotates these as ‘sterol desaturases’ or ‘fatty acid hydroxyla-
ses’. Previous work showed that knockouts on the respective gene in the HSAF cluster
resulted in the isolation of unhydroxylated compounds,? concluding the hydroxylation
event to take place after the formation of the PoTeM carbon skeleton.™ Li et al. were
able to use a homologue enzyme from Lysobacter enzymogenes C3 to convert the HSAF
precursor lacking the hydroxy group (3-deOH-HSAF) into 29.7°

In 2014, Kyeremeh et al. described the isolation of butremycin (28) from the actino-
mycete strain Micromonospora sp. K310, found in Ghanaian mangrove river sediments. 8
Butremycin (28) is the C-3 hydroxyl derivative of ikarugamycin (27) (Scheme 14). Similar
to 27, 28 shares a 5-6-5 ring pattern, but different, compared to 29 and 30a,b with a
5-5-6 carbacycle.

In the current work, it should be tested whether an enzymatic conversion of 27 into
28 is possible by applying the PoTeM hydroxylases from Saccharophagus degradans
DSM 17024 and Lysobacter capsici DSM 19286. The genomes of these bacteria contain
PoTeM clusters and L. capsici is a producer of HSAF (29), showing that a functional
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3. Results and Discussion

PoTeM
hydroxylase
——
in vivo
or
in vitro

Scheme 14. Selective enzymatic hydroxylation of ikarugamycin (27) results in the production
of butremycin (28).

hydroxylating gene product must be present. The gene cluster from S. degradans has not
been related to a PoTeM structure so far, but it possesses a corresponding hydroxylase gene.
The respective genes were bioinformatically analyzed and open reading frames (ORFs)
determined. Cloning of these genes into E. coli compatible expression plasmids pHis8/
pGS-21a facilitated heterologous production of the corresponding proteins. These vectors
were used to upgrade the E. coli BAP1 pJA::ikaABC system, developed by Antosch et al.
for the heterologous production of 27.77

In addition, lysates containing PoTeM hydroxylases were prepared to test whether the
biocatalytic reaction to produce 28 can be conducted in vitro. Together with standards
of 27 and 28, the conversion reactions were validated for both approaches, in vivo and
m vitro.

The results indicate promiscuity of the investigated enzymes towards the applied subs-
trate. Although the hydroxylase from L. capsici is derived from a HSAF (29) production
pathway, it is capable to catalyze the desired reaction on the skeleton of 27 with an
as-indacene (5-6-5) carbacycle. The hydroxylase from S. degradans performed in the same
way. This led to the conclusion that enzymes from different PoTeM producers can be
combined to produce functionalized metabolites. This opens the door to apply novel
biocatalytic strategies for the derivatization of secondary metabolites of this class. On
the basis of this knowledge, the hidden biosynthetic potential of (putative) PoTeM gene
clusters will be unraveled in future studies. PoTeM hydroxylases are exciting tools, as
they manage to selectively introduce last-stage modifications, for which no comparable

organic-synthetic approach exists to date.
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Polycyclic tetramate macrolactams (PTMs) are a structurally, bio-
medically and biosynthetically intriguing class of bacterial meta-
bolites. By combining parts of the machineries of different PTM
biosynthetic pathways, we demonstrate for the first time the substrate
promiscuity of a class of PTM tailoring enzymes, thereby facilitating the
(bio)synthesis of butremycin.

In the course of evolution, Nature has developed a large set of
diverse natural products with unique structures and biological
functions. An interesting group of such metabolites are the PTMs
that are produced by bacteria. Depending on their individual
structures, PTMs exhibit a number of valuable biological activities,
ranging from antimicrobial to cytotoxic.'® All PTMs contain a
tetramic acid moiety incorporated into a macrolactam ring that is
further modified with a fused carbocyclic system. Both overall size
of the macrolactam and oxidation levels of the individual carbon
atoms vary in different PTMs, as does the number of rings and
their exact cyclization pattern in the carbocyclic portion. Overall,
this leads to the structural diversity of this natural product class,
with HSAF (1)' and the frontalamides (2),> alteramide A (3),® and
ikarugamycin (4)* being typical examples (Fig. 1).

Triggered by initial work on the structure and biosynthesis of 1 by
Du et al.”® and of 2 by the Clardy lab,> PTM biosynthetic pathways
have meanwhile attracted significant attention. In particular the
pioneering work by Du on HSAF assembly in Lysobacter’ and our
contribution towards understanding the biosynthesis of 4 ® that was
later validated by Zhang et al.® have revealed a number of interesting
features of PTM biosynthesis. These include the unusual catalytic
activities of the thioesterase domain in the mixed polyketide-
non-ribosomal peptide (PKS-NRPS) biosynthetic machinery,””*

Biosystems Chemistry, Department of Chemistry and Center for Integrated Protein
Science Munich (CIPSM), Technische Universitdt Miinchen, LichtenbergstrafSe 4,
85747 Garching, Germany. E-mail: tobias.gulder@ch.tum.de
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of ikarugamycin to butremycinfi

Christian Greunke,§ Janine Antosch§ and Tobias A. M. Gulder*
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Fig. 1 Structures of the PTMs HSAF (1), the frontalamides (2), alteramide
(3), and ikarugamycin (4).

the origin of the C-3 hydroxyl group found in many PTMs that
was shown to be introduced into 1 by late-stage hydroxylation,”®
the unprecedented iterative use of a single PKS module for
incorporation of twelve C,-units into a bacterial metabolite,”*°
and the remarkably low number of enzymes overall involved in
the biosynthesis of the highly complex cyclic structures by
reductive ring formation, only three in case of 4.*° In addition,
Zhao et al. showed the applicability of their DNA assembler
methodology towards unlocking a cryptic PTM biosynthetic
pathway from Streptomyces griseus.*

Owing to the broad range of biological activities of different
PTMs and the simplicity of PTM biosynthetic pathways in terms
of the low number of tailoring enzymes needed to shape these
complex molecules, the engineered biosynthesis of PTMs by
swapping PTM genes between different pathways would be
highly desirable. However, such an approach has not yet been
reported. The success of such experiments is highly dependent
on the level of substrate promiscuity of the employed enzyme.
Within this work, we set out to test this by utilizing PTM-pathway
derived sterol desaturases (SD), the catalysts responsible for C-3
hydroxylation in the biosynthesis of HSAF (1),’? to functionalize

This journal is © The Royal Society of Chemistry 2015
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ikarugamycin (4), a compound with a significantly altered
cyclization pattern when compared to 1 (¢f. Fig. 1).

For our experiments we decided to use the SD gene of a
bacterial strain with a putative PTM biosynthetic gene cluster
resembling that of the HSAF pathway in Lysobacter enzymogenes
C3.” The SD gene of the commercially available Lysobacter capsici
DSM 19286 was selected as a good candidate (see Fig. 2A/B). The
production of 1 by L. capsici was confirmed by its cultivation and
chemical analysis of organic extracts of the culture broth. Having
thus indirectly proven the presence of a biocatalytically active SD
protein that hydroxylates the HSAF skeleton in L. capsici, we set
out to clone the respective candidate gene into a suitable over-
expression vector. To allow later purification of the recombinant
SD protein, the vectors pHIS8'' and pGS-21a** were used, both
encoding N-terminal poly(His)-tags facilitating affinity chromato-
graphy, with pGS-21a additionally encoding a GST tag to enhance
protein solubility. The putative SD gene of the PTM biosynthetic
gene cluster in L capsici was amplified from genomic DNA by PCR
using two different sets of primers (see ESI}). This led to the production
of a 810 bp copy of the SD gene as predicted by GLIMMER™ and to
a longer 1002 bp copy that includes an alternative, more upstream
start codon of the original sequence and better resembles the
length of other annotated SDs in published genomic data. The thus
obtained constructs were transferred into E. coli BL21(DE3) for
recombinant protein production studies. Unfortunately, all expres-
sion experiments with the four constructs revealed only very
low overproduction levels and exclusive formation of insoluble
inclusion bodies. Best overproduction levels were still achieved
with the 810 bp construct of SD in pGS-21a (pSDsLcap).

We next examined the utility of pSDsLcap to provide the
hydroxylating SD biocatalyst in vivo. The plasmid was transferred
into our recently reported E. coli BAP1'* based ikarugamycin (4)
heterologous production system® by electroporation. Both the
transcription of the ikarugamycin (4) pathway genes as well as of
the SD gene from L. capsici were controlled by lacl. Fermentation
of the resulting strain in ZY autoinduction media'® revealed
the exclusive production of the 3-hydroxylated derivative of 4
(see Fig. 3D), a compound very recently isolated as the natural
product butremycin (5) from Micromonospora sp. K310.'°
Ikarugamycin (4) was not detectable in these experiments at
all, revealing its highly effective, complete conversion to 5
catalysed by SD in vivo."” Because of the identical chromato-
graphic behaviour of 5 produced by our approach compared to 5

A /—p D B D D)/
5. /5 D B D D)/

e =1kb
C. /) DD

Fig. 2 Schematic representation of (A) the PTM biosynthetic pathway in
Lysobacter enzymogenes C3 encoding HSAF (1)’ and the putative PTM path-
ways in (B) L. capsici DSM 19286 and (C) Saccharophagus degradans DSM
17024. Genes putatively coding for: red: iterative PKS—NRPS system; green:
oxidoreductase; blue: alcohol dehydrogenase; grey: sterol desaturase (SD).

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 (A) Conversion of ikarugamycin (4) to butremycin (5). HPLC-MS-

analyses of (B) a standard of ikarugamycin (4), (C) a standard of butremycin (5),
(D) the coexpression of lka_ABC® in E. coli BAP1** together with SD from
L. capsici, (E) the in vitro transformation of 4 using the supernatant derived from a
culture of an E. coli BL21(DE3) SD (S. degradans) overexpression strain. EICs at
479.3 (4) and 495.2 (5) are shown.

from Micromonospora sp., formation of the identical diastereomer,
i.e., with 3S-configuration, can be concluded.'®

We next turned our attention to the possibility to hydroxyl-
ate purified ikarugamycin (4) using recombinant SD, as this
methodology may easily be expanded to functionalize other
PTM molecules without the need of a complete, heterologously
reconstituted PTM pathway or a genetically transformable
natural producer. Indeed, when feeding 4 to E. coli BL21(DE3)
carrying pSDsLcap, a small portion of 4 was converted into 5
(with approx. 90% of 4 remaining, data not shown).

To improve turnover rates, which might have been hampered in
the E. coli feeding experiments due to problems of 4 passing the
bacterial cell wall, the in vitro modification of 4 was re-investigated.
As the SD encoded by L. capsici did not yield sufficient quantities of
soluble protein for purification (see above), the SD gene of the
putative PTM biosynthetic gene cluster of Saccharophagus degradans
DSM 17024, a close homolog of the respective Lysobacter genes,
was selected as an alternative (¢f. Fig. 2C). It was readily cloned
into pHISS and pGS-21a (see ESIf) and the resulting constructs
tested in protein overproduction assays in E. coli BL21(DE3).
Using the respective pGS-21a construct (pSDSde), overproduc-
tion of soluble protein was indeed achieved. Purification of the
recombinant SD was conducted using Ni-affinity chromato-
graphy. However, significant degradation of SD during the isolation
procedure was observed. The SD enriched fraction was nevertheless
assayed for its hydroxylating activity. In these experiments, 4 was
incubated with SD for 12 hours, leading to approx. 30% conversion
to 5 (Fig. 3E). The overall turnover was not increased when
extending the reaction time, hinting at a complete degradation
of SD under the assay conditions. To potentially circumvent

Chem. Commun., 2015, 51, 5334-5336 | 5335



Open Access Article. Published on 20 February 2015. Downloaded on 11/07/2017 15:15:35.

Thisarticleis licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

ChemComm

the problems associated with decomposition of recombinant
SD during purification, the in vitro hydroxylation of 4 using cell
lysates of the E. coli BL21(DE3)::pSDSde expression system was
tested. These experiments gave the best results so far for the
in vitro preparation of 5, leading to overall approx. 50% C-3
hydroxylation of 4 to 5. This hydroxylation step could be forced
to completion by simple extractive work-up of the mixture of 4
and 5 and its repeated metabolization with fresh cell lysate.

The members of the PTM class of natural products are
characterized by highly complex molecular structures that arise
from remarkably streamlined biosynthetic machineries. Besides
the unusual iterative PKS-NRPS system there are only a very small
number of tailoring enzymes involved in PTM biosynthesis.
Generating new molecules by adding or swapping individual
biosynthetic genes between pathways thus seems to be a rewarding
task. A precondition for success of such experiments, however, is a
relaxed substrate specificity of the respective encoded enzymes. We
herein prove for the first time that a class of PTM tailoring enzymes,
usually annotated as sterol desaturases (SD), is capable of
transforming ‘“unnatural” substrates derived from a different
PTM pathway. This led to the development of a heterologous
production system of butremycin (5) utilizing the ikarugamycin
biosynthetic genes together with a SD from L. capsici. In addi-
tion, even purified 4 can be converted into 5 utilizing SD alone,
both in vivo and in vitro. As this class of SDs from PTM pathways
seems to have highly specific activity for C-3 hydroxylation of
PTMs, as also shown for the previously uncharacterized SD from
Saccharophagus degradans, we propose to rename these enzymes
according to their function as PTM hydroxylases. The results
presented here provide diverse methods for late-stage C-3 hydro-
xylation of PTM molecules. The utility of the PTM hydroxylases
for the functionalization of other substrates is currently being
tested in our laboratory. Our work should furthermore set the
stage for other PTM pathway gene swapping experiments that
are likewise being investigated by our group.
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and Dr Kwaku Kyeremeh (University of Ghana) for an analytical
sample of butremycin from Micromonospora sp. K310. J.A. and
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3. Results and Discussion

3.2. Biocatalytic total synthesis of ikarugamycin

Based on: Greunke, C.; Glockle, A.; Antosch, J.; Gulder, T.A.M. Biocatalytic Total
Synthesis of Ikarugamycin. Angew. Chem. Int. FEd. FEngl. 2017, 56, 4351-4355, DOI:
10.1002/anie.201611063.

Reproduced from: Greunke, C.; Glockle, A.; Antosch, J.; Gulder, T.A.M. Biocatalytic
Total Synthesis of Ikarugamycin. Angew. Chem. Int. Ed. Engl. 2017, 56, 4351-4355, DOI:
10.1002/anie.201611063 with permission number 4223500649807 obtained on November
7t 2017. Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Inspired by the heterologous production of ikarugamycin (27) using only three biosynthetic

™ a novel in vitro approach for the biocatalytic total synthesis of 27 was to

genes in vivo,
be developed. The ikarugamycin clusters of Streptomyces sp. T116239 and Salinispora areni-
cola CNS-205, both consisting of three genes, were available and coding for the needed
enzymes. The cloning of the respective genes into E. coli suitable expression plasmids
(pHis8, pGS-21a) and the purification of an enzymatic triplet IkaABC were the initial
steps. The PoTeM iPKS/NRPS enzyme TkaA and the FAD-dependent oxidoreductase
IkaB from Streptomyces sp. T1i6239 were successfully obtained using this approach, as
well as the alcohol dehydrogenase TkaC from S. arenicola.

With these biocatalysts in hand, the successful production of 27 and the precursor
41 was achieved in a one-pot setup at room temperature overnight (Scheme 15). As
substrates, acetyl-CoA (9), malonyl-CoA (10) and L-ornithine (39) were provided. By
LC-MS analysis, the compounds 27 and 41 were identified. The retention time of 27
was in perfect agreement with a commercial standard. In addition, 'H- and *C-NMR
spectra of biocatalytically-produced 27 and an authentic standard, isolated from a designed
Streptomyces strain in the Gulder lab, were recorded. Identical spectra were obtained
validating the integrity of enzymatically produced 27. The biocatalytic setup allowed to
construct 15 carbon—carbon and two nitrogen—carbon bonds, generating eight stereogenic
centers with perfect stereocontrol. Upscaling the reaction was possible, thereby beating
the efficacy of existing organic-synthetic approaches.

In addition, regeneration of the CoA substrates 9 and 10 was established. The malonyl-
CoA synthetase MatB from Streptomyces coelicolor M1152% was applied to produce 10
from malonate, ATP and CoA, and an enzymatic tandem consisting of AckA and Pta,

both from E. coli, for 9 from acetate, respectively.3* 8
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Scheme 15. Preparation of an enzymatic triplet IkaABC for the total synthesis of 27.

The alcohol dehydrogenase IkaC from S. arenicola was able to substitute for insoluble
IkaC from Streptomyces sp. Tii6239, and turned out to be active in the biocatalytic
reactions. In this way, concurrently, one more demonstration was made showing the
applicability of phylogenetically different PoTeM enzymes in one reaction.

This in vitro approach has the advantage of easily applying varying enzymes. Different
substrates can now be tested, e.g., analogues of L-ornithine (39) without having to override
the cellular pool of natural substrates. The biosynthetic intermediates of other pathways
could be produced and compared, altogether allowing the monitoring of biosynthetic
reaction steps. The established strategy has the big potential to apply uncharacterized
PoTeM enzymes from diverse (putative) clusters, which have been cloned within the
project (Table A.1). The in vitro setup for the production of 27 is thus also applicable to

discover novel, yet unknown PoTeM compounds in the future.
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Biocatalytic Total Synthesis of Ikarugamycin
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Dedicated to Professor Bradley S. Moore on the occasion of his 50th birthday

Abstract: Nature provides an inexhaustible diversity of small
organic molecules with beautiful molecular architectures that
have strong and selective inhibitory activities. However, this
tremendous biomedical potential often remains inaccessible, as
the structural complexity of natural products can render their
synthetic preparation extremely challenging. This problem is
addressable by harnessing the biocatalytic procedures evolved
by nature. In this work, we present an enzymatic total synthesis
of ikarugamycin. The use of an iterative PKS/NRPS machi-
nery and two reductases has allowed the construction of 15
carbon—carbon and 2 carbon-nitrogen bonds in a biocatalytic
one-pot reaction. By scaling-up this method we demonstrate
the applicability of biocatalytic approaches for the ex vivo
synthesis of complex natural products.

' karugamycin (1) is the parent compound of the growing
family of bacterial polycyclic tetramate macrolactams
(PoTeMs)." Tt was discovered in 1972 from Streptomyces sp.
by Jomon et al.”! Since then, several other bacterial producers
of 1 and structural analogues thereof have been identified,
which predominantly possess antibacterial and antifungal
properties.’! Compound 1, moreover, shows anti-leukemic!
and anti-inflammatory® activity (Figure 1).

Me Me

Figure 1. Selection of the structural diversity of PoTeMs: ikarugamy-
cin (1), HSAF (2), alteramide A (3), and compound d (4).
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Ikarugamycin (1) inhibits the uptake of oxidized low-
density lipoprotein in macrophages!® as well as HIV type 1
Nef-induced downregulation of the CD4 receptors on the cell
surface.’! Therefore, 1 is increasingly used as a tool to study
endocytotic processes.’! Tkarugamycin (1) is also of high
interest from a purely structural point of view. As in all
PoTeMs, the definitive structural features are a tetramic acid
embedded in a macrolactam that is fused to a stereochemically
demanding carbacyclic ring system. Variations in the cycliza-
tion pattern of PoTeMs give rise to the large diversity of their
core structures, as exemplified by HSAF (2),! alteramide A
(3),1 and compound d (4).M"!

As a consequence of its promising biomedical properties
and the complex structure, ikarugamycin (1) is an attractive,
but highly challenging target for total synthesis. So far, three
synthetic routes to 1 exist. Boeckman et al.'”! transformed
acetonide 5 (via 6-9) in 32 linear steps into the target
molecule 1 (Scheme 1, route A). In a formal total synthesis of
1, Roush and Wada established an improved route from 10 via
11 and 12 to Boeckman’s intermediate 9 (Scheme 1,
route B).'¥) Both syntheses employ a Diels-Alder cycloaddi-
tion as the key step for the construction of the carbacyclic
system. In the approach developed by Paquette et al.,"! the
construction of the as-indacene core commences by addition
of the vinyl organocerium reagent 14 to bicyclic ketone 13 to
give intermediate 15 (Scheme 1, route C). An oxy-Cope
rearangement affords the tricyclic ketone 16, which is
tranformed into the target molecule in 25 additional steps.
These syntheses are impressive examples of the power of
modern organic chemistry and the creativity of synthetic
chemists. However, they also showcase that the construction
of complex molecules often requires a large number of
functional-group manipulations, such as protective-group
operations or reduction/oxidation chemistry. In the case of
the three total syntheses of 1, this leads to an accumulation of
27-32 individual synthetic steps in the longest linear sequen-
ces, with the total yield of each method consequently being
<1%.

Investigations into the biosynthesis of ikarugamycin (1)
have shown that the highly unusual iterative PKS (iPKS)/
NRPS machinery IkaA catalyzes the formation of tetramic
acid 21 from acetyl-CoA (18), malonyl-CoA (19), and L-
ornithine (20; Scheme 2). The unstable biosynthetic inter-
mediate 21 is cyclized to the natural product 1 by the action of
the two reductases IkaB and IkaC.'>!% These enzymes
catalyze the formation of the outer (IkaB, green) and inner
bond (IkaC, blue) of the carbacyle by formal addition of H.,.
The central cyclohexenyl unit is likely formed by an addi-
tional, non-enzymatic Diels—Alder reaction (red). This

Wiley Online Library

An dte

Chemie

4351



4352

A: Total synthesis by Boeckman et al.
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ing Information). Initial
expression tests with ikaC
in E. coli BL21(DE3), how-
ever, revealed the exclusive
formation of insoluble
inclusion bodies. To circum-
vent this problem we aimed
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C: Total synthesis by Paquette et al.
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Scheme 1. Comparison of the total syntheses of 1 by A) Boeckman, B) Roush, and C) Paquette.
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Scheme 2. Biosynthesis of ikarugamycin (1).

extremely efficient biosynthetic route to 1, with only three
biocatalysts involved, is in sharp contrast to its high structural
complexity and the resulting tedious total synthetic proce-
dures. We were, therefore, interested in the development of
a one-pot total synthesis of 1 that harnesses the catalytic
power of the enzymatic triplet IkaABC.

For the production of the required biocatalysts, the genes
ikaA, ikaB, and ikaC from the ikarugamycin producer
Streptomyces sp. Tii62395*! were individually cloned into
pHis8-"" and pGS-21a-based™ expression vectors. The
recombinant production of IkaB and the large iPKS/NRPS
system IkaA (ca. 340 kDa) was achieved by utilizing the
native genes from Streptomyces sp. T1i6239 (see the Support-

www.angewandte.org
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lkarugamcin (1) . .
the discovery of a putative

ikarugamycin biosynthetic
gene cluster in Salinispora
arenicola  CNS-205. The
ability of this cluster to
produce 1 was verified by
heterologous reconstitution
using our previously estab-
lished system in E. coli
(data  not  shown).™
Recombinant expression of the ikaC homologue from
S. arenicola [ikaC(SA)] cloned into pHis8 indeed provided
soluble TkaC.

The isolation and purification of all recombinant proteins
was performed by affinity chromatography on Ni-NTA beads
followed by desalting on Sephadex G-25 and sample concen-
tration with centrifugal concentrators. In addition to the
biosynthetic enzymes IkaABC, the phosphopantetheinyl
transferase (PPTase) Sfp from Bacillus subtilis was required
and, thus, likewise produced in a recombinant form.”” This
promiscuous enzyme posttranslationally activates the active-
site serine residue of PKS/NRPS carrier proteins (CPs) by
attachment of a prosthetic phosphopantetheinyl group
derived from coenzyme A.”!! As E. coli BL21(DE3) does
not encode a homologous enzyme, catalytic amounts of Sfp
needed to be added to the enzymatic reactions to obtain
functional holo-CPs. Alternatively, IkaA was also accessible
from E. coli BAP1. This strain possesses a chromosomal copy
of SfpP? and, thus, facilitates the direct recombinant produc-
tion of holo-TkaA (see lysate assays in the Supporting
Information).

With all the required enzymes in hand, we approached the
enzymatic total synthesis of 1 in the test tube (Scheme 3 A).
Significant amounts of 1 were formed in reactions with
purified samples of IkaABC and Sfp in HEPES buffer
(pH 7.8) containing 1.5% glycerol as well as the required
cofactors (ATP, NADPH, FAD, MgCl,) and synthetic build-
ing blocks acetyl-CoA (18), malonyl-CoA (19), and L-
ornithine (20; Scheme 3 C). Omission of IkaC in the enzy-
matic reactions led to the selective production of the known
intermediate 22 with a bicyclic carbacyclic portion
(Scheme 3D).['*!l The application of TkaA alone, however,
did not result in the formation of an early biosynthetic
intermediate (cf. with lysate assays in the Supporting Infor-
mation).

To show the applicability of this method for the prepa-
ration of quantities of 1 comparable to those of the existing

” 14 steps

rac-16
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Scheme 3. A) Developed method for the biocatalytic total synthesis of
1. Colored circles: essential enzymes IkaA (orange), kaB (green), and
IkaC (blue). Gray circles: optional enzymes for activation of lkaA (Sfp)
and for the in situ synthesis of 18 (AckA, Pta) and 19 (MatB). HPLC-
MS analyses of the biocatalytic total synthesis of ikarugamycin (1):

B) authentic standard of 1; C) synthesis of 1 with 1kaABC; D) reaction
with 1kaAB to give intermediate 22.

total syntheses and to also facilitate characterization of the
product by NMR spectroscopy, the enzymatic reaction was
scaled to preparative amounts (3.7 mL reaction volume).
After an overnight reaction, 1 was extracted from the aqueous
phase and the raw material directly subjected to purification
by preparative HPLC (see the Supporting Information).
Ikarugamycin (1) was thus isolated in 9.0% yield (with
respect to all employed building blocks 18-20). Comparison
of the NMR data of synthetic 1 with an authentic standard
derived by isolation from an ikarugamycin-producing Strep-
tomyces unambiguously validated the identity of the synthetic
material (Figures S26 and S27).

Having established a first biocatalytic access to 1, we next
aimed at replacing the extremely expensive precursors 18 and
19 (both > 1000 € per 0.1 mmol). This was to be achieved by
coupling the enzymatic triplet IkaABC with an insitu
biocatalytic formation of 18 and 19 from acetic and malonic
acid, respectively. For the synthesis of 18 we employed an
enzymatic system consisting of the acetate kinase AckA and
the phosphotransacetylase Pta, both from E. coli.”®! Forma-
tion of 19 was envisioned by utilizing the malonyl-CoA
synthetase MatB from Streptomyces coelicolor M1152.%Y The
respective genes were amplified by PCR from gDNA of
E. coli and S. coelicolor, cloned into pHis8, and heterolo-
gously produced in E. coli BL21(DE3). The recombinant
enzymes were isolated and purified as IkaABC. The catalytic
activity of all the enzymes was initially validated in individual
test assays (Figures S28 and S29). The addition of the three
enzymes directly to IkaABC indeed led to an insitu
biocatalytic supply of the precursors. This permitted the
application of the expensive coenzyme A in catalytic
amounts, as this thiol gets released again upon loading of
the building blocks onto the iPKS/NRPS system. Overall, this
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approach facilitated the total synthesis of 1 exclusively from
cheap starting materials.”!

A number of interesting metabolic pathways has already
been reconstituted in vitro to study the interplay of enzymes
in complex biosynthetic pathways.’® Examples include the
seminal studies on 6-deoxyerythronolide B,*”) tetracenomy-
cin,®® actinorhodin,?! tetronate RK-682,% norsolorinic
acid,®" and dihydromonacolin L.*? In the last decades, such
studies that predominantly aim at the elucidation of complex
biosynthetic mechanisms has led to spectacular insights into
the chemical creativity of nature. However, the application of
biosynthetic enzymes aimed at the biocatalytic total synthesis
of polyketides is still very rare. The first landmark examples
were the total syntheses of enterocin (23) by Moore and co-
workers®! and of defucogilvocarcin M (24) by Rohr and co-
workersP! (Figure 2). For the preparation of 23 and 24, 12 and

Figure 2. Complex polyketides prepared by biocatalytic total synthesis
with detection by HPLC-MS: enterocin (23), defucogilvocarcin M (24),
and merochlorin A (25).

15 individual biocatalysts, respectively, in a single reaction
vessel were required. In particular, the large number of these,
in some case delicate, biosynthetic enzymes that have to be
produced, isolated, and employed in an active form makes the
application of these impressive methods difficult. A first
example of the use of a significantly simpler biocatalytic
production system was very recently published by Moore and
co-workers. They succeeded in the development of an
enzymatic synthesis of the merochlorins A (25) and B by
harnessing four recombinant enzymes of the mcl biosynthetic
machinery.®!

In the current study, we employ the three recombinant
enzymes IkaABC in a biocatalytic total synthesis of ikaruga-
mycin (1). Most of the synthetic work is performed by the
bimodular iPKS/NRPS system IkaA. This enzyme stitches
together two hexaketidic polyene precursors from acetyl- and
malonyl-CoA, catalyzes their attachment to the N-termini of
the L-ornithine loaded on the NRPS module, and the final
cyclization of the tetramic acid moiety with concomitant
product release. IkaA alone thus performs 13 individual,
bond-forming reactions! The as-indacene structural element
is formed by IkaA and IkaB, in combination with a Diels—
Alder cycloaddition (see Scheme 2). These two reductive
enzymes thereby selectively define all the stereocenters in the
carbacyclic molecular portion of 1. All in all, the three
enzymes thus allow the construction of 15 carbon-carbon and
2 carbon-nitrogen bonds, with concomitant setting of 8
stereogenic centers.

In conclusion, the highly efficient biosynthetic pathway to
1 enables us to perform an enzymatic synthesis of this
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structurally and stereochemically complex molecule with only
three recombinant enzymes. This leads to a comparably
simple biocatalytic reaction setup towards 1: in a single pot,
over night, at ambient temperatures. The expensive coen-
zyme-A-bound building block can, furthermore, optionally be
supplied insitu starting from acetate, malonate, catalytic
amounts of coenzyme A, and three additional recombinant
enzymes.

The biosynthetic intermediate 21 produced by IkA is
a common biosynthetic precursor of the PoTeMs. By
exchanging enzymes catalyzing the cyclization of 21 by
homologues from other biosynthetic pathways, novel
PoTeMs should be accessible by the described biocatalytic
system. These investigations are currently underway in our
laboratory.
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3.3. Unpublished results
3.3. Unpublished results

3.3.1. Synthetic PoTeMs by A domain mutagenesis

The carbon core of PoTeMs is formed by the iPKS/NPRS. Two hexaketidic precursors,
which are produced from acetyl-CoA (9) and malonyl-CoA (10), are attached to L-orni-
thine (39) by formation of amide bonds at the o- and 8-amino groups. The A domain of
the NPRS part selectively recruits L-ornithine (39). This is the basis for all yet known
PoTeMs.

Reprogramming of the A domain of Tii6239-IkaA might in theory lead to the genesis of
a novel series of molecules. The amino acid sequences of PoTeM A domains are highly
conserved, as observed in a multiple sequence alignment with 18 different (partly putative)
PoTeM gene clusters (Figure 7). By expansion of this alignment by 26 additional A domain
sequences®™ % with known substrate specificity for either L-lysine (42), L-ornithine (39)
or hydroxyornithine, five amino acids were identified from statistical comparison that
might potentially be relevant to alter the substrate specificity (Table 1 and Figure 7).
All these considerations are based on the Stachelhaus code,”® which is derived from the
crystal structure of the gramicidin S synthetase 1 (GrsA).% It is used to assign substrate

specificity based on a defined set of amino acids within A domains.**

Table 1. Overview of the A domain specificity code according to Stachelhaus.?* Amino acids
of the Ti6239-IkaA A domain, which were altered by site-directed mutagenesis, are
shown in bold and italic.

Pos1l Pos2 Pos3 Pos4 Posd5 Pos6 Pos7 Pos8

95
GrsA (Ref) D A W T I A A I
Phenylalanine

Wild type IkaA D % G E L v S I

L-ornithine (39)
Mutant IkaA
L-lysine (42)

For the production of novel PoTeMs, it was to be tested whether selective introduction
of mutations might alter the substrate specificity from L-ornithine (39) to L-lysine (42)
(Figure 8). To achieve this goal, the relevant partial DNA sequence of the A domain
of T16239-ikaA was subcloned into pBluescript II SK(-) using a T4 DNA ligase-based
cloning approach and restriction sites Kpnl and Sacl. On this basis, mutations were

introduced in a sequential manner using PCR and primers incorporating the sequence

39
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Figure 7. Aligment of sets of A domain amino acid sequences with GrsA (reference, yellow). The Stachelhaus amino acid positions
marked in turquoise were compared. The PoTeM sequences (lines 27-44) are highly conserved and expected to incorporate

L-ornithine (

39). Sequences selective for L-lysine (42) (lines 3-16) and 39 (lines 17-26) were included. From the sequence

comparison, amino acids were deduced that might alter the amino acid selection towards 42 for the case of Ti16239-TkaA

(lines 2 and 27).
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alterations (Scheme 16). Approaches used were SLIM?® and HiFi DNA Assembly site-
directed mutagenesis (NEB). Based on the amino acid sequence of T1i6239-IkaA (3124
AA), alterations were made at positions V2495A, G2498E (both SLIM) and E2537D,
S2589T, 12597V (HiFi DNA Assembly) (Table A.3). For the codon changes, E. coli
optimized triplets were chosen, as listed in the codon usage table of SnapGene (dataset:
‘Escherichia coli K127).

After validation of the sequence alterations by Sanger sequencing, the mutated A domain
DNA fragment was PCR amplified from the pBluescript template and reinserted into ikaA.
Thereby, the relevant part was replaced with the altered codons. For the generation of
C-His8-TEV-Tii6239-PKS/NRPS_ 5mut, the mutated fragment has to replace the original
sequence of the pHis8C-TEV construct. The resulting construct could be directly used
for biocatalytic experiments, as described previously (Chapter 3.2). To heterologously
produce the L-lysine-based analogue of 27, an ikarugamycin cluster (ikaABC') bearing the
mutations in the A domain of /kaA would be desirable. For this purpose, the plasmid
pSET152-ermE::IKA (provided by A. Glockle) was selected as it allows production of 27
in Streptomyces hosts in good yields and could potentially be used in the same way to
produce the L-lysine-containing PoTeMs. The reintroduction was performed as follows:
The mutated A domain fragment was inserted into pSET152-ermE::IKA in a three fragment
HiFi DNA Assembly approach (Figure A.3). The backbone was divided into two parts of
8816 bp and 8677 bp which were PCR amplified using Q5 polymerase in combination with
highGC Enhancer supplement. The same was done for the DNA fragment possessing the
five specificity changing mutations (670 bp, 73 % GC). Restrictions analyses using Mlul
proved the presence of correctly assembled plasmids, as the codon change to introduce
V2495A creates an additional cutting site. The resulting pSET152 plasmid was used as a
template to amplify ikaA_5mut and subclone the PKS/NRPS gene (9375 bp) into pHis8C-
TEV conventionally using restriction sites FcoRI and HindIIl, as described previously
(Chapter 3.2).

The inserts of the two plasmids, either for overexpression of mutated PKS/NRPS
enzyme in E. coli BL21(DE3) (pHis8C-TEV) or for compound production in Streptomyces
(pSET152-ermFE) were sequenced to ensure that cloning was successfully achieved (Chapter
AT).

Production of mutant TkaA as a C-terminal octahistidyl-tagged fusion protein was
successful in . coli BL21(DE3) (Figure 9). Amounts and purity were equivalent compared
to the wild type protein (Chapter 3.2). A total synthesis approach was conducted using
the established enzymatic triplet IkaABC with the exchange with the generated mutant
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A domain of Altered
Tii6239-ikaA codons
— Iy @ — @
1%t Subcloning 2" Mutagenesis 3" Reintroduction

Scheme 16. Mutagenesis strategy for the alteration of the A domain sequence of T16239-ikaA.
The portion of the A domain that should be mutated was subcloned into pBluescript.
Afterwards, five selected codons were altered by site-directed mutagenesis. Sequence
replacement of the respective DNA part was done by HiFi DNA Assembly.
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Figure 8. (A) By site-directed mutagenesis within the A domain of T1i6239-TkaA, substrate
specificity should be altered from L-ornithine (39) to L-lysine (42). As a result, a class
of novel synthetic PoTeMs is in theory accessible. (B) Structures of ikarugamycin
(27) and an analogue 43 based on 42.
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PKS/NRPS. In addition, L-ornithine (39) was replaced with L-lysine (42) to test for
incorporation. A reaction product with an expected mass of m/z = 493.30 ([M+H] ") should
be obtained in theory. Unfortunately, for biocatalytic reaction batches, no corresponding
mass peak was found during analysis by LC-MS. Next, in vivo production using a Strepto-
myces sp. was tested. Streptomyces spores were used for conjugation to stably-integrate
the mutated ika cluster. Extracts of supernatants as well as bacterial pellets did not
contain any mass fitting the theoretical L-lysine derivative 43. Instead, traces of 27 were

detectable (personal communications, Anna Glockle).
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Figure 9. SDS-PAGE analysis of a purification attempt for C-His8-TEV-Ti16239-TkaA_ 5mut
(340kDa).

The data indicate that mutagenesis resulted in a weakly active enzyme that is still
able to recruit 39. Multiple explanations arise from this finding. The first is that the
reprogramming might not be effective so that no substrate change towards 42 took place.
Further amino acid substitutions (at different positions) within the A domain pocket
would in this case be needed to achieve the goal of a reprogrammed enzyme. From a
chemical point of view, a different situation arises when 42 is present. The elongation by
a methylene unit might cause problems during downstream chemistry. The cyclization
enzyme TkaB might not accept the elongated substrate. So far, it is difficult to detect early
intermediates in PoTeM biosynthesis and it can thus not be clearly elucidated at which
step the formation of expected 43 stops. The A domain sequences of PoTeM-iPKS/NRPS
enzymes and underlying mechanisms are highly conserved, potentially not tolerating the

introduced structural changes.
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The in vivo situation gives a hint that reprogramming might not be complete, as traces
of 27 are found. However, it is important to ensure that 42 is accepted as the major
substrate. This could be achieved applying biochemical assays using radioactively-labeled
pyrophosphates, as done by Lou et al.™ It has to be ensured that the redesigned enzyme
is specific for the unnatural substrate. The NRPS module must recruit 42 and incorporate
it. In the cell, the competition between 39 and 42 cannot be suppressed. The more
information on A domains are obtained and L-lysine-specific modules are found, the
exchange of the whole A domain will be another approach to test.

The aim of producing a L-lysine-based PoTeM analogues is charming, as novel series of
synthetic molecules might be accessible. The biocatalytic PoTeM plug-and-play system
would be further developed by relatively small changes and the door opened for unnatural

PoTeMs with hopefully exciting biomedical and structural properties.

3.3.2. Crystallization attempts for SA-AlcD (lkaC)

For a deep understanding of the underlying molecular mechanism of PoTeM enzymes, a
structural characterization of these biocatalysts would be desirable. So far, there is no
crystal structure available for any PoTeM enzyme. As a set of biocatalysts was prepared
for the total synthesis of 27 (Chapter 3.2), initial trials were conducted to contribute to
this field.

From the purity and producible amounts, the alcohol dehydrogenase (IkaC) from Salini-
spora arenicola CNS-205 was selected as the most promising first candidate. SA-AlcD was
produced as an N-terminal fusion protein in E. coli BL21(DE3) (constructs: pHis8/pHis8-
TEV::SA-AleD). The fermentation conditions followed standard protocols: A temperature
of 16°C and IPTG at a concentration of 0.5 mM led to successful production (Figure 10).°7

FPLC-based attempts, including gel filtration approaches using a HiLoad 16/600 Su-
perdex 200 pg column (GE Healthcare), were conducted for further purification. However,
the protein purity did not improve by this procedure. MALDI peptide fragment analysis
revealed the presence of minor impurities consisting of a 16S rRNA pseudouridine syn-
thase, the 30S ribosomal protein S3, a Crp/Fnr family transcriptional regulator and a
transcriptional repressor, all from FE. coli. Only the molecular chaperone GroEL with a
size of 60 kDa was removed by FPLC. Gel filtration procedures were thus skipped after
these tests.

The Nickel-NTA purified alcohol dehydrogenase was desalted on Sephadex G-25 and
stored in 20mM Tris-HCI, pH 7.5. The hanging drop vapour diffusion method was con-

ducted at 20°C. Successful growth of cubic crystals was observed within three days
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Figure 10. Production and purification of SA-AlcD. The enzyme was produced as an N-
terminal His-tagged fusion protein in E. coli BL21(DE3) and stored in 20 mm
Tris-HCI, pH 7.5 for crystallization experiments.

(Figure 11). Suitable buffers consisted of 1.0 to 1.2 M sodium citrate, pH 7.2 and 1.0 M
succinic acid, pH 7.0, optionally containing 0.1 M HEPES, pH 7.0 and 0.5 % PEG 2000MME
as additives. The protein content of the crystals was verified by their exposure to UV
light at a wavelength of A = 280 nm. Crystals were then sent for measurement to the
synchrotron particle accelerator Swiss Light Source (SLS) (Paul Scherrer Institute, Villigen,
Switzerland) to conduct X-ray diffraction experiments (TU Munich, Chair of Biochemistry,
Prof. Dr. Michael Groll). Unfortunately, the measurements gave only a resolution of
about 7 A. The datasets were thus not yet suitable to determine the atom positions in the
crystal. Further trials will be conducted as new crystals were prepared. If it is possible to
obtain structural models of PoTeM enzymes, the catalytic mechanisms of the biosynthesis
could be clarified in more detail, e.g., how cyclizations are controlled to establish the
unique carbacyclic ring systems of PoTeMs. This would be a milestone in PoTeM research

and a big contribution to the field.
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Brightfield

UV light

Figure 11. Crystallization attempts for SA-AlcD. Crystals were grown using the hanging drop
method at 20 °C in buffers (A) 1.0 M sodium citrate, pH 7.2 and (B) 1.0 M succinic
acid, 0.1 M HEPES and 0.5 % PEG 2000MME, pH 7.0. UV light (A = 280 nm) was
used to verify the protein content.

3.3.3. Purification trials for Tii6239-AlcD (lkaC) using N-lauroyl

sarcosine

For the total synthesis of ikarugamycin (27), an enzymatic triplet TkaABC had to be
provided. The corresponding enzymes from Streptomyces sp. Ti16239 should be hetero-
logously produced in E. coli, which was successful for the iPKS/NRPS enzyme IkaA as
well as for the FAD-dependent oxidoreductase IkaB. The alcohol dehydrogenase IkaC was
not purifiable using standard laboratory protocols for native purification (Chapter 3.2).
Production in FE. coli resulted in an aggregation of insoluble protein after cell lysis. Tests
using the detergent polyethylene glycol sorbitan monolaurate (known as Tween-20) did not
improve the situation (Lab report, Michael Reinke). Expression tests in Streptomyces livi-
dans TK24, as the heterologous host (expression construct pXY211::Ti-AleD), did not
help to solve the problem. Overproduction of completely insoluble protein was observed,
too. Compared to the FE. coli system, overproduction levels were less strong. The use of
Nickel-NTA beads to enrich potential traces of soluble protein failed, proving exclusive

localization in the inclusion bodies.
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In comparison, the TkaC homolog from Streptomyces sp. ZJ306 described by Zhang
et al. gave recombinant protein, which was purified from E. coli BL21(DE3).™ In analogy,
the enzyme from Salinispora arenicola CNS-205 was used in this work as a substitute
in the biocatalytic total synthesis assays, although a massive aggregation in the pellet
fraction was still observed. This problem seems to be common to most PoTeM accessory
enzymes. From the available organisms in the Gulder lab possessing (putative) PoTeM
BGCs, the accessory genes were cloned into a variety of expression plasmids (Chapter A.2).
Test expressions of 14 FAD-dependent oxidoreductases and six alcohol dehydrogenases
from a set of phylogenetically diverse bacteria in FE. coli revealed insolubility of nearly all
candidates. Sharing the characteristic to tend to the pellet fraction after cell lysis impeded
their purification and functional study (Bachelor’s Thesis, Florian Klein).

The phenomenon of inclusion body formation is well known.?1% It restricts direct
access to the protein of interest, making purification a lot more challenging. Protein
overproduction utilizing plasmids for the E. coli system containing strong promoters, like
the commonly used T7 from bacteriophage, ! can negatively influence the performance of
the host to make soluble protein.!®? As a consequence, protein recovery from inclusion
bodies is desired. One option can be the use of denaturing protocols applying chaotropic
agents such as urea or guanidinium chloride.!*® These will unfold the protein completely,
thereby making refolding necessary. It is possible that the protein of interest loses its
catalytic activity during this process. Another strategy is the use of mild solubilization
agents, e.g., alkaline conditions, high concentrations of n-propanol or 3-mercaptoethanol,
or high pressure, converting the misfolded protein from the inclusion bodies into folding
intermediates, which need to be refolded at last.!%3

One promising approach, utilizing non-denaturing solubilization agents, was described
by Peternel et al. using N-lauroyl sarcosine. 't A significant amount of protein can thereby
often be extracted from inclusion bodies while retaining the biochemical activity.!%* The
underlying protocol was tested for the alcohol dehydrogenase (IkaC) from Streptomyces
sp. T16239. After an overnight fermentation of E. coli BL21(DE3) pHis8-TEV::T1i6239-
AleD at 16 °C in the presence of IPTG in a concentration of 0.5 mM, the target protein was
overproduced (Figure 12). After sonication, resuspension of the debris pellet in the Peternel
buffer (50 mm Tris-HCI, 150 mM NaCl, 0.2 % N-lauroyl sarcosine, pH = 8.0) and incubation
on ice with moderate shaking for at least six hours allowed solubilization of respectable
amounts of target protein. Slight enrichment by His-tag affinity chromatography using
High Density Nickel Agarose (Jena Bioscience) was possible. MALDI peptide fragment
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analysis supported that the respective alcohol dehydrogenase is indeed solubilized, with

sequence coverage matches from 33 to 47 % to the prediction.
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Figure 12. SDS-PAGE analysis of a purification attempt for N-His8-TEV-Tii6239-AlcD
(T16239-IkaC, *) using N-lauroyl sarcosine. The fusion protein (40.0kDa) was
expressed in E. coli BL21(DE3) at 16 °C overnight.

This result is very promising as it is the first successful experiment allowing solubilization
of Ti6239-IkaC. The tested approach might thus be useful to access all other PoTeM
enzymes that have not been purifiable before. Furthermore, it should be feasible to
improve the yields in the case of the FAD-dependent oxidoreductase (IkaB) from Strepto-
myces sp. T116239. Once confirmed that the biocatalysts are still possessing their activity,
they can be used to explore their role in vitro. Novel PoTeM compounds could thus

become accessible in the test tube.
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3.4. Direct Pathway Cloning

A PCR-based method to access biosynthetic gene clusters (BGCs) has been developed in
the course of this work and termed Direct Pathway Cloning (DiPaC). The basic idea is to
use a polymerase to amplify the cluster region of interest only employing the (purified)
gDNA of the natural producer (Scheme 17). As the gene clusters are the source for (novel)
secondary metabolites, it is the key challenge to capture them in a rapid and highly reliable
manner. Having the clusters in hand allows their heterologous expression to produce the

encoded compounds.

@@@E@

gDNA isolation of the PCR amplification and addition Cloned BGC
natural producer of Gibson overhangs

Scheme 17. The DiPaC method utilizes the power of high-fidelity DNA polymerases to amplify
entire gene clusters (purple arrow) and reconstitute the generated DNA fragment(s)
into any desired plasmid by Gibson Assembly in vitro. In this way, DiPaC promotes
heterologous expression to test BGCs for the encoded molecules.

The DiPaC method consists of two steps: first, the polymerase-based amplification of
the gene cluster of interest, and second, the insertion of the amplification product by
Gibson Assembly.1% Both processes exclusively require commercially available reagents,
a high-fidelity DNA polymerase, such as Q5 polymerase, and the HiFi DNA Assembly
Master Mix (both from NEB). One advantage of DiPaC is the minimal experimental setup:
A PCR cycler and standard cloning reagents, such as competent E. coli bacteria. The
only two things that have to be provided are the gDNA of the natural producer of interest
and a set of suitable primers. Further advantages are that the complete cloning process
takes place in vitro allowing to access toxic clusters that might kill the passaging host.
Plasmids can be freely chosen, allowing to select any expression host of interest.

Compared to state of the art cloning methods for gene clusters that are based on homol-

106,107

ogous recombination, ‘transformation assisted recombination in yeast’ (TAR) and

108,109 and that require tremendous

‘linear-plus-linear homologous recombination’ (LLHR),
screening efforts, DiPaC efficiencies are in the same range as standard cloning procedures.
Genomic libraries, an alternative to the previously described methods, have the same

weakness. To cover a usual Streptomyces genome, approximately 1000 to 2000 E. coli
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clones have to be individually picked and analyzed. In addition, it is often likely that only
parts of the BGC of interest are obtained on a single library fosmid, making laborious
efforts to join the relevant pieces of DNA necessary. The homologous recombination based
methods were demonstrated to be capable of capturing huge gene clusters, 73 kb by TAR 07
and 106 kb by LLHR, ' overcoming the size-limit of the pCC1FOS-based libraries, which
is about 40kb. A problem for homologous recombination might be repetitive sequences,
negatively influencing the overall efficiencies. DiPaC directly allows to access the DNA
regions of interest. Small gene clusters are amplifiable in only one PCR. Also, the Gib-
son Assembly driven process makes cluster refactoring possible, e.g., gene swapping or
promoter addition/exchange and further combination of diverse genes and cluster parts,
thereby constituting a powerful complementary method next to currently established ones,
mentioned above.

The DiPaC process starts with the in silico simulation, involving primer design. De-
pendent on the size of the cluster, subdivision into several fragments is necessary, that
are amplified in parallel. Computer simulation is crucial for the whole process. Using
software like SnapGene or Geneious, the cloning strategy can be validated. This helps
avoiding errors during primer design, e.g., multiple primer binding or too low annealing
temperatures of the Gibson homology overhangs, to mention the most frequent ones. A
sequential approach, meaning the insertion of one part after another, might be the most
reliable way to reconstitute the cluster sequence. It is a conservative strategy, but the
advantage is that intermediate plasmids harboring parts of the cluster can be isolated and
analyzed. Concentration ranges, needed for an effective assembly reaction, are reachable
more easily. In principle, a one pot assembly should also be applicable, as the HiFi DNA
Assembly reaction is known to be suitable for up to eleven fragments. The fragment
concentration is the limiting factor in the setup and becomes more challenging with
increasing size as the molecular amounts will drop.

A successful PCR, the key challenge for DiPaC, highly depends on the amount of
gDNA and its purity. Annealing temperatures for the primer pair might differ in the
experiment. For this reason, the most suitable annealing temperature should be determined
experimentally in the beginning. This does influence the amount of formed product and
the formation of side-products. Clean-up of produced fragments is required to obtain a
high efficiency in the HiFi DNA Assembly reaction. By the use of gel extraction, a loss of
material has to be considered, making increased PCR batches necessary. Alternatively, the

DNA fragments can be concentrated, e.g., by elution in small volumes of elution buffer.
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A suitable vector system for DiPaC should be chosen in the beginning. For capturing
and storage of the clusters, a broad set of plasmids is available. It is important to consider
plasmid stability with increasing cluster size. Low copy plasmids might be more reliable,
as these are less prone to incorporate mutations or to get rearranged or lost during
cultivation. The vector system should be compatible to the expression host which again
should be as closely related as possible to the native host. For example, as many secondary
metabolites originate from Actinobacteria like Streptomyces, expression in a laboratory
Streptomyces strain is for sure one of the most promising approaches.!! There are a lot
of other expression platforms known from literature, starting with E. coli,”” which can

be genetically manipulated quickly and has a fast growth rate. But also Bacillus, %13

114,115 16 and yeast!'"!8 have been used. Depending on the

Pseudomonas, cyanobacteria
host, plasmid elements, like promoters, ribosomal binding sites, replication origins and
transfer elements (for Streptomyces conjugation) have to fit the individual requirements.
In the Gulder lab, a set of plasmids is available and comprising pET-28b-SUMO,'*?
pCC1FOS'?? and pSET152.12! Derivatives of these have been constructed, e.g., pSET152-
ermE (Anna Glockle) possessing the ermE promoter and a ribosomal binding site in front
of the multiple cloning site. Recently, PtetO promoter!?? derivatives have been cloned,
resulting in pCC1FOS-ptetO (Paul D’Agostino and Johanna Briiggenthies). Vector systems
for cyanobacteria are being established (Elke Duell), thereby affording the opportunity to
access this interesting bacterial phylum in the future.

In this thesis, DiPaC was applied to clone a set of PoTeM BGCs as well as the whole

biosynthetic pathway leading to erythromycin A (8), as presented in the following.

3.4.1. Utilization of DiPaC for PoTeM gene clusters

Initial successful experiments to clone the full-length PKS/NRPS gene ikaA from Strepto-
myces sp. T16239 (9.4kb) inspired trials to expand this approach for whole gene clusters.
The PoTeM BGCs were ideal targets to start with, because of their relatively small sizes
ranging from approximately 12 to 20 kb. By the use of Q5 DNA polymerase, it was possible
to amplify and clone in total seven PoTeM clusters (Figure 13).

At first, the clusters coding for ikarugamycin (27) from Streptomyces sp. T6239 and
Salinispora arenicola CNS-205 were cloned into pET-28b-SUMO. The respective sizes were
about 12.3kb (Ti6239) and 12.2kb (S. arenicola), with corresponding GC contents of
72 and 69 %, respectively. The PCR template was available in two forms in the Gulder
lab, as fosmid DNA™" extracted from a genomic library and as gDNA, isolated from the
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respective natural producers. In PCR reactions with Q5 polymerase and in combination

with High GC Enhancer, it was possible to amplify both clusters from both templates.

A ) b 7 1231
5 b 7 1221
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Figure 13. Schematic overview of PoTeM gene clusters that were captured using the DiPaC
method: The ikarugamycin (27) BGCs from Streptomyces sp. Ti6239 (A) and Sa-
linispora arenicola CNS-205 (B), putative clusters from Saccharophagus degradans
DSM 17024 (C), Saccharopolyspora spinosa NRRL 18395 (D) and Streptomyces
sp. Ti6314 (E), as well as from Streptomyces griseus DSM 40236 (F). The largest
PoTeM cluster was from Lysobacter capsici DSM 19286 (G).

In addition to the BGCs coding for 27 from Streptomyces sp. T1i6239 and S. arenicola,
putative clusters from Saccharophagus degradans DSM 17024 (12.3 kb, 47 % GC), Saccharo-
polyspora spinosa NRRL 18395 (16.0kb, 69 % GC) and Streptomyces sp. T1i6314 (16.1kb,
72% GC), as well as from Streptomyces griseus DSM 40236 (16.2kb, 72% GC) were
captured. The largest accessed PoTeM cluster, which was amplified in one PCR, was from
Lysobacter capsici DSM 19286 (19.3kb, 66 % GC) (Figure 13). It is similarly structured
compared to the one from L. enzymogenes C37™ and was proven to be responsible for
HSAF (29) production (personal communications, Dr. Janine Antosch). The product

spectra of the other clusters are currently under investigation in the Gulder lab.

3.4.2. DiPaC to access the erythromycin gene cluster

Small gene clusters, like the PoTeM BGCs, are quickly accessible by DiPaC. Most of them
were amplified in one PCR reaction. As a model to extend the method to larger gene

clusters, the erythromycin BGC ery from Saccharopolyspora erythraea DSM 40517 was
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chosen. The size of the cluster is about 54.6 kb and has a GC content of 72.5%.%* It is
comprised of 22 genes that are dividable into four groups. Three genes of about 10kb,
eryAI-AIIl are coding for the polyketide synthases that are needed for the formation of the
macrolide aglycon core structure (Figure 14A). There are genes for oxidative modifications
and methylations included, as well as for the production of the sugar building blocks
dTDP-L-mycarose and dTDP-D-desosamine.*® The cluster includes a self-resistance gene
(ermE) which is found in 3’ proximity of the PKS genes.

DiPaC should be used to clone the gene cluster ery in its wild type form. In bioinformatic
preparation, the cluster was split into five parts and a sequential, five fragment assembly
strategy was developed (Figure 14B). This included the use of unique restriction sites
to open intermediate plasmids after each extension of the cluster to further insert PCR
amplified fragments. The cutting sites were removed during HiFi-DNA Assembly, so that
the wild type sequence of the cluster was maintained and the restriction site at the end
of the fragments was kept unique. The in silico strategy was validated in the lab and
ery was reconstructed according to the preparatory work. The plasmid backbone was
derived from pET-28b-SUMO and cluster parts 1 to 4 were assembled successfully. Due to
stability reasons in E. coli, a backbone exchange by homologous recombination (LCHR)
was conducted for pCC1FOS to insert the fifth part needed to yield complete ery.

Homologous recombination was also used to transfer ery from pCC1FOS to pLK01.'%
pLKO01 is a derivative of pCC1FOS and possesses elements for conjugational transfer. This
allows stable cluster integration into the genomes of Streptomyces. Compatible homologous
regions can be used to conduct LCHR for backbone exchange. The neomycin/kanamycin
selection cassette is another difference compared to pCC1FOS (chloramphenicol), so
that the backbones are separable during this process. After successful integration of
ery into the genomes of S. coelicolor M1152 and M1154, these bacteria were able to
produce erythromycin A (8) (Figure 14D and Figure A.4). Fermentation was conducted

123 plates at 30°C for one and a half week. The extracts

on mannitol soya flour agar
of cultures of Streptomyces coelicolor conjugated with pLKO1::ery were compared to a
commercially-available standard and a control of unconjugated bacteria after HPLC-MS
analysis (Figure 14C-E). In addition, MS? spectra were recorded, confirming the presence
of 8 in the extracts of the designed S. coelicolor (Figure A.5).

This example is of importance as it shows that large gene clusters are accessible using
DiPaC. A parallel PCR setup to amplify all cluster fragments at the same time accelerates

the whole process and can be utilized to clone comparable clusters.
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Figure 14. DiPaC strategy to access the erythromycin gene cluster ery (54.6kb) in a sequential

54

manner. (A) Map of the erythromycin gene cluster from Saccharopolyspora ery-
thraea NRRL 2338 and (B) the assembly strategy using a five fragment approach
in combination with unique restriction sites for backbone linearization. HPLC-MS
analyses (mass trace m/z = 734.46 [M+H] ™) of an erythromycin A (8) standard
(C), in comparison with heterologous expression derived 8 from S. coelicolor M1154
pLKO1::ery (D) and an extract derived from a non-conjugated control culture (E).



4. Summary and Outlook

4.1. Exploration of the chemical space of PoTeMs

One future goal is to identify novel PoTeM clusters from newly sequenced bacteria by
bioinformatics. Recent NCBI BLAST searches, targeting thioesterase sequences of PoTeM
PKS/NPRS enzymes, lead to a collection of a total of 34 putative PoTeM BGCs, a majority
of which has not been investigated yet (Chapter A.6). A lot of biosynthetic potential is
thus still hidden and awaits its exploration. The ongoing sequencing of microbial genomes
will promote the identification of further PoTeM and PoTeM-like gene clusters, encoding
not only known, but also completely novel compounds. The biosynthetic potential looks
promising as lots of exciting discoveries can be made in this field of research.

The growing knowledge of PoTeM gene clusters now starts to enable their engineering.
A typical PoTeM-like gene sequence was recently identified in Streptomyces griseus,'**
but these Gram-positive bacteria do not produce any related compound under standard
laboratory conditions.?® The cluster was active when inserting promoters in front of each
single gene.'?> After reintegration of the modified cluster into Streptomyces lividans 66,
compounds A-C (44, 45, 46), possessing a 5-5 ring system were found (Figure 15).!?
In addition, compound D (47), which possesses a remarkable 5-6-4 carbacycle, was
described.'?® It is explained to be a shunt product which is formed in a spontaneous
Diels-Alder reaction when the second oxidoreductase (SGR813) is absent.?> To date, no
other PoTeM with a similar ring structure is known.

Recently, a new family of PoTeMs was discovered, the so-called pactamides (48a—f).12
These compounds possess potent cytotoxic activities against human breast cancer cell
lines.'?® The gene cluster from Streptomyces pactum SCSIO 02999 is silent and Saha
et al. (Zhang lab) discovered these compounds by promoter engineering and subsequent
heterologous expression in S. lividans TK64 (Figure 16).'% The examples of Saha et al.
and Luo et al. demonstrate the activation of silent PoTeM gene clusters.!?>126 From
observations in the Gulder lab, it seems as if most of the orphan PoTeM gene clusters are

in a silent state. Promoter engineering will be the key to discover the encoded molecules.
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Figure 15. Structures of PoTeMs isolated from S. griseus 44, 45, 46 and 47. Compound d
(47) possesses an unusual 5-6-4 carbacyclic ring system.
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Figure 16. Structures of pactamides A-F (48a-f) of S. pactum SCSIO 02999.
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4.1. Exploration of the chemical space of PoTeMs

In 2017, the isolation of novel capsimycins from Streptomyces xiamenensis 318 was
reported. '?” These compounds are structurally similar to ikarugamycin (27), sharing the
same carbon skeleton. Alterations in the oxidative state are observed at three carbon
positions (Figure 17), on the double bond of the six-membered ring and on the ethyl-residue
at the western part of the molecule. As expected, a three gene ikarugamycin-type cluster
was identified together with a fourth gene ikaD, which was found eleven genes downstream
of ikaABC. From a biosynthetic point of view, this finding is interesting as it shows that
genes that are needed for PoTeM production do not need to be positioned next to the core

genes.

49d rR=0OH
49e R=cCl

Figure 17. Overview of the capsimycin family from Streptomyces ziamenensis 318.127 Repre-
sentatives containing a stable epoxide are capsimycin (49a), capsimycins B and G
(49b,c). Monohydroxylated capsimycins C and D (49d,e), as well as chemically
produced derivatives E and F (49f,g), were reported.

Interestingly, the cytochrome P450 monooxygenase IkaD can install a stable epoxide on
the six-membered ring of the as-indacene system, functionalizing the double bond as found
in capsimycin, capsimycin B and G (49a—c) (Figure 17).'2" The epoxide can be opened to
form the dihydroxy compound capsimycin C (49d), and by addition of chlorine capsimycin
D (49e). The methoxy-derived compounds capsimycins E and F (49f,g) were reported to
be produced chemically by heating under acidic conditions in the presence of methanol
from 49a and 49b. The members of the capsimycin family also vary in the oxidative
state at position C-30, a hydroxy- and methoxy group can be present or hydrogen. In
addition to the exciting structural flexibility, good bioactivities against a set of pancreatic

cell lines were determined. 2" The capsimycins are a good example for PoTeM diversity.
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4. Summary and Outlook

More such examples as the capsimycins!'?” and pactamides!?® are expected to be reported
in the future.

By using the DiPaC method, annotated clusters are quickly accessible to promote
heterologous expression. In addition, it allows to conduct promoter additions and/or
replacements by sequential assembly of cluster parts. The enigmatic process of heterologous
expression will hopefully become a minor problem in PoTeM research, as an increasing
number of examples will provide a basis to overcome this issue. The most exciting field
of research will be the elucidation of the catalytic power of PoTeM accessory enzymes.
They are encoded in the gene clusters next to the iPKS/NRPS gene. From the available
clusters in the Gulder lab, which were cloned using DiPaC (Chapter 3.4.1), many genes
were already subcloned (Table A.1). The FAD-dependent oxidoreductases will be the most
exciting enzymes as they control the ring cycle formation. Changes to the structural frame
work of the PoTeMs are directly derived from the mode of action of these biocatalysts.

Fermentation conditions have to be carefully chosen as well, as shown by the example
of lysobacteramide B (50). 50 is thought to be a side product of HSAF (29) biosynthe-
sis and was isolated from cultures of L. enzymogenes C3 grown in nutrient-rich yeast
glycerol medium (Figure 18).'2® Unfortunately, no good explanation exists for the methyl-
derivatization on the tetramic acid residue. N-methyl modifications have been described

by Lacret et al.,*? but a responsible gene of the natural host has not yet been discovered.

Figure 18. Structure of a newly identified HSAF pathway side product, lysobacteramide B
(50), from Lysobacter enzymogenes C3.1%

A contribution to further explore new PoTeM enzymes is the work on the in vivo and
in wvitro setups for the production of ikarugamycin (27) and butremycin (28) (Chapters
3.1 and 3.2). A future approach will be to use these as a platform to test unexplored
genes. Exciting outcomes towards the generation of novel compound(s) are to be expected.
The plug-and-play system in hand allows to test a set of different enzymes. This could
not be started yet as most of the enzymes were found to be insoluble in F. coli lysates
after heterologous expression. Once this problem is solved, exciting discoveries are in

prospective. First experiments indicating a solution to overcome the solubility issue were
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4.1. Exploration of the chemical space of PoTeMs

conducted in the course of this work, using N-lauroyl sarcosine according to the protocol
of Peternel et al. (Chapter 3.3.3).104
The lists of PoTeM compounds known to date will undoubtedly further increase. A

good classification of the natural product class can be made according to the carbacyclic

ring patterns, i.e., if tri-/bi- or monocyclic frameworks are present (Table 2). It will be

interesting to see how frequent each of the cyclization patterns will occur. Most of the

structures isolated so far possess a tricyclic 5-5-6 or bicyclic 5-5 ring system. With a

growing number of compounds, it is exciting to see whether they fit this scheme.

Table 2. PoTeMs listed according to the cyclization pattern of the carbacycles.

Ring pattern PoTeM compound Reference(s)

5-5-6 HSAF (Dihydromaltophilin) (29) 59-61,75
Maltophilin (32) 64
Frontalamides (30a,b) 62
Lysobacteramide B (50) 128
Discodermide (36) 68
Xanthobaccin A (35) 67
Pactamides A, B, D, F (48a,b,d,f) 126

5-6-5 Ikarugamycin (27) 57,7779
Butremycin (28) 58,82
Capsimycins (49a-g) 127
Clifednamides (33a,b) 65

5-4-6 Compound d (47) 125

5-5 Alteramides (31a,b) 63
Aburatubolactam (38) 71-73
Cylindramide (37) 69,70
Geodin A (34) 66
Compound a-c (44,45,46) 125
Pactamide C (48c) 126

5 Pactamide E (48e) 126

Also, PoTeMs sharing (artificial) ring systems might exist. Compound d (47),?° with

its so far unique 5-4-6 pattern, might be an indication of yet undiscovered representatives.
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4. Summary and Outlook

4.2. Synthetic PoTeMs by introduction of novel

substrates

As a L-ornithine (39) building block is present in all PoTeM backbones discovered so far,
further experiments regarding extension of the substrate scope at this position will be
promising. The total biocatalytic setup for the production of ikarugamycin (27) (Chapter
3.2) is an ideal system for this purpose, as it allows to test novel substrates without
competition with the native subtrate pool, as occurring in the cellular setting in an in vivo
experiment. The idea would be to substitute 39 with slightly-modified analogues that will
probably be incorporated by the iPKS/NRPS enzyme. From theory, there are several
possibilities to derivatize 39 (Figure 19). On carbon positions C-4 and C-5, a methyl
group or short alkyl-residue could be attached. If accepted by the enzyme and further
processed by the downstream biocatalysts, this would directly lead to a new series of

PoTeM analogues.

H,N R,
HaN HoN
Ry
NH; NH; NH,
42 HO>C HO,C
CO,H 2
Me\ H2N
N
M / Me
e .
N
NH, HO,C Me
HO,C

H,N

H2N /\///
a1 H2N /\/N3 “‘OH
NH2 a1 NHZ

HO,C
HO,C NH, 2

HO,C

Figure 19. Overview of L-ornithine (39) related compounds. L-Lysine (42), as the most
closely related naturally occurring amino acid, was tested in biocatalytic setups
employing the enzymatic triplet TkaABC, but a related PoTeM analogue could not
get generated. Besides 39 and 42, all the structures proposed are awaited to be
synthesized and tested in future studies.
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There are many prominent examples for C-3-hydroxylated PoTeMs in nature, e.g., HSAF
(29) or the frontalamides (30a,b). In this thesis, the application of PoTeM hydroxylases
was described to make butremycin (28) from ikaruamycin (27) (Chapter 3.1). In theory,
the same could be achieved by the use of C-3-hydroxylated derivatives of 39 to generate
28. It is unclear whether the iPKS/NRPS enzyme would tolerate this building block,
but if so, another elegant route can be explored to produce 28. Modified building blocks
might also allow to study the early steps in PoTeM biosynthesis, taking place on the
iPKS/NRPS enzyme. As there are two amino groups present in 39 at o~ and 8-position,
selective dimethylations could be installed on either N-function as protecting groups.
In this way, one amino group would be blocked so that the linkage reaction with the
unsaturated polyene chain can only occur at the respective other position. In theory, a
polyene-L-ornithine intermediate is to be expected. The attachment order of the polyenes is
not proven yet. An attack on the 5-amino group at first and on the a-position at second is
stated, but also the opposite is possible, and could be investigated by this experiment. -8
Concluding experimental data are not available yet.

Not much is known about the targets in the cell that are engaged by the PoTeM
compounds. Tkarugamycin (27) is known to specifically inhibit clathrin-mediated endocy-
tosis. 130 Azide or alkine linkers on 39 could be used as warheads for activity-based proteom
profiling (ABPP) studies to find the target protein.'3! Modifications that covalently link a
probe of 27 to the target protein upon a trigger event are the prerequisites and could be
installed via a modified L-ornithine building block. Unfortunately, these compounds have
to be synthesized de novo as no commercial source is available.

L-Lysine (42), as an alternative substrate, has been tested within this thesis, but it
was not yet accepted as a building block. Total biocatalytic reactions with wild type and
mutant T16239-iPKS/NRPS were conducted, but no expected analogue product was found.
The A domain seems to be highly specific and does not accept 42 so far, even if 42 is
provided exclusively in the in vitro setup, as the most promising substrate. One additional
methylene unit might not be tolerated. The chemical properties, e.g., unfavorable tensions
on the macrolactam ring or no recognition of the theoretical biosynthetic intermediates by
the downstream enzymes, might be reasons impeding to access PoTeM series based on
42. The field of substrate specificity has been completely disregarded so far. It would be
of great interest to test novel substrates which could in theory substitute 39. It will be
exciting to explore how flexible the system is towards unnatural derivatives. In the best
case, a series of novel PoTeM compounds will be generated. If successful, all efforts will

be rewarded as this would be an outstanding example for combinatorial biochemistry.
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A.1.1. PoTeM hydroxylases — Greunke et al. 2015

The supplemental information is related to the following publication which was highlighted
in Chapter 3.1:

e Greunke, C.*; Antosch, J.*; Gulder, T.A.M. Promiscuous hydroxylases for the
functionalization of polycyclic tetramate macrolactams — conversion of ikarugamycin
to butremycin. Chem. Comm. 2015, 51, 5334-5336, DOI: 10.1039/c5cc00843c.
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1.) General methods

1.1 Bacterial strains and cultivation

E. coli DH5a was used as the standard cloning host. E. coli BAP1' was used for heterologous expression
experiments. E. coli BL21(DE3) was used for protein expression. All work with E. coli was carried out on LB
agar or LB liquid media (Roth) with the appropriate antibiotics for selection. Heterologous expression
experiments were either carried out in LB with induction of secondary metabolite production using 1 mM IPTG.
Alternatively, auto-induction media was used. Per 50 mL, this was composed of 46 mL ZY media (10 g tryptone,
5 g yeast extract, 925 mL H,0), 0,5 mg arginine, 50 uL. magnesium sulfate solution (24.65 g MgSO, x 7 H,0,
13.84 g MgSO, x H,0, 100 mL H,0), 1 mL 50 x 5052 solution (250 g glycerol, 100 g a-lactose, 25 g glucose,
730 mL H,0), and 2.5 mL 20 x NPS solution (142 g Na,HPO,, 136 g KH,PO,, 66 g (NH4),SO,, 900 mL H,0).’
E. coli BAP1 pHis8::Tii6239 ikaABC was used for in vivo experiments.’

Lysobacter capsici (DSM 19286) was grown in 1/10-fold concentrated TSB-Medium at 30 °C while shaking
(200 rpm) for three days, until gDNA was prepared following the instructions of the Bacteria DNA Preparation
Kit (Jena Bioscience).

Saccharophagus degradans (DSM 17024) was obtained from DSMZ. A pCCI1Fos-based genomic library was
prepared and a clone, covering the whole PTM cluster, was identified by PCR screening. This material was used
as template DNA for PCR.

1.2 Transformation of electrocompetent E. coli

Electrocompetent cells were generated as follows: 200 mL of SOB media (20 g tryptone, 5 g yeast extract, 0.6 g
NaCl, 0.2 g KCI, 10 mM MgCl,, 10 mM MgSO,) were inoculated with 5 mL of a preculture of the respective
E. coli strain (grown overnight at 37 °C) and incubated at 37 °C at 200 rpm until the ODgy reached 0.8. The
culture was centrifuged at 4 °C for 5 min at 5000 rpm. The supernatant was discarded, the pellet re-suspended in
25 mL of icecold 10 % glycerol and centrifuged at 4 °C for 5 min at 5,000 rpm. This procedure was repeated 4
times with different amounts of ice-cold 10 % glycerol (20 mL, 15 mL, 10 mL, 5 mL). After the washing steps,
the pellet was re-suspended in 1 mL 10 % glycerol and aliquoted in 75 pL portions. The aliquots were flash
frozen in liquid nitrogen and stored at -80 °C until use.

For electroporation, 5 uL of the respective plasmid to be introduced were added to an aliquot of thawed
electrocompetent cells. The electroporation was carried out in a 0.2 cm ice-cold electroporation cuvette using a
BioRad GenePulser II set to: 200 Q, 25 uF and 2.5 kV. The expected time constant was 4.5-5.5 ms. Immediately
after the electric pulse, 700 pL of ice-cold LB broth was added and the cells were incubated for 45 minutes at
37 °C. 150 pL solution was plated on LB agar supplemented with appropriate antibiotics and incubated at 37 °C
overnight.

1.3 Isolation and purification of plasmids and PCR amplicons

Plasmids were isolated from single clones incubated overnight in LB broth with appropriate antibiotics using the
peqGOLD Plasmid Miniprep Kit I, C-Line (Peqlab) according to the protocol provided by the manufacturer.
PCR products were either isolated using the PCR Purification Kit (Jena Bioscience) or by gel electrophoresis
with re-isolation from the excised gel sample using the peqGOLD Gel Extraction Kit, S-Line (Peqlab).

1.4 Restriction analysis

A plasmid restriction (10 pL volume) was composed of: 1 pL compatible NEB buffer (10 fold); 1 uL BSA (10
fold); 0,125 uL per each enzyme, 5 pL plasmid solution containing 200 ng plasmid DNA and pure water.

This mixture was incubated for 2 h at 37 °C and analyzed by gel electrophoresis. All enzymes and buffers used
were purchased from NEB.
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1.5 Chemical analysis

HPLC-MS analyses were carried out using an UltiMate 3000 LC System system coupled to a LCQ Fleet Ion
Trap Mass Spectrometer (Thermo Scientific). HPLC-HR/MS analyses were performed on a Thermo Finnigan
LTQ FT-ICR equipped with a Dionex Ultimate 3000 separation module. The Xcalibur software was used to
control the system. Interpretation of the recorded data was carried out using the Thermo Xcalibur Qual Browser
2.2 SP1.48 software.

The chromatographic separation for HPLC-MS was carried out on a XBridge (Waters) C-18 HPLC column (30 x
4,6 mm, 3,5 um particle size) using the following gradient with water (A) and acetonitrile (B), both buffered
with 0,1 % formic acid, as the eluents: linear gradient from 20 % B (0 min), 95 % B (6 min), 95 % B (7.5 min),
20 % B (8 min), 20 % B (9 min), all at a flow rate of 1,1 mL/min. The chromatographic separation for HPLC-
HR/MS was carried out on a XBridge (Waters) C-18 HPLC column (100 x 4,6 mm, 3,5 um particle size) using
the following gradient with water (A) and acetonitrile (B), both buffered with 0,1 % formic acid, as the eluents:
linear gradient from 5 % B (2 min), 5 % B (2 min), 20 % B (2.5 min), 95 % B (5 min), 95 % B (6 min), 20 % B
(9 min), 20 % B at 1,1 mL/min flow rate.

2.) Bioinformatic data
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Figure S1. Alignment of SD-like protein sequences from Lysobacter enzymogenes C3 (1), Lysobacter capsici
[ORF2 — Extended construct] (2) and Saccharophagus degradans SD-like protein (3) using Geneious default
settings with Blosum 62 cost matrix.

3.) Cloning of SD genes

3.1 Screening of gDNA samples for SD (L. capsici) — Taq-Polymerase

A total 25 pL PCR reaction was composed as follows: 2.5 uL of tenfold Taq buffer, 1 uL DMSO, 0.25 uL.
deoxynucleotide triphosphates (10 mM stock), 0.125 uL. forward primer (20 uM), 0.125 pL reverse primer
(20 uM) (see chapter 3, table S6, row 1 and 2), 19.875 uL pure water and 1 uL. Template DNA (L. capsici
gDNA, ¢ = 305 ng/uL) were mixed with 0.125 pL Taq polymerase. Optimal cycling conditions are depicted in
table S1.

Table S1.
Step Temperature [°C] Time [sec] Cycle nr.

1 95 120

2 95 45

3 52 30 x 34

4 72 45

5 72 300

6 16 0
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Figure S2. PCR screening of 6 samples for the presence of L. capsici SD with SD-Capsici For/Rev. The
expected amplicon was 526 bp.

3.2 Amplification of SD (L. capsici) (ORF1, 810 bp) — Q5 polymerase

A total 25 pL PCR reaction was composed as follows: 5 uL of fivefold Q5 Reaction Buffer, 0.5 pL
deoxynucleotide triphosphates (10 mM stock), 0.625 puL. forward primer (20 uM), 0.625 pL reverse primer
(20 uM) (see chapter 3, table S6, row 3 and 5), 17.125 pL pure water and 1 pL template DNA (L. capsici gDNA,
¢ = 305 ng/uL) were mixed with 0.125 pL Q5 polymerase (2000 U/mL, NEB). Optimal cycling conditions are
depicted in table S2.

Table S2.
Step Temperature [°C] Time [sec] Cycle nr.

1 98 60

2 98 10

3 72 20 x 30

4 72 35

5 72 120

6 10 o
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Figure S3. PCR amplification of L. capsici SD (ORF1, GLIMMER prediction) with EcoRI / HindIIl overhangs
(844 bp).

3.3 Amplification of SD (L. capsici) — (ORF2, 1002bp) — Q5 polymerase

A total 25 uL. PCR reaction was composed as follows: 5 uL of fivefold Q5 Reaction Buffer, 0.5 uL
deoxynucleotide triphosphates (10 mM stock), 0.625 pL forward primer (20 uM), 0.625 pL reverse primer
(20 uM) (see chapter 3, table S6, row 4 and 5), 17.125 uL pure water and 1 pL template DNA (L. capsici gDNA,
¢ =305 ng/uL) were mixed with 0.125 pL Q5 polymerase (2000 U/mL, NEB). Optimal cycling conditions are
depicted in table S3.

Table S3.
Step Temperature [°C] Time [sec] Cycle nr.

1 98 60

2 98 10

3 72 20 x 30

4 72 45

5 72 120

6 10 )
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Figure S4. PCR amplification of L. capsici SD (ORF2). Lane 1: Crude PCR mix. Lane 2: Gel purified PCR
product containing EcoRI / HindIll overhangs (1035 bp). Lane 3: EcoRI + HindIIl digested PCR product after
clean-up (1014 bp).

3.4 Colony screening PCR

Clones were picked and examined via colony PCR (for conditions, see Table S4) using specific primers (see
Table S6) for the amplification of the sterol desaturase gene expected to be located in the respective construct
(see Figure S5). Positive hits were further characterized by plasmid isolation followed by end-sequencing to
verify the recombined plasmid.

A total 25 pL PCR reaction was composed as follows: 2.5 uL of tenfold Taq buffer, 1 pL DMSO, 0.25 pL
deoxynucleotide triphosphates (10 mM stock), 0.125 uL forward primer (20 puM), 0.125 uL pET-RP (reverse
primer) (20 uM) (see chapter 3, table S6, row 1 (L. capsici) / 6 (S. degradans) and 8), 19.875 puL pure water and
1 pL Template (bacterial material) were mixed with 0.125 pL Taq polymerase. Optimal cycling conditions are
depicted in table S4.

Table S4. PCR conditions for colony screening

Step Temperature [°C] Time [sec] Cycle nr.
1 95 300
2 95 45
3 47 30 x 34
4 72 60
5 72 300
6 16 0
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Figure S5. Example for a screening PCR of seven E. coli DH5a clones with SD-Capsici for / pET-RP rev. An
amplicon of 770 bp was obtained for clones harboring pHis8 / pGS-21a::L-capsici SD (ORF1/2).

3.4.1 Restriction analysis L. capsici SD [ORF2] cloned in pHis8

K1 K2 K3 K4 K5 K6

LILLLL L

Figure S6. Restriction analysis of pHis8::L-capsici SD_ORF2 (6328 bp) cut with a) EcoRI + HindIII (5314 +
1014 bp) and b) Pvul (4415 + 1232 + 664 [+17] bp). Undigested plasmid is shown in line (-).

3.4.2 Restriction analysis L. capsici SD [ORF2] cloned in pGS-21a

K1 K2 K3 K4 K5 K6

LIV 2

Figure S7. Restriction analysis of pGS-21a::L-capsici SD_ORF2 (7165 bp) cut with a) EcoRI + HindlIII (6151 +
1014 bp) and b) Pvul (5180 + 1304 + 664 [+17] bp). Undigested plasmid is shown in line (-).



3.5 Amplification of SD (8. degradans) — QS5 polymerase (NEB)

A total 25 uLL PCR reaction was composed as follows: 5 uL of fivefold Q5 Reaction Buffer, 0.5 uL
deoxynucleotide triphosphates (10 mM stock), 0.625 pL forward primer (20 uM), 0.625 pL reverse primer (20
uM) (see chapter 3, table S6, row 6 and 7), 16.125 pL pure water and 2 pL template DNA (fosmid DNA, ¢ =
17.4 ng/uL) were mixed with 0.125 pL QS5 polymerase (2000 U/mL, NEB). Optimal cycling conditions are

depicted in table S5.

Table S5.
Step Temperature [°C] Time [sec] Cycle nr.

1 98 60

2 98 10

3 65 20 x 30

4 72 35

5 72 120

6 10 )
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Figure S8. PCR amplification of S. degradans SD. Lane 1: Crude PCR mix. Lane 2: Gel purified PCR product
containing BamHI / Xhol overhangs (961 bp). Lane 3: BamHI + Xhol digested PCR product after clean-up

(945 bp).
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3.5.1 Restriction analysis SD (S. degradans) cloned in pHis8

K1 K2 K3 K4 K5 Ké

N
S

Figure S9. Restriction analysis of pHis8::S-degradans SD (6238 bp) cut with a) BamHI + Xhol (5239 + 945 bp)
and b) Dralll (5679 + 559 bp). Undigested plasmid is shown in line (-).

3.5.2 Restriction analysis SD (S. degradans) cloned in pGS-21a

K1 K2 K3 K4 K5 K6

NIRARANN 724

Figure S10. Restriction analysis of pHis8::S-degradans _SD (7075 bp) cut with a) BamHI + Xhol (6130 +
945 bp) and b) Dralll (6516 + 559 bp). Undigested plasmid is shown in line (-).



Table S6. List of used primers in this study.

Entry Primer name Sequence Comments Tm [°C]
1 SD-Capsici For 5’ ~GTACGCGGTCTACTTCGTGA-3" Screening primer for L. capsici’s 56.5
SD-like protein
2 SD-Capsici Rev 5’ ~CCAGGTATAGCTGCCGAACA-3' Screening primer for L. capsici’s 56.9
SD-like protein
3 SD- 57— Cloning primer containing an 64.8
Capsici ORF1_Eco  CGGAACTTAGAATTCGTGGTTATCTACGTAATT EcoRl restriction site, GLIMMER
RI For GCCGCGA-3' predicted frame (ORF1) 810 bp
4 SD- 57— Cloning primer containing an 66.5
Capsici ORF2 Eco  AGAACTTAGAATTCAACACGGACGCCGGTCGCA  EcoRl restriction site, Extended
RI For =37 frame (ORF2) 1002 bp
5 SD- 57— Cloning primer containing a 66.5
Capsici_HindIII ATTCAACAAGCTTAAAGGCTCAGGGCGGCGT~ Hindlll restriction site,
Rev 3’ GLIMMER predicted frame
6 SD_S- 57~ . . ..
degradans BamHI ~ AACTTGGATCCGTGGATACCTTAACTCCCTCAG ~ Cloning primer containing a 64.8
For _37 BamHI restriction site
7 SD_S- 57— . . .
degradans Xhol ~ ACCTTCTCGAGTTACTGGCGGTAGGTAATGTTG Cloning primer containingaXhol — 66.5
Rev _3r restriction site
8 pET-RP 5’ —~CTAGTTATTGCTCAGCGG-3’ . o
Screening / Sequencing primer 50.2

4.) In vivo and in vitro assays
4.1 Heterologous expression experiments - Fermentation of E. coli BAP1

The sequenced sterol desaturase pGS-21a-constructs were transformed into electrocompetent E. coli BAP1 cells
via electroporation. These E. coli BAP1 contained the pHis8::Tii6239 ikaABC construct which incorporates the
whole ikarugamycin cluster. The transformed cells were fermented and automatically induced in auto-induction
media with 0.05 mg/mL arginine (kanamycin 50 pg/mL and ampicillin 100 pg/mL). The fermentation was
carried out for 72 h at 16 °C and 200 rpm in a 250 mL Erlenmeyer flask containing 150 mL of auto-induction
medium. For the isolation and physico-chemical characterization, the pH of the main culture was adjusted to pH
5.0 with IN HCI and centrifuged for 10 min at 3,800 rpm. The supernatant was extracted three times with
150 mL ethylacetate. The combined organic phases were concentrated in a rotary evaporator. The pellet was
dissolved in 50 mL of a methanol/acetone solution and sonicated in an ultrasonic bath for 15 min. The solvents
were removed in vacuo. The raw product was dissolved in 1 mL methanol for the further LC-MS measurement.

4.2 Feeding experiments

100 uL E. coli BL21(DE3) pGS-21a::SD (after 15 h incubation with IPTG 1 mM, 16 °C, 200 rpm), 10 pL
ikarugamycin (I mg/mL in methanol, Santa Cruz Biotechnology, Texas), 1 pL ATP (100 mM) and 1 pL
NADPH (100 mM) were combined and incubated for 6 h at 30 °C while shaking (350 rpm). Afterwards, 100 uL
of pure methanol was added to the cellular mixture. The revealed supernatant after centrifugation for 1 min at
13,000 rpm was used for LC-MS measurement.
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4.3 In vitro conversion assays

100 pL of the cell lysate supernatant, prepared from induced E. coli BL21(DE3), were spiked with 1 pL ATP
(100 mM) and 1 puL NADPH (100 mM). In control reactions, the supernatants were incubated at 95 °C for 10
minutes. Adjacently, 10 pL ikarugamycin from a 1 mg/mL concentrated methanolic stock solution were added.
After an incubation period of 6 hours at 30 °C while shaking (350 rpm), the reactions were quenched by the
addition of 110 pL methanol. After centrifugation for 1 min at 13,000 rpm, the supernatants were carefully
transferred and used for the LC-MS measurements.

The enzymatic reaction with N-GST-SD (S. degradans) was composed as follows: 20 uL enriched enzyme,
10 uL sodium phosphate buffer (1 M, pH 8.0), 1 uL ATP (100 mM), 1 pnL. NADPH (100 mM) and 10 pL
ikarugamycin (¢ = 1 mg/mL, methanol stock solution) filled up with water to a volume of 100 pL. The reaction
was incubated at 30 °C while shaking (350 rpm) for 12 hours. The reaction was then quenched by the addition of
100 pL methanol and subsequent centrifugation for 1 min at 13,000 rpm. The supernatant was used for LC-MS
analysis.

4.4 Heterologous protein production in E. coli and enrichment of N-GST-
SD (S. degradans)

Starter cultures of E. coli BL21(DE3) pGS-21a::SD_S-degradans (5 mL) were grown overnight in Luria broth
(Roth) and used to inoculate Terrific broth (Roth), supplemented with 100 pg/mL ampicillin. When an ODgg
value of 0.6 was reached, cultures were cooled and protein synthesis was induced by adding 0.5 mM IPTG
following an overnight incubation at 16 °C and moderate shaking (200 rpm). Alternatively, starter culteres were
mixed 1:100 (v/v) with ZYM-5052 auto-induction medium.? After cultivation for around 3 hours at 37 °C while
shaking (200 rpm), cultures were cooled and further incubated at 16 °C overnight.

In the following, cells were harvested by centrifucation and resuspended in lysis buffer (50 mM NaH,PO, x 2
H,0, 300 mM NaCl, 10 % Glycerol, 10 mM imidazol, pH 8.0). After sonification on ice and a subsequent
centrifugation (10,000 rpm, 4 °C, 30 min), the supernatants were taken and incubated with High Density Nickel
Agarose (Jena Bioscience) and moderate shaking for at least 1 hour. This mixture was then applied onto a
column, which was washed with lysis buffer (40 mM imidazole, pH 7.5). Finally, the protein was eluted with
lysis buffer (250 mM imidazole, pH 7.5).

PD-10 columns (GE Healthcare) were used to exchange the eluate’s buffer to 50 mM Tris-HCI buffer, pH 7.5
supplemented with 10 % glycerol. This protein solution was then concentrated using Vivaspin 2 columns
(Sartorius).

Protein concentrations were determined photometrically by the use of the Implen Nanophotometer 330.

Bacterial induction and protein enrichment were monitored by SDS-PAGE analysis (Figure S11).
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Figure S11. SDS-PAGE analysis for the expression and enrichment of N-GST-SD (S. degradans). Samples:
uninduced bacteria (U), pellet (P), supernatant (S), flow-through (FT), wash fractions (W1, W2), elution
fractions (E1-E5), desalted and concentrated eluate (V).



5.) Sequences of investigated PTM hydroxylase genes and corresponding translations
5.1 Lysobacter capsici DSM 19286

ORF1 — 810 bases (GLIMMER prediction):
GTGGTTATCTACGTAATTGCCGCGATCGGCCTGGACTGGGATCCGGGCGCCGCCAGCCTCGGCTTCGTGCTCGCCACCGTCTT
CTATCTGGCGATGCTCGAATTAATCATTCCGTACGAGCGCGCATGGCTGCCCTCGCGGCGCGAGTGGGGCCTGTACGCGGTCT
ACTTCGTGATCACGATGATCGGCGGCGCGCTGGCGCAGCTGCCGGTGATGGCGGTGGTGTCGATGGTCGCCCCGCTGCATCCG
CTGTTGCCGCTGTGGGCGCAGATCCCGCTCGCGCTGCTGCTGAGCTCGCTGGCGAGCTATGCGGTGCATCGCGCCGGCCACGA
CATCCCGCTGCTGTGGCGGCTGCACGGCGTGCATCACGTGCCCGACAAGGTCAACGTCGGCAACAACGGCGTCAACCACGTGT
TCGACATCGTCCTGGCCCAGTTCCTGGTGCAGGTGTCGCTGGCGCTGATCGGCTTTTCCGAGCACGCGGTGTTCGCCGTCGGC
ATCTTCATCATCGCCCAGGGCTATTTCGTCCACGCCAACATCGACGTGCGCCTGGGCTGGCTCAACCACATCCTCGCCAGCCC
CGAGCTGCACCGCATGCATCACAGCGCCGACAAGGCCGAGGCCGGGCATTTCGGCTCGGACCTGTCGATCTGGGACCGCCTGT
TCGGCAGCTATACCTGGCGGCCCGATCGCAAGCCGCGCGCGATCGGCCTGTTCGATCCGGGCTCGTTCCCGCGCAACGGCGLG
ATCTTCTCGACCCTCGTCCACCCGCTGCGGCCGCGCAAGAAACCCGCGCCGACGCCGCCCTGA

Translation ORF1 — 269 amino acids:
MVIYVIAAIGLDWDPGAASLGFVLATVFYLAMLELIIPYERAWLPSRREWGLYAVYFVITMIGGALAQLPVMAVVSMVAPLHP
LLPLWAQIPLALLLSSLASYAVHRAGHDIPLLWRLHGVHHVPDKVNVGNNGVNHVFDIVLAQFLVQVSLALIGFSEHAVFAVG
IFIIAQGYFVHANIDVRLGWLNHILASPELHRMHHSADKAEAGHFGSDLSIWDRLFGSYTWRPDRKPRAIGLFDPGSFPRNGA
IFSTLVHPLRPRKKPAPTPP

ORF2 — 1005 bases (Extended construct):
ATGAACACGGACGCCGGTCGCAGTTCAAACCTGACGGACACTGCTCAATCCGACCGTGACCCCGACCCGCTTAATATCGCCGG
ATTATCTTTCGGCGCCGCCGACGGGGTTGAAAACCCAACCCAGGTCACGCCCGCCCGGATAAATCCATTGAGCTTTATTAGTT
ATATCGCGCACCCGCTGTTATTAATTTCCGTGGTTATCTACGTAATTGCCGCGATCGGCCTGGACTGGGATCCGGGCGLCCGLC
AGCCTCGGCTTCGTGCTCGCCACCGTCTTCTATCTGGCGATGCTCGAATTAATCATTCCGTACGAGCGCGCATGGCTGCCCTC
GCGGCGCGAGTGGGGCCTGTACGCGGTCTACTTCGTGATCACGATGATCGGCGGCGCGCTGGCGCAGCTGCCGGTGATGGCGG
TGGTGTCGATGGTCGCCCCGCTGCATCCGCTGTTGCCGCTGTGGGCGCAGATCCCGCTCGCGCTGCTGCTGAGCTCGCTGGCG
AGCTATGCGGTGCATCGCGCCGGCCACGACATCCCGCTGCTGTGGCGGCTGCACGGCGTGCATCACGTGCCCGACAAGGTCAA
CGTCGGCAACAACGGCGTCAACCACGTGTTCGACATCGTCCTGGCCCAGTTCCTGGTGCAGGTGTCGCTGGCGCTGATCGGCT
TTTCCGAGCACGCGGTGTTCGCCGTCGGCATCTTCATCATCGCCCAGGGCTATTTCGTCCACGCCAACATCGACGTGCGCCTG
GGCTGGCTCAACCACATCCTCGCCAGCCCCGAGCTGCACCGCATGCATCACAGCGCCGACAAGGCCGAGGCCGGGCATTTCGG
CTCGGACCTGTCGATCTGGGACCGCCTGTTCGGCAGCTATACCTGGCGGCCCGATCGCAAGCCGCGCGCGATCGGCCTGTTCG
ATCCGGGCTCGTTCCCGCGCAACGGCGCGATCTTCTCGACCCTCGTCCACCCGCTGCGGCCGCGCAAGARAACCCGCGCCGACG
CCGCCCTGA

Translation ORF2 — 334 amino acids (Extended construct):
MNTDAGRSSNLTDTAQSDRDPDPLNIAGLSFGAADGVENPTQVTPARINPLSFISYIAHPLLLISVVIYVIAATGLDWDPGAA
SLGFVLATVFYLAMLELIIPYERAWLPSRREWGLYAVYFVITMIGGALAQLPVMAVVSMVAPLHPLLPLWAQIPLALLLSSLA
SYAVHRAGHDIPLLWRLHGVHHVPDKVNVGNNGVNHVFDIVLAQFLVQVSLALIGFSEHAVFAVGIFITAQGYFVHANIDVRL
GWLNHILASPELHRMHHSADKAEAGHFGSDLSIWDRLFGSYTWRPDRKPRAIGLFDPGSFPRNGATFSTLVHPLRPRKKPAPT
PP

5.2 Saccharophagus degradans DSM 17024

ORF — 939 bases:
GTGGATACCTTAACTCCCTCAGATACGCTCGATTCAGGAATAGCTCAAGAACCAACTCCCCCGCAARACAAAAAACACCAAGAC
GTTTAGCTTTGCCACTTTGCTACGCCACCTTTGTTACCCGCTACTTATGCTGGCCGTGTGCTTAACGTTATTTATTGGCTTTA
CGTTTGATATCGATTTTGGCTTGTGCAACATGGTGTTTCTGGTAGGCACTATTGCCTACTTAGCGCTGTGCGAGCGGTTAATC
CCCTATAAAAAGCAATGGCACCCAACTGCTAAAGAGTGGGGCCGAGACGCTATTTATTTAATTCTCACTATGATGGGTGGTGC
CTCTGCGGTAGCAGTGGTTTTTGCAATAGCAGCTGTAGTATCGCCAAAGGAATCTACTTTAGGACTATGGGTAGAAGTGCCCA
TTGCGATTTTGCTCACGTCGCTTGGTTCCTATATTTTTCATCGCGCGGGGCACGACATACCTTTTTTGTGGCGCTTTCATGGT
ATTCACCACGCGGCAGATAAAATAAACGTCAGTAACAACGCCCTAAATCACATAGCAGATGTATTCGGACGCAGGCTGCTCGC
ACAATTACCCTTAATACTATTAGGCATTTCTACCCCAGCCCTTTTTATTGTGAGTATTTTTAATACAGCGCAAGGTTATTTTT
CTCACGCAAACGTCGACGTAAAAATTGGTTGGTTGAACTATATAGTAGGCAGCCCAGAGCAACATCGTTTACACCATAGTARA
GATCTCGCCGAGGCCGGCCATTTCAGCGTAGATATCACCCTGTGGGATTTCTTGTTTAAAAGCTATTTTTGGAAGAAAGGARAA
ACAACCAAAGGAAATTGGTGTTACTAATCGCGCTTCGTTTCCGCCCTCTAATAACATTTGGAAAAATATTATTCACCCACTGC
GTCGCAACATTACCTACCGCCAGTAA

Translation — 312 amino acids:
MDTLTPSDTLDSGIAQEPTPPQTKNTKTFSFATLLRHLCYPLLMLAVCLTLFIGFTFDIDFGLCNMVFLVGTIAYLALCERLI
PYKKQWHPTAKEWGRDAIYLILTMMGGASAVAVVFAIAAVVSPKESTLGLWVEVPIAILLTSLGSYIFHRAGHDIPFLWRFHG
THHAADKINVSNNALNHIADVFGRRLLAQLPLILLGISTPALFIVSIFNTAQGYFSHANVDVKIGWLNYIVGSPEQHRLHHSK
DLAEAGHFSVDITLWDFLFKSYFWKKGKQPKEIGVTNRASFPPSNNIWKNIIHPLRRNITYRQ
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6.) Sequencing data of Sterol Desaturase expression vectors
The plasmids’ inserts were sequenced by GATC Biotech (Konstanz, Germany). The results, obtained as files of

the .abl type, were analysed using Geneious software version 8.0.x (Biomatters). Alignments to the according
reference sequences were performed using Geneious Aligment default settings.
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7.) LC-MS traces and MS data

7.1) LC-MS traces of ikarugamycin standard (black), butremycin standard (blue), production of butremycin in
vitro (orange) and in vivo (green)

P 5 = — = =
58 § % g3 23 g
g8 g & s & & =
&2 § @ £ o € &

S 23 83 22 s

3 £ ¥ g3 E
£ ] §a & a

& w R a¥

& g8 g %8

- m =
Q a Q & S e
S 5
o go
] gm
[feo
[~
[©
< ~
o
8 [
g8%
<5<
- [
[N

T T T T ™ T (=}
ge © o ¢ egdeo o -S4l 2 g ZgB2 2 8 3
X X X EX



7.2) HR/MS data of ikarugamycin
(calculated values: [M+H]" = 479.2904; [M+Na]" = 501.2724; [2M+H]" = 957.5736; [2M+Na]" = 979.5555).
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7.3) HR/MS data of butremycin
(calculated values: [M+H]" = 495.2853; [M+Na]" = 517.2673; [M-H+2Na]" = 539.2498).

Intens.
x108
25

4792901
979.5557
= . L1 . L)
100 200 300 400 500 600 700 800 900 1000 miz
HRLCMS Ikarugamycin +MS (zoom)
479.2901
5012725
‘ I 957, ."371 5979 ?557
L I L ——
500 600 700 800 900 1000m/z

HRLCMS Butremycin +MS (full)

4952824
539.2487
150.1262
— g ey | L BT84 79000 7231050 7908471 gsost 0623994
100 200 300 400 500 600 700 800 900 1000 m/z
HRLCMS Butremycin +MS (zoom)
4952824
517.2678
530.2487
sa0e woque PN ‘. . | sz 73404 733008 ‘
400 450 500 550 Gdu 650 miz

97



8.) Vector maps

SD_S-degradans [7075 bp]

pGS-21a:
T7 promoter Xbal (47)
(7011) SgrAl Ndel (87)
(6863) SphI 62D
(6755) PfIMI Mscl (335)
(6654) BStAPI BStBI (525)
/ Swal (555)
Sfil (798)
Acc651 (812)
(6330) Mlul e
Neol (834)
"~ SD_S-degradans_BamHI For (848 .. 875)
< BamHI (848)

(6148) BStEII
(6127) Apal
(6123) PspOMI

T7

(5919) BssHII

(s828) Hpal SEQ-Primer SD_S-degradans For I (1210 .. 1229)
( BmgBI (1284)

Sall (1529)

SEQ-Primer SD_S-degradans Rev I (1572 .. 1591)

~Fsel (1617)
Aval - BsoBI - PaeR7I - PspXI - Tlil - XhoI (1793)

(5489) PshAI —
z N
pGS-21a_8-degradans_SD a 2 s
7075 bp f,_‘- & s «— SD_S-degradans_xhol Rev (1771 ..1798)
(5224) PpuMI — 4 LETE 6xHis
- 17 2
(5124) Bpul0I - g IS BlpI (1872)
S
R
2
4
O |7
N
{ Psil (2325)

Vg

(4487) PFIFI - Tth1111
(4462) BStZ171

Pvul (2972)
Pstl (3099)
Bsal (3275)

(3820) AIWNI
AhdI (3341)

pHis8::SD_S-degradans [6238 bp]
BlpI (6155)

(6054 .. 6081) SD_S-degradans_xhol Rev

(6076) PaeR7I - PspXI - TII - Xhol
(5940) Dral \ |
(5900) Fsel

Psil (370)

(5855 .. 5874) SEQ-Primer SD_S-degradans Rev I —_
(5812) Sall ———

(5567) BmgBI

o O %’\
extis 17 te"m'natoN

pRSET-RPnew

(5493 .. 5512) SEQ-Primer SD_S-degradans For [
AsiSI - Pvul (945)

TspMI - Xmal (1067)
<~ Smal (1069)

(5131) BamHI
PET-RP

(5131 .. 5158) SD_S-degradans_BamHI For
(s124) Neol _\

thrombin site =
(5099) Alel
8xHis

(5030) Xbal
T7 promoter|
(4923) SgrAl
(4775) Sphl

Nrul (1286)

Acul (1599)

pHis8_S-degradans_SD
6238 bp

AlWNI (1732)

(4566) BStAPI

BssSI (1968)

(4242) Mlul
Pcil (2141)

(4228) Bcll*
BspQI - Sapl (2258)

BsStZ171 (2374)

(4060) BStEIT
PIFI - Tth111I (2399)

(4039) Apal
(4035) PspOMI

(3831) BssHII
(3740) Hpal

(3401) Pshal

(3185) Bgll
(3164) Fspl PpuMI (3136)
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pGS-21a::L-capsici_SD_810bp (GLIMMER prediction) [6973 bp]

(6953) BspDI* - ClaI* T7 promoter,
(6909) Sgral Xbal (47)
Ndel (87)
6xHis
Mscl (335)
/ BstBI (525)
.y Swal (555)
(6228) Mlul | 1l Sfil (798)

BglII (806)

(6046) BStEII Acc651 (812)

(6025) Apal

Kpnl (816)
lac operato, — Ncol (834)
(6021) PspOMI " ECORV (844)

T7

" SD-Capsici_EcoRI For (854 .. 884)
EcoRI (854)
SnaBI (871)
S BsiWI (972)
SD-Capsici For (1015 .. 1034)
Eco53kI (1152)
Sacl (1154)
BfuAl - BspMI (1294)
— BmgBI (1402)
Nsil (1458)

(5726) Hpal

z
Gs-21a L i sD . g - SD-Capsici Rev (1521 .. 1540)
p %—973?;5"“— f— HindIII (1676)
Q E SD-Capsici_HindIII Rev (1658 .. 1682)
(5122) PpuMI g

PaeR7I - PspXI - TliI - XhoI (1691)
BxHis

Psil (2223)

(4360) BstZ171

Pstl (2997)

Bsal (3173)
AhdI (3239)

pHis8:: L-capsici_SD_810bp (GLIMMER prediction) [6136 bp]

(5941 .. 5965) SD-Capsici_HindIII Rev PaeR7I - PspXI - ThiI - Xhol (5974)
(5959) HindIII
(5804 .. 5823) SD-Capsici Rev ~ \ | Psil (370)
(5685) BmgBI N \
(5577) BfuAl - BspMI .

(5437) Sacl
(5435) Eco53KI

(5298 .. 5317) SD-Capsici For
(s255) BSIWI
(5154) SnaBI

(5137) EcoRI

5137 .. 5167) SD-Capsici_EcoRI For —
(5137 ) psicl_EcoRI For —\\/
(5124) Neol

(5099) Alel
(5030) Xbal

T7 promoter|

(4964) BgIIL
(4923) Sgral

UL —ag—,

oxttis  T7 termingg,, TN\

4

ORSE\"RP"EW O\ AsiSI (945)
TspMI - Xmal (1067)

pET-RP ) ~— Smal (1069)

BspDI - Clal (1250)
Nrul (1286)

pHis8_L-capsici_SD
6136 bp

Acul (1599)

(4242) Mlul

BssSI (1968)
(4060) BStEII

(4039) Apal
(4035) PspOMI Pcil (2141)

BspQI - Sapl (2258)
(3796) EcoRV

(3740) Hpal BStZ171 (2374)

(3164) Fspl PpuMI (3136)
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pGS-21a::L-capsici_ SD_1002bp (Extended construct) [7165 bp]

(7145) BspDI* - Clal*
(7121

T7 promoter
7132) SD-Capsici_ext1002_EcoRI For

Xbal (47)
(7101) Sgral Ndel (87)

6xHis

Mscl (335)
\ BstBI (525)
Swal (555)
(6420) Mlul
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Ncol (834)
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—
T7
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- EcoRI (354)
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BfuAl - BspMI (1486)
BmgBI (1594)
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(5314) PpuMI

pGS-21a_L-capsici_SD_Ext-1002bp
7165 bp

~
SD-Capsici Rev (1713 .. 1732)
S HindIII (1868)

SD-Capsici_HindIIl Rev (1850 .. 1874)

PaeR7I - PspXI - ThI - XhoI (1883)
6xHis)

Psil (2415)
(4552) BstZ171

Pstl (3189)
(3431) AhdI Bsal (3365)

pHis8::L-capsici SD_1002bp (Extended construct) [6328 bp]

(6133 .. 6157) SD-Capsici_HindIII Rev

(6151) HindIII
(5996 .. 6015) SD-Capsici Rev

(5877) BmgBI
(5769) BfuAl - BspMI

PaeR7I - PspXI - Tlil - Xhol (6166)

Psil (370)

AN
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(5627) Eco53kI

(5490 .. 5509) SD-Capsici For
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(5346) SnaBI L
(5334 .. 5359) SD-Capsici_EcoRI For

N 4
(5137) EcoRI N\
(5137 .. 5161) SD-Capsici_ext1002_EcoRI For\

(5124) Ncol
thrombin site)
(5099) Alel
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ET-RPnew
oRS!
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Smal (1069)
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8xHis
(5030) Xbal
T7 promoter
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BspDI - Clal (1250)
Nrul (1286)

pHis8_L-capsici_SD_Ext-1002bp
6328 bp
(4923) Sgral

Acul (1599)

(4242) Mlul

BssSI (1968)

(4060) BstEII
(4039) Apal
(4035) PspOMI

Pcil (2141)

(3796) EcoRY
¢

BspQI - Sapl (2258)
3740) Hpal

BsStZ171 (2374)

(3164) Fspl
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Attachments

A.1.2. lkarugamycin total synthesis — Greunke et al. 2017

The supplemental information is related to the following publication which was highlighted
in Chapter 3.2:

e Greunke, C.; Glockle, A.; Antosch, J.; Gulder, T.A.M. Biocatalytic Total Synthesis
of Ikarugamycin. Angew. Chem. Int. FEd. Engl. 2017, 56, 4351-4355, DOI:
10.1002/anie.201611063.
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1. Materials and Methods

Commercial materials. The listed commercial materials were purchased from the following manufacturers: Luria-
Bertani (LB) Broth Miller, LB Agar Miller, Terrific Broth modified (TB), tris(hydroxymethyl)aminomethane (Tris),
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), kanamycin sulfate (Kan), ampicillin sodium salt
(Amp), Rotiphorese 10x SDS-PAGE buffer concentrate, Rotiphorese 50x TAE buffer concentrate, ammonium
persulfate, Rotiphorese Gel 40 (37.5:1) from Carl Roth (Karlsruhe, Germany). Imidazole from BASF
(Ludwigshafen, Germany). Magnesium chloride hexahydrate (MgCl, - 6 H>O) and sodium chloride (NaCl) from
Griissing (Filsum, Germany). Acetyl- and malonyl-CoA lithium salts, glycerol, malonic acid and sodium acetate
from Sigma-Aldrich (Taufkirchen, Germany). Deoxynucleotides (dANTPs), Q5 High-Fidelity DNA polymerase,
Antarctic phosphatase, ColorPlus™ Prestained Protein Marker (7-175 kDa) and restriction enzymes HindIII, Xhol
from New England Biolabs (Frankfurt am Main, Germany). Zinc chloride (ZnCl,), sodium dihydrogenphosphate
dihydrate (NaH>PO4-2 H>O) and N,N,N',N'-tetramethylethylendiamine (TEMED) from Merck (Darmstadt,
Germany). T4 DNA ligase, High Density Nickel Agarose, Bacterial DNA Preparation Kit and restriction enzymes
BamHI, EcoRI from Jena Bioscience (Jena, Germany). Isopropyl B-D-1-thiogalactopyranoside (IPTG),
nicotinamide adenine dinucleotide phosphate tetrasodium salt (NADPH), flavin adenine dinucleotide disodium salt
hydrate (FAD), coenzyme A trilithium salt (85 %) and L-ornithine hydrochloride from Carbolution Chemicals
(Saarbriicken, Germany). Adenosine 5'-triphosphate acid disodium salt (ATP) from PanReac AppliChem
(Darmstadt, Germany). Oligonucleotides from Sigma Aldrich were resuspended at a stock concentration of 100 pM
in pure water and stored on ice for immediate use or at -20 °C for long term storage. Kits for plasmid isolation and
DNA extraction from agarose gels, peqGOLD Plasmid Miniprep Kit I (C-Line) and peqGOLD Gel Extraction Kit
(S-Line), centrifugal filters 3 KDa (500 pl), PD-10 columns, peqGOLD Protein-Marker VII 'prestained' (40-
300 kDa), Vivaspin 2 Hydrosart membrane columns (10,000 and 30,000 MWCO) and PES 3kD centrifuge columns
from VWR (Darmstadt, Germany). Pierce™ Unstained Protein Molecular Weight Marker (14.4-116 kDa) from
Thermo Fisher Scientific (Schwerte, Germany).

Bacterial strains. Escherichia coli DH5a was used as the host for cloning procedures. E. coli strains were grown in
LB medium or on LB agar. After transformation of chemically competent E. coli cells, SOC medium was added to
the cellular suspensions. E. coli BL21(DE3) was used as heterologous host for the recombinant production of the
enzymes MatB, Pta, AckA, Tii6239-PKS/NRPS (IkaA), Tii6239-FAD (IkaB) and SA-AlcD (IkaC) as octahistidyl-
tagged fusion proteins from the pHis8 vector system. For lysate reactions, E. coli BAP1™ was used to produce N-
His8-T1i6239-PKS/NRPS in its pantotheinylated form. Additionally, Tii6239-FAD (IkaB) was expressed as a N-
GST fusion protein (construct: pGS-21a::Tii6239-ikaB).

Preparation of bacterial cells for chemical transformation./?! E. coli DH5a or BL21(DE3) LB overnight cultures
(DH5a: 10 mL; BL21(DE3): 1 mL) were prepared to inoculate 250 ml of SOC medium and cultivated overnight at
18 °C while shaking (180 rpm) until an ODsgo value of 0.4 to 0.6 was reached. Cells were then stored on ice and
pelleted afterwards for ten minutes at 4000 rpm, 4 °C. The supernatant was discarded and cells were resuspended
in ice-cold, sterile transformation buffer (10 mM HEPES, 15mM CaCl, -2 H,O, 250 mM KCI, 55 mM
MnCl; - 2 H>O, pH 6.7). Cells were again incubated on ice and pelleted by centrifugation for ten minutes at
4000 rpm, 4 °C. The supernatant was discarded and cells were resuspended in 18.4 mL ice-cold transformation
buffer, supplemented with 1.4 mL. DMSO (final volume content 7 %). Aliquots of 100 pl were prepared, flash-
frozen in liquid nitrogen and stored at -80 °C until use.

DNA workup. PCR products were purified either by the use of the PCR Purification Kit (Jena Bioscience) or by re-
isolation after agarose gel electrophoresis using the peqGOLD Gel Extraction Kit, S-Line (Peqlab) following the
instructions of the manufacturer's protocols. The preparation of plasmids was conducted using the peqGOLD
Plasmid Isolation Kit, S-Line (Peqlab).

gDNA preparation. All procedures were conducted by use of the Bacterial DNA Preparation Kit (Jena Bioscience),
according to the manufacturer's protocol.
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Cloning. The ikarugamycin biosynthetic genes required for this study were amplified from fosmid DNA template
covering the ikarugamycin clusters of either Streptomyces sp. Tii6239 or Salinispora arenicola CNS-205. The
Tii6239-PKS/NRPS gene was amplified using Q5 polymerase (NEB) in combination with High GC Enhancer
supplement. The gene coding for the malonyl-CoA ligase MatB was amplified using gDNA prepared from
Streptomyces coelicolor stain M1152 as PCR template.®! To amplify this GC-rich gene (GC content ~ 76 %),
addition of High GC Enhancer was necessary. Genes coding for AckA and Pta were amplified using gDNA prepared
from E. coli BW25113 as PCR template.*!

Purified PCR products were digested with appropriate restriction enzymes to generate sticky ends compatible for a
ligation with linearized and dephosphorylated vector backbones of pHis8, pHis8-TEV, pHis8C-TEV or pGS-21a
using T4 DNA ligase (Jena Bioscience). Restriction enzymes were purchased from NEB and Jena Bioscience and
were heat-inactivated before ligation was started. Antarctic phosphatase for dephosphorylation of linearized
plasmids was purchased from NEB.

The integrity of plasmids was first verified by restriction analysis. Inserts of positive clones were sequenced at
GATC Biotech (Konstanz, Germany). Results were retrieved as ab1-type files and were analyzed using Geneious
software version 8.x (Biomatters). Alignments to the according reference sequences were performed using Geneious
Aligment default settings. Maps of plasmids used in this study were constructed using the SnapGene software (from
GSL Biotech; available at snapgene.com).

Protein purification from E. coli. Plasmids pHis8::Tii6239-ikaA, Tii6239-ikaB and SA-ikaC, as well as pHis8C-
TEV::Tii6239-ikaA were transformed into E. coli BL21(DE3). Transformants were grown at 37 °C in LB medium
containing 50 pg/ml kanamycin sulfate overnight. These starter cultures were used to inoculate TB supplemented
with antibiotic. When an ODggo value of 0.6 was reached, cultures were cooled on ice for 20 min and protein
synthesis was induced by adding 0.5 mM IPTG, followed by an overnight incubation at 16 °C with shaking
(200 rpm). E. coli BL21(DE3) pHis8/pHis8C-TEV::Tii6239-ikaA cultures were incubated at 20 °C overnight while
shaking.

Cells were harvested by centrifugation and resuspended in lysis buffer (50 mM NaH,PO, - 2 H>O, 300 mM NaCl,
10 % glycerol, 10 mM imidazole, pH 8.0). After sonication on ice and subsequent centrifugation (10,000 rpm, 4 °C,
30 min), the supernatants were incubated with High Density Nickel Agarose (Jena Bioscience) and moderate
shaking for one hour on ice. This mixture was then applied onto a column, which was washed with lysis buffer
(40 mM imidazole, pH 7.5). Finally, the protein was eluted with lysis buffer (250 mM imidazole, pH 7.5). PD-10
columns (GE Healthcare) were used to exchange the eluate’s buffer, for IkaA/C: 50 mM Tris-HCI, 10 % glycerol,
pH 7.5; TkaB: 50 mM HEPES, 100 mM NacCl, 20 % glycerol, pH 7.5; MatB, AckA, Pta: 50 mM HEPES, 100 mM
sodium chloride, 2.5 mM EDTA, 20 % glycerol, pH 7.8. The protein solutions were then concentrated using
Vivaspin 2 Hydrosart membrane columns (Sartorius), resulting in recombinant enzymes with an approximate purity
of 80 % (TkaA) up to > 90 % (IkaBC, Sfp, MatB, AckA, Pta).

Protein concentrations were determined photometrically using the Implen Nanophotometer 330. Bacterial induction
and protein enrichment were monitored by SDS-PAGE analysis. Final protein concentrations after Vivaspin
treatment were measured in a spreadsheet using absorbance values (wavelength = 280 nm) from
http://protcalc.sourceforge.net/: N-His8-1kaA: 22.4 mg ml™, €280 nm = 347,820 M cm!; C-His8-IkaA: 8.09 mg ml™,
€280 nm = 349,100 M cm!; N-His8-1kaB: 6.7 mg ml™, €240 nm = 89,830 M* cm!; N-His8-IkaC(SA): 10.0 mg ml™,
€280nm = 57,750 M cm’l; C-His6-Sfp: 30.5 mg ml?, e0mm = 26,980 M! cm; N-His8-MatB: 23.8 mg ml’,
€280nm = 33,000 M! cm!; N-His8-AckA: 22.0 mg ml, €80 nm = 23,970 M! cm!; N-His8-Pta: 17.2 mg ml,
€280 nm = 36,630 M! cm™.

Enzymatic reactions
Enzymatic reactions to test in vitro production of acetyl-CoA.

Reactions were set up in PBS pH 7.4 in a total volume of 100 pl containing 10 mM sodium acetate, 1 mM CoA,
2.5 mM ATP, 10 mM MgCly, 1 uM AckA and 10 pM Pta. After an incubation period at 30 °C for one hour, the
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reactions were centrifuged at 16,000 x g for two minutes and supernatants were analysed by HPLC (A =
254 nm) (Eurospher II 100-3 C18 A, 150 x 4.6 mm) using the following gradient with water (A) and acetonitrile
(B), both buffered with 0.1 % formic acid, as the eluents: linear gradient from 5 % B (3 min), 50 % B (15 min), 70 %
B (20 min), 5 % B (24 min), all at a flow rate of 1.0 mL/min.

Enzymatic reactions to test in vitro production of malonyl-CoA.

Reactions were set up in PBS pH 7.4 in a total volume of 100 pl containing 22 mM malonic acid (dissolved in PBS
pH 7.4), 0.55 mM CoA, 1.3 mM ATP, 9 mM MgCl,, 5 pM MatB. After an incubation period at 30 °C overnight,
the reactions were centrifuged at 16,000 x g for two minutes and supernatants were analysed using the
identical conditions as for acetyl-CoA above.

Enzymatic reactions to produce ikarugamycin and the IkaB intermediate. Reactions were set up in HEPES buffer
(100 mM, 1.5 % glycerol, pH 7.8) with a volume of 100 pL containing 2 mM acetyl-CoA, 10 mM malonyl-CoA,
2 mM L-ornithine, 2 mM coenzyme A, 10 mM ATP, 10 mM NADPH, 2 mM FAD, 7.5 mM MgCl,, 10 pM N-His8-
IkaA or 5 pM C-His8-lkaA, 10 pM IkaB, 10 pM IkaC, and 5 pM Sfp. The employed enzymes were freshly
produced and isolated. The reactions were incubated overnight at 30 °C with shaking (350 rpm). Reactions were
quenched by addition of 100 pL. MeOH and vigorous vortexing. After centrifugation at 16,000 x g for two minutes,
supernatants were carefully transferred onto PES 3kD centrifuge columns. The resulting flow-through after
centrifugation at 10,000 x g for 30 minutes was used for LC-MS analysis. Samples were analyzed using an UltiMate
3000 LC System system coupled to a LCQ Fleet Ion Trap Mass Spectrometer (Thermo Scientific). Interpretation of
the recorded data was performed using the Thermo Xcalibur Qual Browser 2.2 SP1.48 software. The
chromatographic HPLC separation was carried out on a XBridge (Waters) C-18 HPLC column (30 x 4.6 mm, 3.5
pm particle size). The following gradient with water (A) and acetonitrile (B) as the eluents, both buffered with 0.1 %
formic acid, was applied: 20 % B (0 min) = 95 % B (6 min) = 95 % B (7.5 min) = 20 % B (8 min) > 20 % B
(9 min). The flow rate was kept constant at 1.1 mL/min. For preparative production of ikarugamycin (1), the PES
filtration step was omitted. The enzymatic reaction was conducted as above in a total of 3.7 mL reaction volume.
Ikarugamycin (1) was extracted from the aqueous enzyme buffer solution by exhaustive extraction with hexane.
The combined organic phases were washed with brine, dried over MgSOsu, filtered, and the solvent evaporated. The
crude extract was directly submitted to isolation of 1 by preparative HPLC using a Eurospher II (100-5, C8A, 125
x 8 mm) column (Knauer, Berlin). The following gradient with water (A) and acetonitrile (B) as the eluents, both
buffered with 0.01 % TFA, was applied: 60 % B (0 min) - 60 % B (2 min) - 100 % B (12 min) > 100 % B
(16 min) - 60 % B (16.5 min) = 60 % B (20 min). The flow rate was kept constant at 3 mL/min. Tkarugamycin
eluted from the column after 10 min. Acetonitrile was removed under reduced pressure from the combined fractions
containing 1. Residual water was removed by freeze-drying overnight. This led to the isolation of 0.32 mg (9 %) of
pure ikarugamycin (1) as white powder. NMR spectra of 1 were recorded on a Bruker AV500 system equipped with
a cryo probe.

Enzyme assays using cellular lysate supernatants. LB overnight cultures of E. coli BAP1 pHis8::Ti6239-ikaA,
E. coli BL21(DE3) pGS-21a::Tii6239-ikaB and pHis8::SA-ikaC were used to inoculate TB medium, supplemented
with appropriate antibiotics. Three cultures with a volume of 0.6 L (IkaA) and 0.3 L (IkaB and C) were prepared
and grown at 37 °C while shaking at 200 rpm to an ODggo value of about 0.6 to 0.8. Cultures were cooled on ice for
20 min and cells were induced by adding IPTG to a final concentration of 0.5 mM. After an overnight incubation at
16 °C while shaking (200 rpm), cells were harvested by centrifugation and were resuspended in lysis buffer (50 mM
NaH,PO, - 2 H,0, 300 mM NaCl, 10 % glycerol, 10 mM imidazole, pH 8.0). Per gram of cell pellet, 4 ml of buffer
were added. The E. coli cells were lysed on ice by sonication. After centrifugation (10,000 rpm, 4 °C, 30 min), the
supernatants were combined in an Erlenmeyer flask. After a four hour incubation at 30 °C while shaking (150 rpm),
the resulting mixture was extracted with ethyl acetate twice. The solvents were evaporated in vacuo and the residue
was dissolved in 500 pl methanol:water (1:1). After centrifugation at 16,000 x g for two minutes, the supernatant
was used for LC-MS analysis as above.
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2. Characterization of the employed expression constructs and proteins

a. IkaA

L4 vector map

(14,518) HindIII

|0

6xHis T7 terminatg,

|

pET-RP

pHis8::Tii6239-ikaA
14,695 bp

Figure S1. Vector map of the expression construct of ikaA in pHis8.

T7 promoter
RES

8xHis
thrombin site
EcoRI (5137)
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(14,467) HindIII 8xHis

| TN
TEV site 'T7 ter‘rninato

pET-RP

pHis8C-TEV::Tii6239-ikaA
14,683 bp

T7 promoter
RBS
EcoRI (5089)

Figure S2. Vector map of the expression construct of ikaA in pHis8C-TEV.

e DNA sequence of Tii6239-PKS/NRPS (ikaA) [9375 bp]; GenBank: KY402202:

ATGGATTCCATGCACCACCCTGCCCCCGTCCCCGTACCCGAAGTCCCCGCGCCCGTCCCGTCCCAGGACGACGCGTTCGC
CATCGTCGGCATCGGCTGCCGGCTGCCCGGCGGCGCCAGCGACTACCGGACCTTCTGGCGCAACCTCCTCGACGGCAAGG
ACTGCATCACCGACACCCCCGCCGACCGCTACGACACCCGCACCCTGGGCAGCGGCGACAAGGCCAAGCCCGGCCGGLTG
GTCGGCGGACGCGGTGGATACATCGACGGCTTCGACGAGTTCGACCCCGCCTTCTTCGGCATCAGCCCGCGCGAGGCCGA
GCACATGGACCCCCAGCAGCGGAAGCTCCTGGAGGTCGCCTGGGAGGCGCTGGAGGACGGCGGCCTCAAGCCCGCCGAGC
TGGCCGGCAGCGATGTCGGGGTGTACGTCGGGGCGTTCACCCTCGACTACAAGATCCTGCAGTTCGCCGACCTCGGCTTC
GAGACCCTGGCCGCGCACACCGCCACCGGCACCATGATGACGATGGTGTCCAACCGGATCTCGTACTGCTTCGACTTCCG
CGGACCCTCGGTCTCCGTCGACACCGCGTGCAGCGGCTCCCTGGTCGCCGTCCACCTCGCCTGCCAGAGCCTGCGCCGCG
GCGAGACCTCCGTCGCCCTGGCCGGCGGCACCCTGCTGCACATGGCGCCGCAGTACACCATCGCCGAGACCAAGGGCGGG
TTCCTCTCCCCCGACGGCCGCTCCCGCGCCCTGGACGCCTCCGCCAACGGCTACGTGCGCGCCGAGGGCGTCGGCATGGT
CGCCATCAAGCGCCTCGCGGACGCGCAGCGCGACGGCGATCCCATCCACGCCGTCATCATCGGCAGCGGCGTCAACCAGG
ACGGCCGCACCAACGGCATCACCGTGCCCAACCCCGACGCGCAGGTCGCCCTGATCGAGCGGGTCTGCGCCGCCGCCGGL
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GTCACCCCCGGCAGCCTCCAGTACGTCGAGGCGCACGGCACCTCCACCCCCGTCGGCGACCCGCTGGAGGCCAACGCCCT
CGGCCGCGCGCTCTCCATCGGCCGCGAGCCGGGCGCCCGGACGTACGTCGGCTCGGTCAAGACCAACATCGGGCACACCG
AGTCCGCCGCCGGCATCGCCGGGCTGATCAAGACGGTGCTCAGCCTCAAGCACAAGGTCATCCCGCCGCACATCAACCTG
GAGAAGCTCAACCCGCAGATCGACGAGGCGTCCCTGCCGTACGAGATCCCCCGCGAGCCCACCCCCTGGCCCGAGCACAG
CGGGCCGGCCCGGGCCGGCGTCAACTCCTTCGGCTTCGGCGGGACCAACGCCCACGTCCTGCTCCAGGAGGCACCGCCGA
CCGTCGGGGAGCCCGCGCCACCGGCCACCGACGGGTACTCCGTGCTGCCGCTCAGCGCCCGCGACCCCGAAGCCTTTCCC
GCCATCGCCACCGGCCTGCGCGAACGGCTCGCCGAGGGACTGCCGGTGGGCGACGCCGCCTACACCCTCGCCCACCGGCG
GCAGCATCTGGAGCAGCGGCTGTCCGTCGTGTACGACTCCCCCGAGGCCCTCGACGAGGTGCTCGGCGCCGTCGCCCGCG
GCGAGAGCCACCCGCGTGCCGTCGCCGGCACCCAGCGGGAGGGCCTGGACCGCAGGCTGGTGTGGGTGTTCACCGGCATG
GGCCCGCAGTGGTGGGCCATGGGCCGCCAGTTGTACGCGAGCGAGCCCGTCTACCGGGAGGTCATCGACCGCTGCGACCA
GGAGATCGCCGCGCTCACCGGCTGGTCCCTCACCCAGGAGCTGAACGCCGACGAGGCCGACTCCCGGATGAGCGAGACCT
GGCTCGCCCAGCCCGCCAACTTCGCCGTCCAGATCGCCCTGGCCGCCCTGTGGCGCAGCAAGGGGATCCAGCCCGACGCC
GTCACCGGGCACAGCACCGGTGAGGTCGCCGCGTTCTACGAGGCCGGGGTGTACACCCTCCCCGAGGCCGTGAAGATCGT
GGTGCACCGCAGCCGGCTCCAGCAGAAGCTCATCGGCACCGGCTCCATGCTCGCCGTCAGCCTCACCGAGGCGGAGGCCG
CCCGCCGGGTGCGCCCGCACGGCGACCGGGTCTCCATCGCCGCCGTCAACAGCCCCACCTCCATCACCCTGGCCGGGGAC
ACCGAGGCGCTGGAGGTGATCGCCGCCGAGCTGGGCGCCGAGGACATCTTCGCCCGCTTCCTGGAGGTCGGCGTCCCGTA
CCACAGCCCCCGCATGGAGCTGATCAAGGACGAGCTGCTGACCTCGCTCGCCGATCTCAAGCCGCAGCAGGCGAAGTTGC
CGCTGTACCTCACCGCGCTGCCGGGCACCGTCGCGCAGGGCACGGAGCTGGACGCCGACTACTGGTGGCGCAATGTGCGC
GAGGCCGTGCACTTCCGGGCCGCCGTGGACCGGCTGCTGGACGACGGCTACGGCGTCTTCCTGGAGATCGGCCCGCACCC
CGTGCTCGCCCACTCCCTGCGCGAGTGCTGCGAGGCCCGCGACGCGCACAGCGTCACCCTGGCCTCCATCCGCCGCAAGG
CGGACGAGCGCGAACGCCTCACCCTGTCGCTCGCCGCGCTGCACAGCCTCGGCTTCGCCGTGGACTGGCACGCCCTGCAC
CCCGCCGGGCGGCCGGCCGAACTGCCGCGCTACCCGTTCCGGCGCGACCGGTACTGGGTCGAGCCGGCCCCGGTCGCGCA
GATCCGGCTCGGCCACCGCGACCACCCGCTGCTGGGCCGCCGCACCGCGAGCGCCGAGCCGGTGTGGGAGGTGAAGCTGG
ACGCGGAGGCCGCCCCGTACCTGGAGGACCACCGCATCCAGGGCACCGTGCTGTTCCCGGCCGCCGGCTATCTGGAGATG
GCCGCGCAGGCCATGCGGGCGCTGACCGGTGATGAGCACAGCACCGCCGCGCTGGCCGGCATCGAGCTGCGCAAGGCGCT
GTTCCTGCCGGACGGCGAGCCGCAGACGGTGCAGCTGTCCTTCTCCTCCGACGCCGCCGCGTTCTCCATCGCCACCGTGG
GCGCCGCCGGCGCCGAGCCGACCGTGCACGCCACCGGTACGGTACGGGCCGCCCAGCGCCGCCGGCTGACCGCGCCGLTG
GACACCGTCGCCGTCCGGGCCCGCGCCGCCCGCCACCTGAGCGGCCCCGACTGCTACGCCGAACTGGCCGCGCTCGGCTA
CCACTACGGCCCCGCCTTCCAGGGCATCGAGGAGGTGTGGATCGGCGAGGGCGAGGCCCTGGCCCGGATCCGTCCGCCGL
AGGGGCTCACCCCGGACGCGGCGGCGCACCACATGCATCCGGTGCTGCTCGACTCCTGCTTCCAGTCGCTGCTGACCCCG
CAGCTGCTCACCGCGCCCGCCGGGCCCGGGGGCACCGGCATCCGGCTGCCGCTGTCCATCGCCGAGGTACGGCTGGACCC
GGTCGGCGACCGCGAACTGTGGGTGCACGCCACCGTCACCGGCGACGACGAGGACGAACTCACCGGTGACATCGCCGTGT
ACGACGGCGCCGACGGTACGCCGCTGGGCCGCGTCGCCGGCTTCCGCGCCGCCGATGTGGAGAAGGCCGCCACCACCGTG
GGGCTGTCCACCATCGACAGCTGGCTCACCGAACCGAGCTGGGTGCCGTGCCCGCTGCCCGAGGCGGCGTCCGCCGLCGLL
GGCGGCCGGGCGGCACGTACTGTTCGCCGACGCGGGCGGGGTCGCGCAGCGGCTGGCCGCGCTGATCGGCGAGGCCGGCG
GGGAGGCCCATCTGGTCCGGCCCGGTGCCGCGTACGGCCTGGACCGCACGGCGAGGACCGCCACCGTCGTCCCCGGATCC
GCGGATGACCTGCGGCGGTTGCTCACCGATCTCGGGCAGGTGGACGGCGTCGTCCACCTGTGGAACCTGGACCGGCCGGL
GCTGGCCGACGCCCCGCGCGGACGGTTCGCGGACATCGCCTCCACCGGCGCGTACGCCCTGATCGCCCTCACTCAGGCCC
TGCTCGCCGACCCGGAGCGGCACGGCGGCACCCCGGTGCACATCGTCACCAGAGCCGCCCAGTGCGTGGTCCCCGGTGAG
CCGGTGGAGCCGCTGGGCGCGCCCGCCTGGGGCATCGGCCGGGTGCTGTGGCAGCAGGAACTGGCCGGGCGCGGCGGCAA
GCTGATCGACCTGGCGGCCGACGGCGGCGTCGAGGAGGACGCGTACGCGCTGCTGCGCGAGCTGGCCGACCCCACCGGCG
CGGCCGAGCGCGAGGACGAGATCGCGCTGCGCGCCGGGGAGCGGCACACCAGCCGGLCTGGTGGCCGCCGAGGGGCTGAGC
AGGCCGCTGCCCCTGCGGCTGCGCCCGGACGGCAGCTATCTGGTGACCGGCGCGTTCGGCGCGCTCGGCAGGCTGCTGTG
CCGCACGCTGGTCAGGCGCGGGGCGCGGCGGCTGATCCTGGTGGGCCGCACCCGGCTGCCGGAGCGCGAGCGCTGGGCCG
ACCAGGACCCGAACTCGCCGGCCGGGCGGCACGTGGCCTTCCTCAAGGAGCTGGAGGCGCTGGGCGCGCAGCCGATTCTC
GCGCCGCTGGACATCACCGACGAGGACGCGCTGGCCGGCTGGCTCGCCGGGTACCGGCGCGCCCAGGGGCCGCCGATCCG
CGGGGTGTTCCATCTGGCGGGGCAGGTGCGCGACACCCTGGTGCCGGAGATGGACCGGGAGGTGTTCGACGCCGTCCACG
ACCCGAAGGTGGTGGGCGCGGCGCTGCTGCACCGGCAGCTGAGCGGCGAACCGCTGGAGCACTTCGTGCTGTTCGCCTCG
GTCGCGGCCTGGCTGACGACGGCCGGACAGACCAACTACGCGGCGGGGAACGCCTTCCTGGACGCGCTGGCGCACCACCG
CCGCGCGCAGGGGCTGCCGGCGCTGGCGCTGGACTGGGGCCCGTGGGCCACCGGCATGATCGAGGAACTGGGCCTGATCG
ACCACTACCGCAACAGCCGGGGCATGTCCTCGCTGGCGCCCGAGGCGGGCATGGCGGTGCTGGAGCGGGTCATCGGGCAG
GACCGGGCACAGCTGCTGGTGGCCACGGTCGTGGACTGGCCGGTGTTCATGTCCTGGTACGCGGCGCCGCCGCGGCTGGT
CACGGAGCTGGCGGCCACCGCCCAGGGACCGGGGTCCGAGGGCGACGGCAGTTTCCTGGACGCGTTCCGGGAGGCCACCG
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CGGACAAGCGGCGGCTGCTGCTGACCGAGCGGTTCACGACGCTGGTGGCGGGTGTGCTGCGGGTGCGGGCCGAGCAGGTG
GATCCGGCGGTCAGCCTGAATCTGCTGGGGCTCGACTCGCTGCTGGCGATGGAGCTGCGAGCGCGGGTGGTGGCCGAGGT
GGGCATCGCGCTGCCGGTGGTGGCGCTGCTGTCCAGCGCGCCGGCCGGGGACCTGATCACCCAGCTGCACGAGGGCCTGG
AGGAGTTGCTGGCCGAGGAGGGCAGCGGCGCCGCGGTGACGGCGGTGGAGCGCTTCGAGGACGAGGCCGAGTTCCCGCTG
ACGCAGAACCAGAAGGCGCTGTGGTTCCTGAAGCAGCTGAACCCGGACGGCTTCGCGTACAACATCGGCGGCGCCGTCGA
GGTGCGGGTCGAGCTGGACCCGGACCTGATGTTCGAGGCGTTTCGCCGGCTGCTGGCCCGGCATCCCGTGCTGCGGGCGA
ACTTCCTGCTGGTGGAGGGGCAGGCGGTGCAGCGGATCTCCCCGGAGATCAAGGAGGACATCGCGCTCTTCGACGTCGAG
GACCGCGCGTGGGACGACATCTACCGGATGATCATCGAGGAGTACCGCAAGCCGTACGACCTGGCGACCGATCCGCTGAT
CCGGTTCCGCCTCTTCCGGCGCGGCCCGGACCGCTGGGTCATCACCAAGGCCGTCCACCACATCATCTCGGACGCCATCT
CCACCTTCACCTTCATCGAGGAACTGCTGTCCCTGTACGAGGGGCTGCGGCAGGGCCACGACGTCGAACTGCCGCCGGTG
TCCGCCCGCTATCTGGACTTCCTCAACTGGCAGAACGCGTTCCTGGCCGGCCGCGAGGCGCAGAAGATGCTCGCGTACTG
GCGGGGGCAGCTGCCGGACGAGGTGCCGGTGCTGGCGCTGCCCACCGACAAGCCGCGCCCGGCGGTGCTCACCCACAACG
GGGCGTCCGAGTTCTTCGCCCTGGACGCGGAGTTGAGCGCCCGGGTGCACGCGCTGGCGCGGGAGCACAACGTCACCGTC
TTCATGGTGCTGCTGAGCGCGTACTACCTGCTGCTGCACCGCTATGCGGGGCAGGACGACATCATCGTCGGCTCCCCCGT
CACCGGCCGCACCCAGGAGGAGTTCGGCGCCGTCTACGGGTACTTCGTGAACCCGCTGCCGCTGCACGCCTCGCTGGCCG
GTGACCCCACGGTCGCCGAGCTGCTGGACCAGGTGCGCACCACGGTGCTGGGCGGCCTGGACCACCAGGAGTACCCGTTC
ACGCTGCTGGTGGAGCAGCTGGGGCTGGCCCACGACCCGAGCCGGTCGGCGGTCTTCCAGGCGATGTTCATCCTGCTGCA
CCACAAGGTGGCCACCGAGAAGTACGGCTACAAGCTGGAGTACATCGAGCTGCCCGAGGAGGAGGGCCAGTTCGACCTGA
CGCTGTCCGCGTACGAGGAGGAGGCGGACGGGCGGTTCCACTGCGTCTTCAAGTACAACACCGACCTCTTCGAGGCGGAG
ACGATCCGGCGGCTCGCCGGGCACTACACGCAGCTCCTGGAGTCGCTGACCGCGGCGCCCGCCGACGCCGCCACCGGTGG
ACTGCGGATGCTGTCGGGCGGCGAGCGGGAGCGGATCCTCACCGAGTGGAGCGGGGCCGGGCAGGGCGCGCAGGALCGLGL
CGGTGCCGGTGCACCGGCTGATCGCCGAGGCGGCGCACCGTACCCCGCAGGCGATCGCGGTGGCCGCGCCCGCCGAGAGC
GGGGAGACCCGGCGGCTGACGTACGGCGAACTGGAGGAGCGCGCCGGCGAACTGGCCGGGCGGCTGCGGGCGCGCGGLGT
GCGCGAGGGCACCGTCGTCGCGCTGTGCCTGGAGAAGTCGCCCGAGCTGATCACCGCCCTGCTGGCGGTCCTCAAGGCGG
GCGGCGCCTATCTGCCGCTGGACCCGGACTATCCGGCCGACCGGCTCGCGTACATGGTGCGCAACGCCGGGGCCACGCTG
GTGATCGGCGGGACGGGCGGCGCGGCCGAGGGGCTGCCGGGCACCGTGGTCACCCTGGAGGAACTGCTCGCGGGCGAGGC
CGGCGAAGCGGGGCCGGACGCCGAGCCGGGGCCCGACTCCCCCGCCTACGTCATCTACACCTCGGGCTCCACCGGGLGLC
CCAAGGCGGTCGCGGTCAGCCACCGCAATCTGGCCTCGGTGTACGCCGGATGGCGCGACGCCTACCGCCTGGAGGAGGGC
GGCATCCGGGTCCATCTCCAGATGGCCAGCCCCTCCTTCGACGTCTTCACCGGCGACCTGACCCGAGCCCTGTGCTCGGG
CGGCACGCTGGTGCTGGTCGGCCGGGAGCTGCTGTTCAACACCGCCCGGCTGTACGAGACGATGCGCGCCGAACGGGTGG
ACTGCGGCGAGTTCGTGCCCGCCGTGGTGCGCACCCTGGTGCGGCACTGCGAGGACACCGGCGCCCGGCTGGACTTCCTG
CGGCTGCTGATCGTGGGCTCGGACTCCTGGAAGGCCGAGGAGTACGAGCGGCTGCGCGCGCTGGGCGCACAGCGCCTGGT
GAACTCGTACGGGCTCACCGAGGCCACCATCGACAGCGCCTGGTTCGAGGGTCCCGCGGATGACCTGGAGGGCGGCCGGA
TGGTGCCCATCGGGCGGCCGTTCCCGGGCAGCGCGCTGTACATCCTGGACTCGCGCGGCGAGCCGGTGCCGCCCGGTGTC
CCCGGCGAGCTGTGGATCGGCGGCACCGGGGTGGCGCTCGGCTACCTCGGCGACGAGGCGCTGACCGGGGAGCGGTTCCT
CACCCGCGCCCTGGCCGGCGACGCTCCGGTACGGCTGTACCGCACCGGTGACCTCGCGCGCTGGGACGCGGCCGGCACCG
TCCATCTGCTGGGCCGGGCCGACTCGCAGATCAAGGTGCGCGGGCACCGCATCGAGATCGGGGAGATCGAGTCGCACCTG
GCGGCCTGCCCCGAGCTGGCCCAGGCGCAGGTCACCGTGCGGCCGGACGCGGGCGGCGAGAACGTGCTGTGCGCGTACGG
GGTGGCGGCCCCGGGCGCCGTGCTGGACTGGCGCGAGGTGCGCCGGCGCCTGGCGGACTATCTGCCGACGTTCATGATCC
CCACCCACTTCACCGAGCTGCCCGCCCTGCCGCTCACCCCGAACGGCAAGGTGGACGTGGCGGCGCTGCCCGCCCLCGLGL
ACCGGCGACGGCGCGGACGGGCCGGTGTACGAGGCCCCCGTCACGCTGTACGAGACCCGGATGGCCGAGCACTGGCAGCG
GCTGCTGGGCATCGAGGCCCCCGGGCCCGGTCTGGGCCACGACTTCTTCGAGACCGGTGGCAGCTCCATCCGGCTGATCG
AGCTGATCTACCACCTGCAGGCCGAGTTCGGGATCTCCATCCCGGTCAGCCGGCTGTTCCAGGTGACGACGCTGCACGGC
ATGGCCAAGACGGTCGAGCGGATCGTCACCGGGGAGATCGAGGGGTCGCTGCCGTATCTGCGGTTCAACGAGAACGCCGC
GGCGGGCACGGTGTTCTGCTTCCCGCCGGCCGGTGGCCACGGCCTGGTCTACCGGGAGTTCGCGGCGCGGCTGCCGGAGT
TCGAGTTCCTCGCCTTCAACTACCTGATGGGCGAGGACAAGGTAAGCGGGTACGCCGACCTGGTGGCCGGGCACCGGCCG
GAGGGCGAGATCGACCTGCTCGGCTACTCGCTGGGCGGCAACCTCGCCTTCGAGGTGGCCAAGGAGCTGGAGCGGCGCGG
CCGCACCGTGCGCCACGTCGTCATCATGGACTCGCTGCGGGTGACGGAGTCCTACGAGCTGGGCCCGGAGCACCTGGCCG
TCTTCGAGCGCGAGCTGGCCGAGCATCTGCGCAAGCACACCGGCTCGGCGCTGGTCGCGGAGAAGACGCGCGAACAGGLC
AAGGACTACCTGGAGTTCACCGGCCGCACCGCCAACCCCGGCACCACCGGGGCCCGGATCGCGGTGATCAGTGACGAGGA
GAACGCGGCCGCGTACGACAGCGGCGCCGAGGGCAGCTGGCACGGCGCCTCCCGTACCGGAACCGACGTGCTGCGCGGGG
TGGGCCGGCACGCCGACATGCTCGATCCGGGGACGGTCGAGCACAACGCGCGCCTGGCGCGCGGCATTCTCACCGGCGGT
GATGGCGAGGTATGA

110



Translation for Ti6239-PKS/NRPS [3124 AA]:

MDSMHHPAPVPVPEVPAPVPSQDDAFAIVGIGCRLPGGASDYRTFWRNLLDGKDCITDTPADRYDTRTLGSGDKAKPGRL
VGGRGGYIDGFDEFDPAFFGISPREAEHMDPQORKLLEVAWEALEDGGLKPAELAGSDVGVYVGAFTLDYKILQFADLGFE
ETLAAHTATGTMMTMVSNRISYCEFDFRGPSVSVDTACSGSLVAVHLACQSLRRGETSVALAGGTLLHMAPQYTIAETKGG
FLSPDGRSRALDASANGYVRAEGVGMVAIKRLADAQRDGDPIHAVIIGSGVNQDGRTNGITVPNPDAQVALIERVCAAAG
VIPGSLQYVEAHGTSTPVGDPLEANALGRALSIGREPGARTYVGSVKTNIGHTESAAGIAGLIKTVLSLKHKVIPPHINL
EKLNPQIDEASLPYEIPREPTPWPEHSGPARAGVNSFGEFGGTNAHVLLOQEAPPTVGEPAPPATDGYSVLPLSARDPEAFP
ATATGLRERLAEGLPVGDAAYTLAHRROHLEQRLSVVYDSPEALDEVLGAVARGESHPRAVAGTQREGLDRRLVWVETGM
GPOQWWAMGRQLYASEPVYREVIDRCDQEIAALTGWSLTQELNADEADSRMSETWLAQPANFAVQIALAALWRSKGIQPDA
VIGHSTGEVAAFYEAGVYTLPEAVKIVVHRSRLOQKLIGTGSMLAVSLTEAEAARRVRPHGDRVSIAAVNSPTSITLAGD
TEALEVIAAELGAEDIFARFLEVGVPYHSPRMELIKDELLTSLADLKPQOQAKLPLYLTALPGTVAQGTELDADYWWRNVR
EAVHFRAAVDRLLDDGYGVFLEIGPHPVLAHSLRECCEARDAHSVTLASIRRKADERERLTLSLAALHSLGFAVDWHALH
PAGRPAELPRYPFRRDRYWVEPAPVAQIRLGHRDHPLLGRRTASAEPVWEVKLDAEAAPYLEDHRIQGTVLEFPAAGYLEM
AAQAMRALTGDEHSTAALAGIELRKALFLPDGEPQTVQLSFSSDAAAFSIATVGAAGAEPTVHATGTVRAAQRRRLTAPL
DTVAVRARAARHLSGPDCYAELAALGYHYGPAFQGIEEVWIGEGEALARIRPPQGLTPDAAAHHMHPVLLDSCFQSLLTP
QLLTAPAGPGGTGIRLPLSIAEVRLDPVGDRELWVHATVTGDDEDELTGDIAVYDGADGTPLGRVAGFRAADVEKAATTV
GLSTIDSWLTEPSWVPCPLPEAASAAPAAGRHVLFADAGGVAQRLAALIGEAGGEAHLVRPGAAYGLDRTARTATVVPGS
ADDLRRLLTDLGQVDGVVHLWNLDRPALADAPRGRFADIASTGAYALIALTQALLADPERHGGTPVHIVTRAAQCVVPGE
PVEPLGAPAWGIGRVLWQQOELAGRGGKLIDLAADGGVEEDAYALLRELADPTGAAEREDEIALRAGERHTSRLVAAEGLS
RPLPLRLRPDGSYLVTGAFGALGRLLCRTLVRRGARRLILVGRTRLPERERWADQDPNSPAGRHVAFLKELEALGAQPIL
APLDITDEDALAGWLAGYRRAQGPPIRGVFHLAGQVRDTLVPEMDREVFDAVHDPKVVGAALLHRQLSGEPLEHFVLFAS
VAAWLTTAGQTNYAAGNAFLDALAHHRRAQGLPALALDWGPWATGMIEELGLIDHYRNSRGMSSLAPEAGMAVLERVIGQ
DRAQLLVATVVDWPVFMSWYAAPPRLVTELAATAQGPGSEGDGSFLDAFREATADKRRLLLTERFTTLVAGVLRVRAEQV
DPAVSLNLLGLDSLLAMELRARVVAEVGIALPVVALLSSAPAGDLITQLHEGLEELLAEEGSGAAVTAVERFEDEAEFPL
TONQKALWEFLKQLNPDGFAYNIGGAVEVRVELDPDLMFEAFRRLLARHPVLRANFLLVEGQAVQRISPEIKEDIALEFDVE
DRAWDDIYRMITEEYRKPYDLATDPLIRFRLFRRGPDRWVITKAVHHIISDAISTFTFIEELLSLYEGLRQGHDVELPPV
SARYLDFLNWONAFLAGREAQKMLAYWRGOQLPDEVPVLALPTDKPRPAVLTHNGASEFFALDAELSARVHALAREHNVTV
FMVLLSAYYLLLHRYAGQDDIIVGSPVTGRTQEEFGAVYGYFVNPLPLHASLAGDPTVAELLDQVRTTVLGGLDHQEYPF
TLLVEQLGLAHDPSRSAVFQAMFILLHHKVATEKYGYKLEYIELPEEEGQFDLTLSAYEEEADGRFHCVFKYNTDLFEAE
TIRRLAGHYTQLLESLTAAPADAATGGLRMLSGGERERILTEWSGAGQGAQDAPVPVHRLIAEAAHRTPQATAVAAPAES
GETRRLTYGELEERAGELAGRLRARGVREGTVVALCLEKSPELITALLAVLKAGGAYLPLDPDYPADRLAYMVRNAGATL
VIGGTGGAAEGLPGTVVTLEELLAGEAGEAGPDAEPGPDSPAYVIYTSGSTGRPKAVAVSHRNLASVYAGWRDAYRLEEG
GIRVHLOMASPSFDVFTGDLTRALCSGGTLVLVGRELLENTARLYETMRAERVDCGEFVPAVVRTLVRHCEDTGARLDFEL
RLLIVGSDSWKAEEYERLRALGAQRLVNSYGLTEATIDSAWFEGPADDLEGGRMVPIGRPFPGSALYILDSRGEPVPPGV
PGELWIGGTGVALGYLGDEALTGERFLTRALAGDAPVRLYRTGDLARWDAAGTVHLLGRADSQIKVRGHRIEIGEIESHL
AACPELAQAQVTVRPDAGGENVLCAYGVAAPGAVLDWREVRRRLADYLPTEMIPTHFTELPALPLTPNGKVDVAALPAPR
TGDGADGPVYEAPVTLYETRMAEHWORLLGIEAPGPGLGHDFFETGGSSIRLIELIYHLQAEFGISIPVSRLFQVTTLHG
MAKTVERIVTGEIEGSLPYLRENENAAAGTVFCFPPAGGHGLVYREFAARLPEFEFLAFNYLMGEDKVSGYADLVAGHRP
EGEIDLLGYSLGGNLAFEVAKELERRGRTVRHVVIMDSLRVTESYELGPEHLAVFERELAEHLRKHTGSALVAEKTREQA
KDYLEFTGRTANPGTTGARIAVISDEENAAAYDSGAEGSWHGASRTGTDVLRGVGRHADMLDPGTVEHNARLARGILTGG
DGEV
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e Sequencing results

! 1,000 2,000 3,000 4,000 5,000 8,000 7,000 8,000 0,000 0,450
Consensus

. ____________________________________________________________________________________________________________________|]
dentry -

12,768 13.887 14,887 16,887 16.887 17 887 18,887 19,887 20.887 21,887

1. TUE239_ikaA

X EcoRl (74)
FIb 2. 11GFGE5.ah1 extraction -

FUl- 3. 11GF70.ah1 extraction

Fb 4 11GF73.ah1 extraction

Fb 5. 11GFE8.ah1 extraction

FUl 6. 11GF90.ah1 extraction

FUL 7. Ti-PKS ForV.ah1 extraction
REV 8. TU-MRPS RevV.ab1 extraction
REV Q. 11GF89.ah1 extraction
REV10.11GF75.ab1 extraction
FEV11.11GF71.ab1 extraction

X Hindlll (£
REY 12, 11GFE7.ab1 extraction

Figure S3. Schematic representation of the sequencing results for the EcoRI/HindIIl-flanked insert ikaA of
pHis8::Tii6239-ikaA. Lines 2 to 12 graphically show the perfect agreement of the individual overlapping sequencing
runs with the original sequence of ikaA (top line).
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1 1.000 2,000 3,000 4,000 5,000 6000 7.000 8000 9,000 9,477

Consensus —

dentiy -
I1 1 .DIDD Z.EEDD 3.DIDD d.qDD 5.DIDD G‘E!DD ?.DIDD E.E!DD Q.-ﬁl?
vECORI (20) Hircllll ('9,1

1.TU6239_ikaA_wao_TGA

_EcoRl (20)
FUb 2, 98IHA5 ah1 extraction

FUlb 3 98IHAT .ab1 extraction
FIL 4, 981H98.ah1 extraction

FUD 5. 98IH99.ah1 extraction

FUlb @, 981100.ab1 extraction

FUL 7. 981101.akb1 extraction

FUD 5. 981102.3k1 extraction

REV Q. 981104.ab1 extraction

REV10. 981105.ab1 extraction

FUR 11, 981109.ab1 extraction

REV12.981110.ab1 extraction

REV13. 981107 .ab1 extraction

Hindllll (2,2

REV 14, 98IH93.ah1 extraction

Figure S4. Schematic representation of the sequencing results for the EcoRI/HindIII-flanked insert ikaA of pHis8C-
TEV::Tii6239-ikaA. Lines 2 to 14 graphically show the perfect agreement of the individual overlapping sequencing
runs with the original sequence of ikaA (top line).
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e SDS page analysis
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Figure S5. SDS-PAGE analysis monitoring the expression and enrichment of N-His8-Tii6239-PKS/NRPS
(339.4 kDa). The debris pellet (P), supernatant (S), flow-through (FT), combined eluates (CE), PD-10 column eluate
(DE) and Vivaspin concentrate (C) are shown.
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Figure S6. SDS-PAGE analysis monitoring the expression and enrichment of C-His8-TEV-T1i6239-PKS/NRPS
(340.4 kDa). Fractions of uninduced bacteria (U), debris pellet (P), supernatant (S), flow-through (FT), combined
eluates (CE), PD-10 column eluate (DE) and Vivaspin concentrate (C) are shown. The minor impurities visible in
the concentrated fraction of IkaA were analyzed by MALDI-TOF after tryptic digest and shown to originate from
E. coli. Upper band at approx. 70 kDa: putative bifunctional UDP-glucuronic acid oxidase/UDP-4-amino-4-deoxy-
L-arabinose formyltransferase; lower band: glutamine-fructose-6-phosphate aminotransferase.
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b. IkaB

e vector map

(6970) Xhol

T7 terminaro,. \\

]

pET-RP

pHis8::Tii6239-ikaB
7132 bp

(5131) BamHI
thrombin site

T7 promoter

Figure S7. Vector map of the expression construct of ikaB in pHis8.
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T7 promoter
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\ac operator J 6xHig
RBS
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T7

BamHI (848)

pGS-21a::Tii6239-ikaB
7969 bp

Xhol (2687)

Figure S8. Vector map of the expression construct of ikaB in pGS-21a.

e DNA sequence of Tii6239-FAD (ikaB) [1833 bp]; GenBank: KY402203:

ATGACGCCTTTCGTTCAGCCGGCGGTCGACACCAAGGAGCACAGCGCCATGTCATCCCCCACCACCTCCGGCACCCCGGG
CAGGCAGTCGATGATCATCATCGGCGGCGGCCTGGGGGGCCTGTCCACCGGCTGCTACGCGCAGATGAACGGCTACGCGA
CGCGGGTCTTCGAGATGCACGAGATCCCGGGCGGTTCCTGCACCGCCTGGGAGCGCGGGGACTTCACCTTCGACTGGTGC
GTCAGCTGGCTGCTGGGCAGCGGTCCCGGCAACGAGATGTACCAGATCTGGATGGAACTGGGGGCGTTGCAGGGCAAGGA
GATGCGCCAGTTCGACGTCTTCAACATCGTGCGGGTGCGCGGCGGCCAGCCGGTGTACTTCTACTCCGACCCGGACCGGC
TCCAGGCGCACCTGCTGGAGATCTCCCCGGCCGACGCCCGCCGCATCAAGAACTTCTGCGAGGGGGTGCGCACCTTCCAG
AAGGCGCTGTCGGTCTACCCGTTCCTCAAGCCGGTGGGGCTGATGGGGCGGTGGGAACGGTGGAAGATGCTGGCCTCGTT
CCTGCCGTACTTCAACGCCATCCGCAAGTCCATCACCGAGCTGATGACGGACTACGCGGAGAAGTTCCAGCACCCGGTGC
TGCGCGAGGCCTTCAACTACGTGCTGTACGAGAAGCACGCCGACTTCCCCGTCCTGCCGTTCTGGTTCCAGCTGGCCTCG
CACGCCAACGGCTCGGCGGGGGTGCCCGAGGGCGGCTCGCTGGAGCTGGCCCGGTCCGTGGAGCGGCGCTACCTGGGGCT
CGGCGGGGAGATCACCTACAACGCCAAGGTGGAGAAGATCCTCGTCGAGCACGACAAGGCGGTGGGAGTGCGGCTCACCG
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ACGGCCGCGAGTTCCGCGCGGACATCGTGGTGTCGGCGGCCGATCTGCACACCACCGCCATGGAGATGCTCGGCGGCCGG
TATCTCAACGACACCTGGCGCAAGCTGCTCACCGAGACGATCGACGAGGTGGGCACGATCTCCCCCGGCTATGTCTCGCT
GTTCCTGGGGCTGCGCCGGCCGTTCCCCGAGGGCGAGCCGTGCACCACGTACGTGCTGGAGGACAGCATGGCGGAGAAGC
TCACCGGCATGCGGCATCCCAGCATGAACGTGCAGTTCCGCAGCTGCCACTACCCGGAGCTGTCGCCGCGCGAGACCACG
GTCATCTTCGCCACGTACTTCTCGGAGGCCGAGCCGTGGCGGGCGCTGCGCGACGACGTGCCGGAACAGGCGGGCCGGGET
GCGGCGCGGTCAGGTGCTGCACACCCTGCCGGTGAAGCACGGCAAGGCGTACACCCAGGCCAAGCGGCAGGCGCGGATCA
CCATCGAGAACTTCCTGGACGAGCGGTTCCCCGGTCTCAAGGACGCGGTCGCCGTGCGGGACGTGTCCACGCCGCTGACG
CAGGTGCGCTACACGGGCACCTACAACGGCGGGTTCCCCGGCTGGCAGCCGTTCGTGGACGGCGGGGAGACCGTGGAGGT
GGAGATCAACAAGAACGGCCCGGTGCTGCCGGGGCTCTCCAACTTCTATCTGGCCGGGGTGTGGGTCACCGTCGGCGGGC
TGATCCGGGCGGTGGCCTCGGGCCGGCAGGTCACGCAGGTGATCTGCCGGGACGACGGGCGGGAGTTCACGGCGAGCGTG
GACGAGAGCGCGCCGCCGCCCACCCAGGTCGCCATCCCGGTGGGCAAGCAGCCGGGCGTGCCGGATCTGGCGGCCGGGTT
CCCCGCCCAGACCGCCGGCGGCGAGACCGCCACCGGCGCCAACAACACCGTCACATCGTCGAGGAGCGTGTAG

e Translation for Tii6239-FAD [610 AA]:

MTPFVQPAVDTKEHSAMSSPTTSGTPGRQSMITIGGGLGGLSTGCYAQMNGYATRVFEMHEIPGGSCTAWERGDFTEDWC
VSWLLGSGPGNEMYQIWMELGALQGKEMRQFDVENIVRVRGGQPVYFYSDPDRLOAHLLEISPADARRIKNEFCEGVRTFEQ
KALSVYPFLKPVGLMGRWERWKMLASFLPYEFNATRKSITELMTDYAEKFQHPVLREAFNYVLYEKHADFPVLPEFWEQLAS
HANGSAGVPEGGSLELARSVERRYLGLGGEITYNAKVEKILVEHDKAVGVRLTDGREFRADIVVSAADLHTTAMEMLGGR
YLNDTWRKLLTETIDEVGTISPGYVSLFLGLRRPFPEGEPCTTYVLEDSMAEKLTGMRHPSMNVQFRSCHYPELSPRETT
VIFATYFSEAEPWRALRDDVPEQAGRVRRGOQVLHTLPVKHGKAYTQAKRQARITIENFLDERFPGLKDAVAVRDVSTPLT
QVRYTGTYNGGFPGWQPFVDGGETVEVEINKNGPVLPGLSNFYLAGVWVTVGGLIRAVASGRQVTQVICRDDGREFTASV
DESAPPPTQVAIPVGKQPGVPDLAAGEFPAQTAGGETATGANNTVTSSRSV

e Sequencing results

1 200 400 00 00 1.000 1.200 1.400 1,600 1.845

Consensus |
dertiy —

2?.13? EE.ZIJSIJ EE.ISSIJ EE.IEIJ 22.?3D 23.1|3D 23.!?3!] 23.5|3IJ ES.IHD ES.QEIQ
TOG2359_ikaB

FAD cependant oxicorec

. JBamHl (2)
FUD ODGBBT.ab1 extraction

_ shol (1,
REV OO0GBB8B.ab1 extraction

Figure S9. Schematic representation of sequencing results for the BamHI/Xhol-flanked insert ikaB of
pHis8::Tii6239-ikaB. Lines 2 and 3 graphically show the perfect agreement of the individual overlapping
sequencing runs with the original sequence of ikaB (top line).
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II EEIIIJ 4(:0 ﬁIJIIJ SEIIEI 1 .UIUD 1 .I-.:IJIJ 1 .4IIJIJ 1 .BIDIJ 1,845

Consensus . ______________________________________________________________________________________________________|
dentiy -
2?,13? EE,?SD EE,SISD EE,TISD zz,lsan 23,!3D 23,?3D 23,5|3D ES,Tlaﬂ ES,QEIQ
TUGE239_ikaB
FAD dependant oxidorecuctase

JBamHI (2)
Flllx 11 GF55.ab1 extraction

) ¥hal (1,
REW11GFATY.ab1 extraction

Figure S10. Schematic representation of sequencing results for the BamHI/XhoI-flanked insert ikaB of pGS-
21a::Tii6239-ikaB. Lines 2 and 3 graphically show the perfect agreement of the individual overlapping sequencing
runs with the original sequence of ikaB (top line).

e SDS page analysis
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Figure S11. SDS-PAGE analysis of purified IkaB, N-His8-Tii6239-FAD (69.9 kDa).
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c. IkaC (SA)

e vector map

(6193) Xhol

¥ O
extiis T7 terminator

pET-RP

(5131) BamHI
thrombin site

T7 promoter

pHis8::SA-ikaC
6355 bp

Figure S12. Vector map of the expression construct of ikaC(SA) in pHis8.

e DNA sequence of SA-AlcD (ikaC) [1056 bp]; GenBank: CP000850.1:

ATGAAAATCGACAAGTGGGTCGTCCGCGCGCACCTCGACGGGCTGCCGGACGCCGAACGAGTTTATGAGAAGGTCACCGA
GGACGTGCCGGTCGCACTCGGAGACGACGAGATGCTGTTCCGGACCAGGTACGTGTCGGTCGACCCGTACCTGCACGGGC
TCGCCCTGGAGACCCCAATCGGCGAGCACATGGTCGCCGACTCGATCATGGAGGTGGTCCAGGCCGGCCCGGGCGLCTGCC
TTCCGGGTCGGCGACCTGGTCCAGGGCTACGGCGGCTGGCGCAGCCACATCATCGGCACTGGCGGCGAGGTGCGGTGGCA
GGGCGAGTCGTTCTCCATGGTATTCCCGGCATACCGCCACCTGAACCCGGACCACTACGACGACGTGCTGCCGGTGACGA
CCGCGCTCGGCATTATGGGCGGGCCGGGCATCACCGCCTGGGGCACGCTGGCACACTTCATGGCGATTCGGCCGGGCGAC
ACTCTGGTGATCAGCGGTGCGTCGGGCGCGGTCGGCACGCTGGTCGGCCAGCTCGCGAAGCGGGCCGGGGCGCGGGTGGT
GGGCACCACGTCGTCGCCGGCGAAGATCGGGTTCCTGACCGAGCTCGGCTTCGACGCCGTCGTTCCGTACCGGCTCGGAG
ACGACCCGGACCGGGTGCGCGAGGAGTTGCTCAGGGCCGCACCGGACGGCGTCGACCGATACTTCGACAACCTGGGCGGG
ACGATCACCGATGTGGTCTTCAGCATGCTCACGGTGCACAGCCAGGTTGCCGTCTGCTGGCAGTGGGCGACCCAGGTGAA
CCGCGACTACACCGGCCCGCGCCTGCTGCCGTACATCATGCAGTCCCGCACCACGATCCGCGGGATCTTCGCCTACGAGT
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GGTTCACCGAGGAGAACCTCACGGCGATGCGCGACGAACTCGGCGGCATGATCCGCCGCGGCGAGCTGAGCTTCCGGCAG
ACCGTCTATCGCGGGTTCGACGAGATACCGGCCGCGTATCAGAGCCTCTATGTGGACCGCTCCGACAACCGCGGCAAGGT
CCTGGTGGAGATCTGA

e Translation for SA-AlcD [351 AA]:

MKIDKWVVRAHLDGLPDAERVYEKVTEDVPVALGDDEMLFRTRYVSVDPYLHGLALETPIGEHMVADSIMEVVQAGPGAA
FRVGDLVQGYGGWRSHIIGTGGEVRWQGESFSMVFPAYRHLNPDHYDDVLPVTTALGIMGGPGITAWGTLAHFMAIRPGD
TLVISGASGAVGTLVGQLAKRAGARVVGTTSSPAKIGFLTELGFDAVVPYRLGDDPDRVREELLRAAPDGVDRYFEFDNLGG
TITDVVESMLTVHSQVAVCWQWATQVNRDYTGPRLLPYIMQSRTTIRGIFAYEWFTEENLTAMRDELGGMIRRGELSEFRQ
TVYRGFDEIPAAYQSLYVDRSDNRGKVLVET

e Sequencing results

1 100 200 3on 400 500 600 700 800 aono 1,000 1,068
Consensus I

dentiy e

41.058 41,151 41,251 41,351 41,451 41551 41,851 41,741 41,851 41,851 42,051

SA_ikaC

Alcohol Dehydrogenase Jinc Binding

BamHl (2)
Flle: 11 GF93.ab1 extraction L

. Khol(j |
REM 21BG97.ab1 extraction

Figure S13. Schematic representation of sequencing results for the BamHI/Xhol-flanked insert ikaC(SA) of
pHis8::SA-ikaC. Lines 2 and 3 graphically show the perfect agreement of the individual overlapping sequencing
runs with the original sequence of ikaC (top line).
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Figure S14. SDS-PAGE analysis of purified IkaC, N-His8-SA-AlcD (41.1 kDa).

122



d. Optional enzymes

e MatB

L4 vector map
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Figure S15. Vector map of the expression construct of matB in pHis8.

e DNA sequence of matB [1455 bp]:

TCCTCTCTCTTCCCGGCCCTCTCCCCGGCCCCGACCGGCGCCCCGGCCGACCGGCCCGCGCTGCGGTTCGGCGAGCGCTC
CCTGACCTACGCGGAACTCGCCGCGGCGGCGGGCGCCACGGCCGGGCGGATCGGCGGCGCCGGCCGGGTCGCGGTCTGGG
CCACCCCGGCGATGGAGACCGGCGTCGCCGTGGTGGCGGCGCTGCTGGCCGGGGTCGCCGCCGTACCGCTCAACCCGAAG
TCCGGCGACAAGGAACTCGCGCACATCCTCTCCGACAGCGCGCCCTCGCTCGTCCTGGCGCCCCCGGACGCGGAACTCCC
GCCCGCCCTCGGGGCCCTGGAGCGCGTCGACGTCGACGTGCGGGCCCGCGGGGCGGTCCCCGAGGACGGTGCCGACGACG
GCGACCCCGCGCTCGTCGTCTACACCTCGGGCACCACGGGACCGCCGAAGGGCGCCGTCATCCCCCGGCGGGCGCTCGCC
ACGACCCTGGACGCGCTCGCCGACGCGTGGCAGTGGACCGGCGAGGACGTGCTGGTGCAGGGGCTGCCGCTGTTCCACGT
GCACGGGCTGGTCCTCGGCATCCTCGGCCCGCTGCGCCGGGGCGEGGTCCGTGCGGCACCTGGGCCGGTTCTCCACCGAGG
GTGCGGCGCGGGAGCTGAACGACGGCGCGACCATGCTGTTCGGGGTGCCGACGATGTACCACCGGATCGCCGAGACGCTC
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CCCGCCGACCCGGAGCTGGCGAAGGCGCTCGCCGGGGCCCGGCTGCTGGTGTCGGGGTCGGCCGCGCTGCCGGTGCACGA
CCACGAGCGCATCGCCGCCGCCACCGGGCGCCGGGTGATCGAGCGGTACGGCATGACCGAGACGCTGATGAACACCAGCG
TGCGCGCCGACGGCGAGCCGCGCGCCGGGACGGTGGGCGTGCCGCTGCCCGGTGTGGAGCTGCGGCTGGTGGAGGAGGAC
GGCACGCCGATCGCGGCGCTCGACGGGGAGAGCGTCGGCGAGATCCAGGTTCGCGGCCCGAACCTGTTCACCGAGTACCT
GAACCGCCCCGACGCCACCGCCGCCGCCTTCACCGAGGACGGCTTCTTCCGCACCGGCGACATGGCGGTGCGCGACCCCG
ACGGCTATGTCCGCATCGTCGGCCGCAAGGCCACCGACCTGATCAAGAGCGGCGGTTACAAGATCGGGGCCGGGGAGATC
GAGAACGCCCTGCTCGAACACCCGGAGGTCCGGGAGGCCGCCGTCACCGGCGAACCCGACCCCGACCTCGGGGAACGGAT
CGTGGCCTGGATCGTCCCGGCCGACCCCGCCGCCCCGCCCGCCCTCGGCACGCTGGCCGACCACGTCGCCGCCCGGCTCG
CCCCGCACAAGCGGCCGCGCGTCGTCCGGTACCTCGACGCGGTGCCCCGCAACGACATGGGGAAGATCATGAAGCGGGCG
CTGAACCGTGACTGA

e Translation for MatB [484 AA]:

SSLFPALSPAPTGAPADRPALRFGERSLTYAELAAAAGATAGRIGGAGRVAVWATPAMETGVAVVAALLAGVAAVPLNPK
SGDKELAHILSDSAPSLVLAPPDAELPPALGALERVDVDVRARGAVPEDGADDGDPALVVYTSGTTGPPKGAVIPRRALA
TTLDALADAWQWTGEDVLVQGLPLFHVHGLVLGILGPLRRGGSVRHLGRFSTEGAARELNDGATMLFGVPTMYHRIAETL
PADPELAKALAGARLLVSGSAALPVHDHERIAAATGRRVIERYGMTETLMNTSVRADGEPRAGTVGVPLPGVELRLVEED
GTPIAALDGESVGEIQVRGPNLFTEYLNRPDATAAAFTEDGFFRTGDMAVRDPDGYVRIVGRKATDLIKSGGYKIGAGEI
ENALLEHPEVREAAVTGEPDPDLGERIVAWIVPADPAAPPALGTLADHVAARLAPHKRPRVVRYLDAVPRNDMGKIMKRA
LNRD

e Sequencing results

(=]
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1.000 1.200 1400 1527

Consensus L
denity -
! 200 400 800 800 1,000 1,200 1,527
BamHI (52) ¥hol (1,
M1152_matB -
. BamHI (52)
FUR 57JC39.ah1 extraction
*hol (1,

REVMETJC40.ab1 extraction

Figure S16. Schematic representation of sequencing results for the BamHI/Xhol-flanked insert matB of
pHis8::matB. Lines 2 and 3 graphically show the perfect agreement of the individual overlapping sequencing runs
with the original sequence of matB (top line).
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e AckA
e vector map
T7 promoter

TEV site
BamHI (512)

\acl promoter  jac operatolgOaﬂ

&%ﬁm%

>

pHis8-TEV::ackA
6499 bp

Figure S17. Vector map of the expression construct of ackA in pHis8-TEV.

e DNA sequence of ackA [1203 bp]:

Xhol (1721)

ATGTCGAGTAAGTTAGTACTGGTTCTGAACTGCGGTAGTTCTTCACTGAAATTTGCCATCATCGATGCAGTAAATGGTGA
AGAGTACCTTTCTGGTTTAGCCGAATGTTTCCACCTGCCCGAAGCACGTATCAAATGGAAAATGGACGGCAATAAACAGG
AAGCGGCTTTAGGTGCAGGCGCCGCTCACAGCGAAGCGCTCAACTTTATCGTTAATACTATTCTGGCACAAAAACCAGAA
CTGTCTGCGCAGCTGACTGCTATCGGTCACCGTATCGTACACGGCGGCGAAAAGTATACCAGCTCCGTAGTGATCGATGA
GTCTGTTATTCAGGGTATCAAAGATGCAGCTTCTTTTGCACCGCTGCACAACCCGGCTCACCTGATCGGTATCGAAGAAG
CTCTGAAATCTTTCCCACAGCTGAAAGACAAAAACGTTGCTGTATTTGACACCGCGTTCCACCAGACTATGCCGGAAGAG
TCTTACCTCTACGCCCTGCCTTACAACCTGTACAAAGAGCACGGCATCCGTCGTTACGGCGCGCACGGCACCAGCCACTT
CTATGTAACCCAGGAAGCGGCAAAAATGCTGAACAAACCGGTAGAAGAACTGAACATCATCACCTGCCACCTGGGCAACG
GTGGTTCCGTTTCTGCTATCCGCAACGGTAAATGCGTTGACACCTCTATGGGCCTGACCCCGCTGGAAGGTCTGGTCATG
GGTACCCGTTCTGGTGATATCGATCCGGCGATCATCTTCCACCTGCACGACACCCTGGGCATGAGCGTTGACGCAATCAA
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CAAACTGCTGACCAAAGAGTCTGGCCTGCTGGGTCTGACCGAAGTGACCAGCGACTGCCGCTATGTTGAAGACAACTACG
CGACGAAAGAAGACGCGAAGCGCGCAATGGACGTTTACTGCCACCGCCTGGCGAAATACATCGGTGCCTACACTGCGCTG
ATGGATGGTCGTCTGGACGCTGTTGTATTCACTGGTGGTATCGGTGAAAATGCCGCAATGGTTCGTGAACTGTCTCTGGG
CAAACTGGGCGTGCTGGGCTTTGAAGTTGATCATGAACGCAACCTGGCTGCACGTTTCGGCAAATCTGGTTTCATCAACA

AAGAAGGTACCCGTCCTGCGGTGGTTATCCCAACCAACGAAGAACTGGTTATCGCGCAAGACGCGAGCCGCCTGACTGCC
TGA

e Translation for AckA [400 AA]:

MSSKLVLVLNCGSSSLKFAIIDAVNGEEYLSGLAECFHLPEARIKWKMDGNKQEAALGAGAAHSEALNFIVNTILAQKPE
LSAQLTAIGHRIVHGGEKYTSSVVIDESVIQGIKDAASFAPLHNPAHLIGIEEALKSFPQLKDKNVAVEDTAFHQTMPEE
SYLYALPYNLYKEHGIRRYGAHGTSHFYVTQEAAKMLNKPVEELNIITCHLGNGGSVSAIRNGKCVDTSMGLTPLEGLVM
GTRSGDIDPAIIFHLHDTLGMSVDAINKLLTKESGLLGLTEVTSDCRYVEDNYATKEDAKRAMDVYCHRLAKYIGAYTAL

MDGRLDAVVFTGGIGENAAMVRELSLGKLGVLGFEVDHERNLAARFGKSGFINKEGTRPAVVIPTNEELVIAQDASRLTA
*

e Sequencing results

EDID 400 BIJID SIJID 1 ,IJIIJD 1 ,1-:IJD 1 ,2?"2

Consensus |
\dentity - |
! 200 400 600 800 1.000 1.272
BamHI (59) ¥hol (1.,
BW25113_ackA
. BamH! (59)
FUR 574077 .aht extraction
Whal (1
REV 57JDTE.ah1 extraction |

Figure S18. Schematic representation of sequencing results for the BamHI/XholI-flanked insert ackA of pHis8-
TEV::ackA. Lines 2 and 3 graphically show the perfect agreement of the individual overlapping sequencing runs
with the original sequence of ackA (top line).
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e Pta

e vector map

T7 promoter
TEV site

EcoRI (518)

pHis8-TEV::pta
7459 bp

HindIII (2666)

Figure S19. Vector map of the expression construct of pta in pHis8-TEV.

e DNA sequence of pta [2142 bp]:

TCCCGTATTATTATGCTGATCCCTACCGGAACCAGCGTCGGTCTGACCAGCGTCAGCCTTGGCGTGATCCGTGCAATGGA
ACGCAAAGGCGTTCGTCTGAGCGTTTTCAAACCTATCGCTCAGCCGCGTACCGGTGGCGATGCGCCCGATCAGACTACGA
CTATCGTGCGTGCGAACTCTTCCACCACGACGGCCGCTGAACCGCTGAAAATGAGCTACGTTGAAGGTCTGCTTTCCAGC
AATCAGAAAGATGTGCTGATGGAAGAGATCGTCGCAAACTACCACGCTAACACCAAAGACGCTGAAGTCGTTCTGGTTGA
AGGTCTGGTCCCGACACGTAAGCACCAGTTTGCCCAGTCTCTGAACTACGAAATCGCTAAAACGCTGAATGCGGAAATCG
TCTTCGTTATGTCTCAGGGCACTGACACCCCGGAACAGCTGAAAGAGCGTATCGAACTGACCCGCAACAGCTTCGGCGGT
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GCCAAAAACACCAACATCACCGGCGTTATCGTTAACAAACTGAACGCACCGGTTGATGAACAGGGTCGTACTCGCCCGGA
TCTGTCCGAGATTTTCGACGACTCTTCCAAAGCTAAAGTAAACAATGTTGATCCGGCGAAGCTGCAAGAATCCAGCCCGC
TGCCGGTTCTCGGCGCTGTGCCGTGGAGCTTTGACCTGATCGCGACTCGTGCGATCGATATGGCTCGCCACCTGAATGCG
ACCATCATCAACGAAGGCGACATCAATACTCGCCGCGTTAAATCCGTCACTTTCTGCGCACGCAGCATTCCGCACATGCT
GGAGCACTTCCGTGCCGGTTCTCTGCTGGTGACTTCCGCAGACCGTCCTGACGTGCTGGTGGCCGCTTGCCTGGCAGCCA
TGAACGGCGTAGAAATCGGTGCCCTGCTGCTGACTGGCGGTTACGAAATGGACGCGCGCATTTCTAAACTGTGCGAACGT
GCTTTCGCTACCGGCCTGCCGGTATTTATGGTGAACACCAACACCTGGCAGACCTCTCTGAGCCTGCAGAGCTTCAACCT
GGAAGTTCCGGTTGACGATCACGAACGTATCGAGAAAGTTCAGGAATACGTTGCTAACTACATCAACGCTGACTGGATCG
AATCTCTGACTGCCACTTCTGAGCGCAGCCGTCGTCTGTCTCCGCCTGCGTTCCGTTATCAGCTGACTGAACTTGCGCGC
AAAGCGGGCAAACGTATCGTACTGCCGGAAGGTGACGAACCGCGTACCGTTAAAGCAGCCGCTATCTGTGCTGAACGTGG
TATCGCAACTTGCGTACTGCTGGGTAATCCGGCAGAGATCAACCGTGTTGCAGCGTCTCAGGGTGTAGAACTGGGTGCAG
GGATTGAAATCGTTGATCCAGAAGTGGTTCGCGAAAGCTATGTTGGTCGTCTGGTCGAACTGCGTAAGAACAAAGGCATG
ACCGAAACCGTTGCCCGCGAACAGCTGGAAGACAACGTGGTGCTCGGTACGCTGATGCTGGAACAGGATGAAGTTGATGG
TCTGGTTTCCGGTGCTGTTCACACTACCGCAAACACCATCCGTCCGCCGCTGCAGCTGATCAAAACTGCACCGGGCAGCT
CCCTGGTATCTTCCGTGTTCTTCATGCTGCTGCCGGAACAGGTTTACGTTTACGGTGACTGTGCGATCAACCCGGATCCG
ACCGCTGAACAGCTGGCAGAAATCGCGATTCAGTCCGCTGATTCCGCTGCGGCCTTCGGTATCGAACCGCGCGTTGCTAT
GCTCTCCTACTCCACCGGTACTTCTGGTGCAGGTAGCGACGTAGAAAAAGTTCGCGAAGCAACTCGTCTGGCGCAGGAAA
AACGTCCTGACCTGATGATCGACGGTCCGCTGCAGTACGACGCTGCGGTAATGGCTGACGTTGCGAAATCCAAAGCGCCG
AACTCTCCGGTTGCAGGTCGCGCTACCGTGTTCATCTTCCCGGATCTGAACACCGGTAACACCACCTACAAAGCGGTACA
GCGTTCTGCCGACCTGATCTCCATCGGGCCGATGCTGCAGGGTATGCGCAAGCCGGTTAACGACCTGTCCCGTGGCGCAC
TGGTTGACGATATCGTCTACACCATCGCGCTGACTGCGATTCAGTCTGCACAGCAGCAGTAA

e Translation for Pta [713 AA]:

MSSKLVLVLNCGSSSLKFAIIDAVNGEEYLSGLAECFHLPEARIKWKMDGNKQEAALGAGAAHSEALNEFIVNTILAQKPE
LSAQLTAIGHRIVHGGEKYTSSVVIDESVIQGIKDAASFAPLHNPAHLIGIEEALKSFPQLKDKNVAVEDTAFHQTMPEE
SYLYALPYNLYKEHGIRRYGAHGTSHEYVTQEAAKMLNKPVEELNIITCHLGNGGSVSAIRNGKCVDTSMGLTPLEGLVM
GTRSGDIDPAIIFHLHDTLGMSVDAINKLLTKESGLLGLTEVTSDCRYVEDNYATKEDAKRAMDVYCHRLAKYIGAYTAL
MDGRLDAVVFTGGIGENAAMVRELSLGKLGVLGFEVDHERNLAARFGKSGFINKEGTRPAVVIPTNEELVIAQDASRLTA

e Sequencing results

II 2L:IEI 40.0 BE:EI BE:IJ 1 .DIIJIJ 1 .I—.:UD 1 .4;00 1 .ﬁIIJIJ 1 .SIEIU E.EIIJIJ 2,217

Consensus
identity - |
| 200 400 80D 8O0 1,000 1,200 1,400 1,800 1,800 2,000 2217
EcoRl (63) Hinllll (2
BW25113_pta
EcoRl (85)
Fuk 574081 .ah1 extraction -
Fk 98FJ05.ab1 extraction
Hinlill (2

REV 57JDE2.ah1 extraction

Figure S20. Schematic representation of sequencing results for the EcoRI/HindIII-flanked insert pta of pHis8-
TEV::pta. Lines 2 to 4 graphically show the perfect agreement of the individual overlapping sequencing runs with
the original sequence of pta (top line).
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e Sfp
e DNA sequence of sfp [675 bp]:

ATGAAGATTTACGGAATTTATATGGACCGCCCGCTTTCACAGGAAGAAAATGAACGGTTCATGACTTTCATATCACCTGA
AAAACGGGAGAAATGCCGGAGATTTTATCATAAAGAAGATGCTCACCGCACCCTGCTGGGAGATGTGCTCGTTCGCTCAG
TCATAAGCAGGCAGTATCAGTTGGACAAATCCGATATCCGCTTTAGCACGCAGGAATACGGGAAGCCGTGCATCCCTGAT
CTTCCCGACGCTCATTTCAACATTTCTCACTCCGGCCGCTGGGTCATTGGTGCGTTTGATTCACAGCCGATCGGCATAGA
TATCGAAAAAACGAAACCGATCAGCCTTGAGATCGCCAAGCGCTTCTTTTCAAAAACAGAGTACAGCGACCTTTTAGCAA
AAGACAAGGACGAGCAGACAGACTATTTTTATCATCTATGGTCAATGAAAGAAAGCTTTATCAAACAGGAAGGCAAAGGC
TTATCGCTTCCGCTTGATTCCTTTTCAGTGCGCCTGCATCAGGACGGACAAGTATCCATTGAGCTTCCGGACAGCCATTC
CCCATGCTATATCAAAACGTATGAGGTCGATCCCGGCTACAAAATGGCTGTATGCGCCGCACACCCTGATTTCCCCGAGG
ATATCACAATGGTCTCGTACGAAGAGCTTTTATAA

e Translation for Sfp [224 AA]:

MKIYGIYMDRPLSQEENERFMTFISPEKREKCRRFYHKEDAHRTLLGDVLVRSVISRQYQLDKSDIRFSTQEYGKPCIPD
LPDAHFNISHSGRWVIGAFDSQPIGIDIEKTKPISLEIAKRFFSKTEYSDLLAKDKDEQTDYFYHLWSMKESFIKQEGKG
LSLPLDSFSVRLHQDGQVSIELPDSHSPCYIKTYEVDPGYKMAVCAAHPDFPEDITMVSYEELL

e SDS page analysis for all optional enzymes
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Figure S21. SDS-PAGE analysis of purified proteins MatB, AckA, Pta and Sfp. (1) N-His8-MatB (52.9 kDa), (2)
N-His8-AckA (45.8 kDa), (3) N-His8-Pta (79.8 kDa), (4) C-His6-Sfp (27.2 kDa).
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Figure S22. Vector map of pHis8-TEV.

e DNA sequence of pHis8-TEV [5330 bp]:

CTCTCTTCCGGGCGCTATCATGCCATACCGCGAAAGGTTTTGCGCCATTCGATGGTGTCCGGGATCTCGACGCTCTCCCT
TATGCGACTCCTGCATTAGGAAGCAGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGC
AAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACAAGCGCTCATGAGCCCGAA
GTGGCGAGCCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGG
CCACGATGCGTCCGGCGTAGAGGATCGAGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGG
ATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGAAACACCACCACCACCACCACCA
CCACGGTGGTGAGAATCTTTATTTTCAGGGAGGATCCGAATTCGAGCTCCGTCGACAAGCTTGCGGCCGCACTCGAGCAC
CACCACCACCACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATA
ACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGATTGGCGA
ATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCG
CCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGG
GGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTCACGTAG
TGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAA
CTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAA
AATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGTTTACAATTTCAGGTGGCACTTTTCGGGG
AAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAATTAATTCTTAGAAA
AACTCATCGAGCATCAAATGAAACTGCAATTTATTCATATCAGGATTATCAATACCATATTTTTGAAAAAGCCGTTTCTG
TAATGAAGGAGAAAACTCACCGAGGCAGTTCCATAGGATGGCAAGATCCTGGTATCGGTCTGCGATTCCGACTCGTCCAA
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CATCAATACAACCTATTAATTTCCCCTCGTCAAAAATAAGGTTATCAAGTGAGAAATCACCATGAGTGACGACTGAATCC
GGTGAGAATGGCAAAAGTTTATGCATTTCTTTCCAGACTTGTTCAACAGGCCAGCCATTACGCTCGTCATCAAAATCACT
CGCATCAACCAAACCGTTATTCATTCGTGATTGCGCCTGAGCGAGACGAAATACGCGATCGCTGTTAAAAGGACAATTAC
AAACAGGAATCGAATGCAACCGGCGCAGGAACACTGCCAGCGCATCAACAATATTTTCACCTGAATCAGGATATTCTTCT
AATACCTGGAATGCTGTTTTCCCGGGGATCGCAGTGGTGAGTAACCATGCATCATCAGGAGTACGGATAAAATGCTTGAT
GGTCGGAAGAGGCATAAATTCCGTCAGCCAGTTTAGTCTGACCATCTCATCTGTAACATCATTGGCAACGCTACCTTTGC
CATGTTTCAGAAACAACTCTGGCGCATCGGGCTTCCCATACAATCGATAGATTGTCGCACCTGATTGCCCGACATTATCG
CGAGCCCATTTATACCCATATAAATCAGCATCCATGTTGGAATTTAATCGCGGCCTAGAGCAAGACGTTTCCCGTTGAAT
ATGGCTCATAACACCCCTTGTATTACTGTTTATGTAAGCAGACAGTTTTATTGTTCATGACCAAAATCCCTTAACGTGAG
TTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTG
CTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGG
TAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCT
GTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGG
GTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGG
AGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCG
GACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTA
TAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAA
ACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCT
GATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTC
AGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCATATATG
GTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGTATACACTCCGCTATCGCTACGTGACTGGGTCAT
GGCTGCGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAG
CTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGGCAGCTGCGGTAAAGC
TCATCAGCGTGGTCGTGAAGCGATTCACAGATGTCTGCCTGTTCATCCGCGTCCAGCTCGTTGAGTTTCTCCAGAAGCGT
TAATGTCTGGCTTCTGATAAAGCGGGCCATGTTAAGGGCGGTTTTTTCCTGTTTGGTCACTGATGCCTCCGTGTAAGGGG
GATTTCTGTTCATGGGGGTAATGATACCGATGAAACGAGAGAGGATGCTCACGATACGGGTTACTGATGATGAACATGCC
CGGTTACTGGAACGTTGTGAGGGTAAACAACTGGCGGTATGGATGCGGCGGGACCAGAGAAAAATCACTCAGGGTCAATG
CCAGCGCTTCGTTAATACAGATGTAGGTGTTCCACAGGGTAGCCAGCAGCATCCTGCGATGCAGATCCGGAACATAATGG
TGCAGGGCGCTGACTTCCGCGTTTCCAGACTTTACGAAACACGGAAACCGAAGACCATTCATGTTGTTGCTCAGGTCGCA
GACGTTTTGCAGCAGCAGTCGCTTCACGTTCGCTCGCGTATCGGTGATTCATTCTGCTAACCAGTAAGGCAACCCCGCCA
GCCTAGCCGGGTCCTCAACGACAGGAGCACGATCATGCGCACCCGTGGGGCCGCCATGCCGGCGATAATGGCCTGCTTCT
CGCCGAAACGTTTGGTGGCGGGACCAGTGACGAAGGCTTGAGCGAGGGCGTGCAAGATTCCGAATACCGCAAGCGACAGG
CCGATCATCGTCGCGCTCCAGCGAAAGCGGTCCTCGCCGAAAATGACCCAGAGCGCTGCCGGCACCTGTCCTACGAGTTG
CATGATAAAGAAGACAGTCATAAGTGCGGCGACGATAGTCATGCCCCGCGCCCACCGGAAGGAGCTGACTGGGTTGAAGG
CTCTCAAGGGCATCGGTCGAGATCCCGGTGCCTAATGAGTGAGCTAACTTACATTAATTGCGTTGCGCTCACTGCCCGCT
TTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCG
CCAGGGTGGTTTTTCTTTTCACCAGTGAGACGGGCAACAGCTGATTGCCCTTCACCGCCTGGCCCTGAGAGAGTTGCAGC
AAGCGGTCCACGCTGGTTTGCCCCAGCAGGCGAAAATCCTGTTTGATGGTGGTTAACGGCGGGATATAACATGAGCTGTC
TTCGGTATCGTCGTATCCCACTACCGAGATATCCGCACCAACGCGCAGCCCGGACTCGGTAATGGCGCGCATTGCGCCCA
GCGCCATCTGATCGTTGGCAACCAGCATCGCAGTGGGAACGATGCCCTCATTCAGCATTTGCATGGTTTGTTGAAAACCG
GACATGGCACTCCAGTCGCCTTCCCGTTCCGCTATCGGCTGAATTTGATTGCGAGTGAGATATTTATGCCAGCCAGCCAG
ACGCAGACGCGCCGAGACAGAACTTAATGGGCCCGCTAACAGCGCGATTTGCTGGTGACCCAATGCGACCAGATGCTCCA
CGCCCAGTCGCGTACCGTCTTCATGGGAGAAAATAATACTGTTGATGGGTGTCTGGTCAGAGACATCAAGAAATAACGCC
GGAACATTAGTGCAGGCAGCTTCCACAGCAATGGCATCCTGGTCATCCAGCGGATAGTTAATGATCAGCCCACTGACGCG
TTGCGCGAGAAGATTGTGCACCGCCGCTTTACAGGCTTCGACGCCGCTTCGTTCTACCATCGACACCACCACGCTGGCAC
CCAGTTGATCGGCGCGAGATTTAATCGCCGCGACAATTTGCGACGGCGCGTGCAGGGCCAGACTGGAGGTGGCAACGCCA
ATCAGCAACGACTGTTTGCCCGCCAGTTGTTGTGCCACGCGGTTGGGAATGTAATTCAGCTCCGCCATCGCCGCTTCCAC
TTTTTCCCGCGTTTTCGCAGAAACGTGGCTGGCCTGGTTCACCACGCGGGAAACGGTCTGATAAGAGACACCGGCATACT
CTGCGACATCGTATAACGTTACTGGTTTCACATTCACCACCCTGAATTGA
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f. pHis8C-TEV
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Figure S23. Vector map of pHis8C-TEV.

e DNA sequence of pHis8C-TEV [5323 bp]:

TGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTG
CCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTA
AATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTC
ACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGT
TCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGG
TTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGTTTACAATTTCAGGTGGCACTTT
TCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAATTAATTCT
TAGAAAAACTCATCGAGCATCAAATGAAACTGCAATTTATTCATATCAGGATTATCAATACCATATTTTTGAAAAAGCCG
TTTCTGTAATGAAGGAGAAAACTCACCGAGGCAGTTCCATAGGATGGCAAGATCCTGGTATCGGTCTGCGATTCCGACTC
GTCCAACATCAATACAACCTATTAATTTCCCCTCGTCAAAAATAAGGTTATCAAGTGAGAAATCACCATGAGTGACGACT
GAATCCGGTGAGAATGGCAAAAGTTTATGCATTTCTTTCCAGACTTGTTCAACAGGCCAGCCATTACGCTCGTCATCAAA
ATCACTCGCATCAACCAAACCGTTATTCATTCGTGATTGCGCCTGAGCGAGACGAAATACGCGATCGCTGTTAAAAGGAC
AATTACAAACAGGAATCGAATGCAACCGGCGCAGGAACACTGCCAGCGCATCAACAATATTTTCACCTGAATCAGGATAT
TCTTCTAATACCTGGAATGCTGTTTTCCCGGGGATCGCAGTGGTGAGTAACCATGCATCATCAGGAGTACGGATAAAATG
CTTGATGGTCGGAAGAGGCATAAATTCCGTCAGCCAGTTTAGTCTGACCATCTCATCTGTAACATCATTGGCAACGCTAC
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CTTTGCCATGTTTCAGAAACAACTCTGGCGCATCGGGCTTCCCATACAATCGATAGATTGTCGCACCTGATTGCCCGACA
TTATCGCGAGCCCATTTATACCCATATAAATCAGCATCCATGTTGGAATTTAATCGCGGCCTAGAGCAAGACGTTTCCCG
TTGAATATGGCTCATAACACCCCTTGTATTACTGTTTATGTAAGCAGACAGTTTTATTGTTCATGACCAAAATCCCTTAA
CGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGT
AATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTC
CGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAG
AACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCT
TACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCA
GCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGA
AAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTA
TCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTAT
GGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTA
TCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAG
CGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCA
TATATGGTGCACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCCAGTATACACTCCGCTATCGCTACGTGACTG
GGTCATGGCTGCGCCCCGACACCCGCCAACACCCGCTGACGCGCCCTGACGGGCTTGTCTGCTCCCGGCATCCGCTTACA
GACAAGCTGTGACCGTCTCCGGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGGCAGCTGCGG
TAAAGCTCATCAGCGTGGTCGTGAAGCGATTCACAGATGTCTGCCTGTTCATCCGCGTCCAGCTCGTTGAGTTTCTCCAG
AAGCGTTAATGTCTGGCTTCTGATAAAGCGGGCCATGTTAAGGGCGGTTTTTTCCTGTTTGGTCACTGATGCCTCCGTGT
AAGGGGGATTTCTGTTCATGGGGGTAATGATACCGATGAAACGAGAGAGGATGCTCACGATACGGGTTACTGATGATGAA
CATGCCCGGTTACTGGAACGTTGTGAGGGTAAACAACTGGCGGTATGGATGCGGCGGGACCAGAGAAAAATCACTCAGGG
TCAATGCCAGCGCTTCGTTAATACAGATGTAGGTGTTCCACAGGGTAGCCAGCAGCATCCTGCGATGCAGATCCGGAACA
TAATGGTGCAGGGCGCTGACTTCCGCGTTTCCAGACTTTACGAAACACGGAAACCGAAGACCATTCATGTTGTTGCTCAG
GTCGCAGACGTTTTGCAGCAGCAGTCGCTTCACGTTCGCTCGCGTATCGGTGATTCATTCTGCTAACCAGTAAGGCAACC
CCGCCAGCCTAGCCGGGTCCTCAACGACAGGAGCACGATCATGCGCACCCGTGGGGCCGCCATGCCGGCGATAATGGCCT
GCTTCTCGCCGAAACGTTTGGTGGCGGGACCAGTGACGAAGGCTTGAGCGAGGGCGTGCAAGATTCCGAATACCGCAAGC
GACAGGCCGATCATCGTCGCGCTCCAGCGAAAGCGGTCCTCGCCGAAAATGACCCAGAGCGCTGCCGGCACCTGTCCTAC
GAGTTGCATGATAAAGAAGACAGTCATAAGTGCGGCGACGATAGTCATGCCCCGCGCCCACCGGAAGGAGCTGACTGGGT
TGAAGGCTCTCAAGGGCATCGGTCGAGATCCCGGTGCCTAATGAGTGAGCTAACTTACATTAATTGCGTTGCGCTCACTG
CCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTAT
TGGGCGCCAGGGTGGTTTTTCTTTTCACCAGTGAGACGGGCAACAGCTGATTGCCCTTCACCGCCTGGCCCTGAGAGAGT
TGCAGCAAGCGGTCCACGCTGGTTTGCCCCAGCAGGCGAAAATCCTGTTTGATGGTGGTTAACGGCGGGATATAACATGA
GCTGTCTTCGGTATCGTCGTATCCCACTACCGAGATATCCGCACCAACGCGCAGCCCGGACTCGGTAATGGCGCGCATTG
CGCCCAGCGCCATCTGATCGTTGGCAACCAGCATCGCAGTGGGAACGATGCCCTCATTCAGCATTTGCATGGTTTGTTGA
AAACCGGACATGGCACTCCAGTCGCCTTCCCGTTCCGCTATCGGCTGAATTTGATTGCGAGTGAGATATTTATGCCAGCC
AGCCAGACGCAGACGCGCCGAGACAGAACTTAATGGGCCCGCTAACAGCGCGATTTGCTGGTGACCCAATGCGACCAGAT
GCTCCACGCCCAGTCGCGTACCGTCTTCATGGGAGAAAATAATACTGTTGATGGGTGTCTGGTCAGAGACATCAAGAAAT
AACGCCGGAACATTAGTGCAGGCAGCTTCCACAGCAATGGCATCCTGGTCATCCAGCGGATAGTTAATGATCAGCCCACT
GACGCGTTGCGCGAGAAGATTGTGCACCGCCGCTTTACAGGCTTCGACGCCGCTTCGTTCTACCATCGACACCACCACGC
TGGCACCCAGTTGATCGGCGCGAGATTTAATCGCCGCGACAATTTGCGACGGCGCGTGCAGGGCCAGACTGGAGGTGGCA
ACGCCAATCAGCAACGACTGTTTGCCCGCCAGTTGTTGTGCCACGCGGTTGGGAATGTAATTCAGCTCCGCCATCGCCGC
TTCCACTTTTTCCCGCGTTTTCGCAGAAACGTGGCTGGCCTGGTTCACCACGCGGGAAACGGTCTGATAAGAGACACCGG
CATACTCTGCGACATCGTATAACGTTACTGGTTTCACATTCACCACCCTGAATTGACTCTCTTCCGGGCGCTATCATGCC
ATACCGCGAAAGGTTTTGCGCCATTCGATGGTGTCCGGGATCTCGACGCTCTCCCTTATGCGACTCCTGCATTAGGAAGC
AGCCCAGTAGTAGGTTGAGGCCGTTGAGCACCGCCGCCGCAAGGAATGGTGCATGCAAGGAGATGGCGCCCAACAGTCCC
CCGGCCACGGGGCCTGCCACCATACCCACGCCGAAACAAGCGCTCATGAGCCCGAAGTGGCGAGCCCGATCTTCCCCATC
GGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGGCGCCGGTGATGCCGGCCACGATGCGTCCGGCGTAGAGGA
TCGAGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAA
TTTTGTTTAACTTTAAGAAGGAGATATACCATGGCGGGTACCGGATCCGAATTCGAGCTCGTCGACAAGCTTGCGGCCGC
AGCTAGCCTCGAGGGTGAGAATCTTTATTTTCAGGGAGGTCATCACCATCACCATCACCATCACTAAGATCCGGCTGCTA
ACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGG
GTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGAT
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3. HPLC-MS traces of the enzymatic ikarugamycin production

a. using purified enzymes
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Figure S24. HPLC-MS analyses of enzymatic reactions for the synthesis of ikarugamycin (1).

b. using cell lysates of the expression host
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Figure S25. HPLC-MS analyses of enzymatic reaction using raw lysate extracts.
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Interpretation of results with purified enzymes versus lysate assays. Omission of TkaC in the enzymatic reactions
using purified enzymes led to the selective production of intermediate 22. The application of IkaA alone, however,
did not result in the expected formation of detectable amounts of the tetramic acid precursor 21 or its respective
analog derived of a likewise conceivable early Diels-Alder cycloaddition. This was surprising, as such an TkaA
product had been detected before in AikaBC knock-out mutants of ikarugamycin producing strains.!*®! When using
lysed cell extracts of the E. coli recombinant hosts instead of purified IkaABC, the enzymatic reaction also furnished
a compound whose mass data was consistent with 21 or a primary Diels-Alder product. Isolation of this
ikarugamycin precursor failed due to decomposition, indicating that it is only stable within the stabilizing complex
matrix of a bacterial raw extract, not under the defined conditions of our enzymatic setup. This suggests that the
direct product of TkaA rather corresponds to the polyene 21, with Diels-Alder cyclization only taking place during
or after reductive bond formation catalyzed by IkaB. The observable differences in the product spectrum of in vitro
(only 1) versus lysate (1, 21, 22) assays with IkaABC is likely a result of the different stoichiometry (IkaA:B:C: in
vitro 1:1:1; lysate 2:1:1) and/or an enhanced stability of IkaA in lysate versus in vitro reaction conditions.
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4. NMR spectra of ikarugamycin (1): synthetic 1 compared to authentic standard
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Figure S26. 'H-NMR spectra (500 MHz, DMSO) of ikarugamycin (1) derived of enzymatic total synthesis (red)
compared to an authentic standard isolated from Streptomyces sp. (black).
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Figure S27. >*C-NMR spectra (125 MHz, DMSO) of ikarugamycin (1) derived of enzymatic total synthesis (red)
compared to an authentic standard isolated from Streptomyces sp. (black).
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5. HPLC analyses of the biocatalytic precursor synthesis
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Figure S28. HPLC analyses of enzymatic reactions generating acetyl-CoA.
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Figure S29. HPLC analyses of enzymatic reactions generating malonyl-CoA.
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6. Table of primers

Table S1. List of oligonucleotides used for cloning in this study. Introduced sequence for restriction digest
underlined.

Oligonucleotide Sequence (5' - 3)
Tii6239_PKS-NRPS_EcoRI For AGCTGAATTCATGGATTCCATGCACCAC
Tii6239_PKS-NRPS_HindIII Rev AGCTAAGCTTTCATACCTCGCCATCACC

Tii6239_PKS-NRPS_wo_TGA Rev AGCTAAGCTTTACCTCGCCATCACCGCC

Ti6239_FAD_BamHI For AGCCTGGATCCATGACGCCTTTCGTTCAG
Tii6239_FAD_Xhol Rev ATCTTCTCGAGCTACACGCTCCTCGACGA
Tii6239_AlcD_BamHI For ACCTGGATCCGTGATCGCCGAGCACATCC
Tii6239_AlcD_Xhol Rev ACTTCTCGAGCTACAGGGCGACCAGGAC
SA_AlcD_BamHI For AGCCTGGATCCATGAAAATCGACAAGTGG
SA_AlcD_Xhol Rev ATCTTCTCGAGTCAGATCTCCACCAGGAC
Scoel_MatB_BamHI For ATCAATTGGATCCTCCTCTCTCTTCCCGGCCCTCTCC
Scoel_MatB_Xhol Rev CATCTATCTCGAGTCAGTCACGGTTCAGCGCCCGC
Ecoli_AckA_BamHI For ACCGTGTGGATCCATGTCGAGTAAGTTAGTACTG
Ecoli_AckA_Xhol Rev ATATTCTCGAGTCAGGCAGTCAGGCGGCT
Ecoli_Pta_EcoRI For ACAGCTTGAATTCTCCCGTATTATTATGCTGATCC
Ecoli_Pta_HindIII Rev TTCTAAGCTTTTACTGCTGCTGTGCAGA
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Attachments

A.1.3. Direct Pathway Cloning of the erythromycin gene cluster —
Greunke et al. (unpublished)

The supplemental information is related to Chapter 3.4.2:

o Greunke, C.; Duell, E.R.; D’Agostino, P.M.; Glockle, A.; Lamm, K.; Gulder,
T.A.M. Direct Pathway Cloning (DiPaC) to Access Natural Product Biosynthetic
Gene Clusters. Manuscript in preparation.
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1. Materials and Methods
1.1. General Materials and Methods
Bacterial strains and plasmids.

Bacterial strains and plasmids used and generated in this study are listed in Table S1. Selection antibiotics were
applied as follows: Ampicillin sodium salt (Amp) at 100 pg/mL; Kanamycin sulfate (Kan) at 50 ug/mL;
Chloramphenicol (Cam) at 12.5 pg/mL; Nalidixic acid (NA) at 25 pg/mL.

DiPaC in silico simulations.

For the development of cloning strategies and primer design, SnapGene (GSL Biotech; Version 4.0.4) or the
Geneious (1) software package (Version 8.1.9) and the NEBuilder Assembly web tool (New England Biolabs;
http://nebuilder.neb.com) were used. Maps of plasmids were constructed using the SnapGene software. The
sequenced genome of Saccharopolyspora erythraea NRRL 2338/DSM 40517 (erythromycin A; ery gene
cluster) (2) was downloaded from NCBI database using the accession numbers NC_009142.

Primer design and PCR.

Primers for Gibson Assembly were designed using the NEBuilder Assembly tool. Gibson homology arms were
composed of at least 18 nt with a calculated melting temperature of > 50 °C. HiFi DNA assemblies were
simulated using SnapGene, in this way excluding multiple binding sites of the primers. Also, to avoid severe
secondary hairpin structures and primer dimer formation, evaluations were performed using the bioinformatic
tools OligoAnalyzer (Integrated DNA Technologies; https://eu.idtdna.com/calc/analyzer) and the

OligoEvaluator (Sigma-Aldrich; http://www.oligoevaluator.com).

A standard 25 pL PCR reaction batch for long-amplicon cycling reactions consisted of: 1X QS5 reaction buffer,
100-200 uM deoxynucleotide triphosphates, 500 nM of forward and reverse primer, highGC Enhancer (only
for ery gene cluster), DNA template and 0.01-0.02 U/uL Q5 High-Fidelity DNA polymerase (NEB) were
mixed. Template DNA amounts were 50 ng for S. fonticola, 15 ng for N. punctiforme and 100 ng for
S. erythraea. Cycling was conducted using a T100 Thermal Cycler (Biorad) or a LifeECO Thermal Cycler
(Biozym) as follows: 1.) Initial denaturation, 98 °C for 1 min; 2.) Denaturation, 98 °C for 10 sec; 3.) Annealing,
Ta for 20 sec; 4.) Extension, 72 °C for tey; steps 2.) to 4.) were repeated in total for 30 cycles; 5.) Final
extension, 72 °C for tgx, and 6.) End phase, 16 °C. Ta was estimated using NEBs Tm Calculator tool
(http://tmcalculator.neb.com) for the initial binding parts of the primers and tgx was approximately determined

for 30 sec per 1,000 bp for low GC organisms or 45 sec per 1,000 bp for high GC organisms.

Colony screening PCRs were performed using Taq DNA polymerase (NEB). Clones were picked and
resuspended in 40 pL of pure water and examined in a 25 pL. PCR batch composed as follows: Taq buffer,
4 % DMSO, 100 uM deoxynucleotide triphosphates, 200 nM of forward and reverse primer, DNA template
(bacterial suspension in water) and Taq DNA polymerase (0.025 U/uL, NEB) were mixed. Optimal cycling

parameters were set as follows: 1.) Initial denaturation, 95 °C for 5 min; 2.) Denaturation, 95 °C for 45 sec; 3.)
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Annealing, T for 30 sec; 4.) Extension, 72 °C for tex; steps 2.) to 4.) were repeated in total 34 times; 5.) Final
extension, 72 °C for tgx, at least 2 min, and 6.) End phase, 16 °C. Tx was estimated using NEBs Tm Calculator
tool (http://tmcalculator.neb.com) and a minimal T4 of 47 °C at least. tex was calculated using 1 min per

1,000 bp.
Cloning reagents.

Q5 High-Fidelity DNA polymerase, deoxynucleotide triphosphates, NEBuilder HiFi DNA Assembly Master
Mix, various restriction endonucleases, if possible as High-Fidelity (HF) versions, and Antarctic phosphatase
were purchased from NEB. T4 DNA ligase was purchased from Jena Biosciences. Oligonucleotides were from
Sigma Aldrich, synthesis option “deprotected and desalted”, resuspended at a stock concentration of 100 uM
in pure water and stored on ice for immediate use or at -20 °C for long term storage. The peqGOLD Plasmid
Miniprep Kit I (C-Line) from VWR was purchased to isolate plasmids from E. coli LB overnight cultures. For
DNA extractions from agarose gels, the Monarch DNA Gel Extraction Kit (NEB) was purchased. PCR
products or linearized vector backbones were purified using the PCR Purification Kit from Jena Bioscience.
Agarose was purchased from Sigma-Aldrich. SERVA DNA Stain Clear G (Serva) was applied according to the
manufacturer’s instructions in prestained agarose gels. Rotiphorese TAE buffer was used for agarose gel

electrophoresis and was purchased from Carl Roth as a 50-fold concentrate.
Setup of HiFi DNA Assembly reactions.

The HiFi DNA assemblies were composed as recommended by the NEB guidelines: For a two-fragment
assembly, at least 0.02 pmol of prepared vector backbone together with a one- to twofold amount of insert
were used in a total reaction batch of 20 pL. For three fragment assemblies, DNA components were applied in
equimolar ratios in the range of 0.03 up to 0.2 pmol. In all cases, the isothermal reaction was performed at

50 °C for one hour.
Sanger sequencing of plasmid samples.

Sanger sequencing was performed at GATC Biotech (Konstanz, Germany). Results were retrieved as ab1-type
files and were analyzed using Geneious software. Sequence alignments to the related reference sequences were

performed using Geneious Alignment default settings.
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1.2. Table of primers

Table S1. List of oligonucleotides used for cloning and screening procedures.

Oligonucleotide

Sequence (5' — 3')*

Description

Vector primers

T7 primer TAATACGACTCACTATAGGG Colony screening and sequencing
pET-RP CTAGTTATTGCTCAGCGG Colony screening and sequencing of (pET-28b backbone)
lac_prom pSET152 CTTCCGGCTCGTATGTTG Colony screening and sequencing of (pCC1FOS backbone)
Cloning of ery
screen_ery for GTCATCGAAGGCATGACGAC Screening primer for ery

GTTCTACCGCAACGAGAACC

screen_ery rev
ery-pl_for

ery-pl_rev
screen_ery-pl_for
ery-p2_for

ery-p2_rev
screen_ery-p2_for
ery-p3_for

ery-p3_rev
screen_ery-p3_for
ery-p4_for

ery-p4_rev
screen_ery-p4 for
SUMO _ery-p5_for
SUMO _ery-p5_rev
screen_ery-p5_for

ery-

p1234 HR LP pCCIF
OS_for

ery-pl234 HR LP rev

ery-p1234 HR RP_for

ctcacagagaacagattggtggatccGTGGTCTTCGACGGGGAGCT
tggcggccgttactagtgtacgtaTCGATCGAGATGTGCACG
TGATCCCATTCACCGGAG
tgcgtgcacatctcgatcgaTTTCCCGATGCCGGTGTC
actggcggccgttactagtgtacgtaGCAATCCCCGCCCTTTAG
CTTCGCCGAGTCCTACAC

CCCTAAAGGGCGGGGATTGC
actggcggccgttactagtgtacgtaCTACAGGTCCTCTCCCCC
TGGACGAGCTGGAGAAG
gcgggggagaggacctgtagATGAGCGGTGACAACGGC
actggcggccgttactagtgtacgtaTCATGAATTCCCTCCGCC
CCTGATCGACGTCTACCC
ctcacagagaacagattggtggatccCGACCACTTCACGATGGTG
tggcggccgttactagtgTCAAGCCCCAGCCTTGAGG
CCTTCAGCTTCTACCCGG
gagtcgacctgcaggcatgcGTGGTCTTCGACGGGGAGCT

atgaccgcataagcttCAGCCAGTCGAGGAGTGC

cgactggctgaagcttATGCGGTCATCAGGACAC

Screening primer for ery

Amplification of ery-p1 for insertion into pET-28b-SUMO
Amplification of ery-p1 for insertion into pET-28b-SUMO

Colony screening and sequencing of

Amplification of ery-p2 for insertion into pET-28b-SUMO::ery-pl
Amplification of ery-p2 for insertion into pET-28b-SUMO::ery-pl
Colony screening and sequencing of

Amplification of ery-p3 for insertion into pET-28b-SUMO::ery-p12
Amplification of ery-p3 for insertion into pET-28b-SUMO::ery-p12
Colony screening and sequencing of

Amplification of ery-p4 for insertion into pET-28b-SUMO::ery-p123
Amplification of ery-p4 for insertion into pET-28b-SUMO::ery-p123
Colony screening and sequencing of

Amplification of ery-p5 for subcloning into pET-28b-SUMO
Amplification of ery-p5 for subcloning into pET-28b-SUMO

Colony screening and sequencing of

Preparation of a LCHR-compatible helper plasmid of pCC1FOS,
introduction of CAP_site LEFT

Preparation of a LCHR-compatible helper plasmid of pCC1FOS,
introduction of CAP_site LEFT

Preparation of a LCHR-compatible helper plasmid of pCCI1FOS,
introduction of CAP_site RIGHT
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1.3. Table of strains
Table S2. Strains used in this study.

Strains Description Reference
or Source

E. coli

DH5a Host strain for cloning NEB

TOP10 Host strain for cloning Invitrogen

EPI300-T1 Host strain for cloning Epicentre

GBO08-red Host strain for LCHR 3,4

ET12567 Donor strain for conjugation (5)

ET12567/pUB307 Helper strain for triparental conjugation (6)

BAPI1 Heterologous expression strain (7)

Streptomyces

Streptomyces coelicolor M1152  Host strain for heterologous expression (8)

Streptomyces coelicolor M1154  Host strain for heterologous expression (8)

Others

Saccharopolyspora erythraea Natural producer of erythromycin A DSMZ

DSM 40517

1.4. Table of plasmids
Table S3. Plasmids used and constructed in this study.
Plasmids Description Reference
or Source

pET-28b-SUMO Modified derivative of pET-28b used for assembly 9)
operations, Kan®

pCCI1FOS Cloning vector used for assembly operations, Cam® Epicentre

pLKO1 Streptomyces integrative vector used for the (10)
expression of ery; Kan®

pET-28b-SUMO::ery-pl Part 1 of the ery cluster of S. erythraea This study

pET-28b-SUMO::ery-p12 Parts 1 and 2 of the ery cluster of S. erythraea This study

pET-28b-SUMO::ery-p123 Parts 1, 2 and 3 of the ery cluster of S. erythraea This study

pET-28b-SUMO::ery-p1234 Parts 1, 2, 3 and 4 of the ery cluster of S. erythraea This study

pET-28b-SUMO::ery-p5 Part 5 of the ery cluster of S. erythraea This study

pCCI1FOS::HR ery-p1234 Helper plasmid used for backbone exchange by This study
LCHR; needs to be linearized by HindIll

pCCI1FOS::ery-p1234 Parts 1, 2, 3 and 4 of the ery cluster of S. erythraea This study

pCCI1FOS::ery Complete ery cluster of S. erythraea This study

pLKO1::ery Complete ery cluster of S. erythraea This study
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2. Cluster specific Material and Methods
2.1 Erythromycin
gDNA isolation.

S. erythraea DSM 40517 was purchased from the Leibniz Institute DSMZ, the German collection of
microorganisms and cell cultures GmbH. S. erythraea was cultivated in GYM liquid medium (0.4 % glucose,
0.4 % yeast extract, 1.0 % malt extract, pH 7.2) at 28 °C while moderate shaking (200 rpm) for 7 days. The
gDNA was isolated using the Bacterial DNA Preparation Kit (Jena Bioscience) according to the manufacturer's
protocol. After hydration, the gDNA was diluted with 5 mM TE buffer (pH 8.5) to a stock concentration of
100 ng/ul and stored at -20 °C until use.

DiPaC strategy for ery.

Q5 polymerase (NEB) was used to amplify the ery cluster as five sections. The addition of HighGC Enhancer
was mandatory. Each PCR batch with a volume of 25 uL contained 100 ng of gDNA of S. erythraea DSM
40517 as template. The vector backbone of pET-28b-SUMO was initially used as the cloning vehicle and
fragments 1-4 were assembled in a sequential manner (Figure S1). At first, pET-28b-SUMO was linearized
using BamHI and dephosphorylated. With the insertion of parts ery-pl, 2, 3 and 4, a unique SnaBI restriction
site on the 3’-end was added for backbone linearization (Table S4). This site was attached in the reverse primer
and got artificially inserted within the fragments during the amplification process. SnaBI was removed during
assembly so that the wild type sequence between the cluster fragments was maintained and the restriction site
itself on the 3'-end was kept unique. All the pET-28b-SUMO constructs (see Table S3) were screened by the
use of a suitable screening primer pair binding in the end of the insert in combination with the backbone primer
pET-RP (Table S1). Due to the large size of pET-28b-SUMO::ery-p1234, the vector backbone was exchanged
to a pCC1FOS based plasmid by LCHR using E. coli GB08-red to construct pCC1FOS::ery-p1234 (Figure 2).
For successful LCHR the helper plasmid pCCIFOS::HR ery-p1234 was firstly constructed.
pCCI1FOS::HR _ery-p1234 was built to contain one 500 bp capturing arm homologous to the beginning of ery-
pl and a second 479 bp capturing arm homologous to the end-sequence of ery-p4, was generated in a three
fragment HiFi DNA Assembly reaction out of Hindlll-linearized pCC1FOS and the PCR amplified capturing
fragments. This construct was Hindlll-linearized and dephosphorylated and then used for the LCHR
experiment. To complete the pCC1FOS::ery vector, section 5 was subcloned to create pET-28b-SUMO::ery-
p5, amplified from plasmid template and inserted in a last assembly reaction into pCC1FOS::ery-p1234 to
generate pCC1FOS::ery. E. coli EPI300-TI® colonies were screened using primers screen_ery-p5_for and
lac_prom pSET152. The expression construct for Streptomyces, pLKO1::ery, was constructed by LCHR using
pCCI1FOS::ery as circular template and a compatible linear fragment of pLKO1 (6617 bp) generated by PCR
using primers pLKO1 Lin For/Rev (use of HighGC Enhancer mandatory). The pLKO1 fragment can in
principle be used to transfer every pCC1FOS-captured cluster, as it possesses homologous arms, in this work

380 and 1758 bp (10).
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Homologous recombination to conduct vector backbone exchanges.

Backbone exchanges were performed by homologous recombination in E. coli GB08-red (LCHR). The
bacteria were made electrocompetent by repeated washing steps with 10 % glycerol. The template plasmid,
from which ery or parts of it should be transferred, was used for transformation. Cells were PCR-verified to
ensure the successful uptake and were then used to prepare LB overnight cultures, grown under antibiotic
pressure at 37 °C while shaking (200 rpm). 15 mL of LB medium were inoculated in the ratio 1:100 and
cultures were grown to an ODggo value of about 0.2 to 0.3. Next, L-arabinose was added at a final concentration
of 0.1 % to induce the recombinase system. Cultivation was proceeded until the ODsoo Was between 0.6 and
0.8. Cells were then made electrocompetent by repeated steps of washing with sterile, ice-cold 10 % glycerol.
For this, 20, 15 and at last 10 mL of glycerol were applied. Centrifugation to pellet bacteria in between was
performed at 5,000 x g for 5 min at 4 °C. The pellet was resuspended in 300 pL of 10 % (v/v) glycerol solution
to prepare three aliquots with a volume of 100 uL each and were stored on ice. Cells were then electroporated
with the linearized capturing backbone, 100 to 200 ng of DNA were used, as well as a water control. The
electroporation was carried out in a 0.2 cm ice-cold electroporation cuvette using a BioRad GenePulser II set
to: 200 Q, 25 pF and 2.5 kV. Directly after pulsing, 700 pL of SOC medium were added to the cells and were
incubated at 37 °C while moderate shaking (200 rpm) for one hour. The bacterial suspension was streaked on
LB agar plates with the corresponding antibiotic of the target backbone and cultivated overnight at 37 °C.
Colonies of E. coli GB08-red were checked by PCR using suitable primer pairs. The minipreparation eluates
from E. coli GB08-red overnight cultures were taken to transform plasmid storage strains (E£. coli DH5a,
TOP10, EPI300-T1®). For LB overnight cultures of E. coli EPI300-T1® containing pCCIFOS/pLKO1,
L-arabinose was added to a final concentration of 0.01 % to induce high-copy replication of plasmids. After
isolation of the target plasmids, the repertoire of Screening-PCR and analytical restriction digest was used to
identify the exchanged plasmid. End-sequencing of vector/insert border regions could be used in addition to

proof correct integration.
Streptomyces conjugation.

Plasmid pLKOl::ery was introduced into S. coelicolor M1152 and M1154 by triparental intergeneric
conjugation with E. coli ET12567/pUB307 (6). In short, pLKOI::ery was applied to transform
electrocompetent E. coli ET12567. PCR-validated clones were selected and used to inoculate LB
supplemented with Kan. Similarly, LB cultures of E. coli ET12567/pUB307 were grown. Overnight cultures
of E. coli ET12567 pLKO1::ery and E. coli ET12567/pUB307 were used to prepare LB cultures which were
cultivated at 37 °C while moderate shaking (200 rpm). When reaching an ODgoo value of about 0.5-0.6, bacteria
were pelleted using the laboratory centrifuge (5,000 x g, 5 min). The supernatants were discarded and cells
washed twice under sterile conditions with LB medium. Pellets were resuspended in 500 pL LB medium and

dense cellular suspensions were obtained. In forehand, spores of S. coelicolor M1152/M1154 were mixed with
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TES bufter (50 mM, pH 8.0) and incubated at 50 °C for 10 minutes. Cells were then incubated further at 28 °C
until use. For conjugation, E. coli ET12567 pLKO1::ery, E. coli ET12567/pUB307 and activated spores were
mixed. After pelleting by centrifugation (4,000 x g, 2 min), the supernatants were carefully removed and the
cells resuspended in the remaining medium. The cellular suspension was streaked onto MS agar plates (2 %
mannitol, 2 % soya flour, 10 mM MgCl,, 60 mM CaCls, 2 % agar) (11) and cultivated at 30 °C. After 16 to 20
hours, agar plates were overlaid with an aqueous solution containing 1 mg NA and 1 mg Kan. Exconjugates
were obtained after four to seven days of cultivation. A secondary selection was performed streaking single
colonies on MS agar plates containing selection antibiotics (Kan, NA). Kan-resistant clones were selected,

PCR verified and used to inoculate CASO medium (Carl Roth), supplemented with the appropriate antibiotics.
Heterologous production of erythromycin A.

As the expression host, S. coelicolor strains M1152 and M 1154 were chosen. pLKO1::ery was transferred by
conjugation and exconjugates after two passages of antibiotic selection were taken and screened by for the
presence of a 485 bp portion of ery (Figure 7). Positive clones were streaked on MS agar plates (2 % mannitol,
2 % soya flour, 10 mM MgCl,, 60 mM CaCl,, 2 % agar) and cultivated for 12 days at 30 °C. The agar was cut
into small pieces and incubated with a solvent mixture consisting of EtOAc::MeOH (80 /20 % [v/v]). After a
10 min incubation in the sonicating bath, the mixture was filtrated and evaporated in vacuo. The residues were
resuspended in a 500 pL of MeOH, insoluble materials were removed by centrifugation (17,000 x g, 2 min)
using a benchtop centrifuge and a cold-filtration step using syringe filters (PTFE; 0.2 pm particle filter). The
samples were then subjected to LC-MS analysis. Commercially-available erythromycin (Sigma-Aldrich,

catalogue no.: E5389-1G) was used to validate the retention times during HPLC-MS analysis.
HPLC-MS(/MS) analyses of extracts for erythromycin A.

Samples were analyzed using an UltiMate 3000 LC System system coupled to a LCQ Fleet Ion Trap Mass
Spectrometer (Thermo Scientific). Interpretation of the recorded data was performed using the Thermo
Xcalibur Qual Browser 2.2 SP1.48 software. The chromatographic HPLC separation was carried out on a
Hypersil Gold aQ C18 column (150 x 2.1 mm, 3 pm particle size). The following liquid chromatography
methods were applied with water (A) and acetonitrile (B) as the eluents, both buffered with 0.1 % formic acid.
For fast extract screening (method 1), the gradient was set as follows: Preconditioning 5 % B (2.5 min); 5 % B
(0 min) > 95 % B (8 min) = 100 % B (8.4 min) > 100 % B (10.8 min) 2> 5% B (11.2 min) > 5% B
(12 min), at a constant flow rate of 0.7 mL/min. For a broad separation of components (method 2), the gradient
was set as follows: Preconditioning 5 % B (4 min); 5 % B (0 min) = 50 % B (20 min) = 100 % B (20.5 min)
- 100 % B (24.5 min) = 5 % B (25 min) = 5 % B (26 min), at a constant flow rate of 0.7 mL/min. Mass
detection was recorded in the positive ionization mode. In the MS? measurements, 35 % normalized collision
energy (cid) was applied to fragment the mass m/z = 734.5 (+ 3.0 Da), and SRM was adjusted to fragment
m/z=1576.22 (+ 2.0 Da).
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3. Results

3.1. Results for Erythromycin

Table S4. Restriction site strategy used for vector backbone linearizations to sequentially assemble ery.

150

Plasmid name Restriction Description
site

pET-28b-SUMO BamHI Modified derivative of pET-28b used to
(5650 bp) insert ery-pl (9.8 kb | 70 % GC) and

subcloning of ery-p5 (12,7 kb | 71 % GC)
pET-28b-SUMO::ery-pl SnaBI Intermediate fragment to insert ery-p2
(15,522 bp) (10.6 kb | 74 % GC)
pET-28b-SUMO::ery-p12 SnaBI Intermediate fragment to insert ery-p3
(26,099 bp) (12.1 kb | 73 % GC)
pET-28b-SUMO::ery-p123 SnaBI Intermediate fragment to insert ery-p4
(38,170 bp) (9.5kb |74 % GC)
pET-28b-SUMO::ery-p1234  SnaBI Insertion of ery-p5 (12.6 kb | 71 %), failed
(47,686 bp) due to stability issues
pCCI1FOS::ery-p1234 Nsil Insertion of ery-p5 (12.6 kb | 71 %)
(50,168 bp) yielding complete ery
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Figure S1. Partitioning of the ery cluster (54.6 kb, 73 % GC) for amplification and assembly. (A) The cluster
was divided into five parts, ery-pl (9.8 kb, 70 % GC, yellow), ery-p2 (10.6 kb, 74 % GC, green), ery-p3
(12.1 kb, 73 % GC, purple), ery-p4 (9.5 kb, 74 % GC, turquoise) and ery-p5 (12.6 kb, 71 % GC, magenta)
which were amplified by PCR. (B) Sequential assembly strategy to reconstitute complete ery.
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pPET-28b-SUMO 5,650 bp

ery-p5 ' ery-pl |
PET-28b-SUMO::ery-p1 15,522 bp
| ery-p2 |
v v
PET-28b-SUMO::ery-p12 26,099 bp
' ery-p3 l
PET-28b-SUMO::ery-p123 38,170 bp
| ery-p4 |
A4 v
pPET-28b-SUMO::ery-p1234 47,686 bp
pET-28b-SUMO::ery-p5 ‘ * '
18,316 bp v Y
- PCC1FOS::ery-p1234 50,168 bp
1 ery-p5 L
pCC1FOS::ery 62,751 bp
| |
V* A J
Streptomyces expression pLKO1::ery 66,576 bp

Figure S2. Sequential assembly strategy to access ery (54.6 kb). The BGC from S. erythraea DSM 40517 was
split into five parts (ery-pl to ery-pS) which were amplified by PCR. pET-28b-SUMO was the vehicle to
assemble the clusters parts ery-pl to -4. A backbone exchange for pCC1FOS was conducted by homologous
recombination (LCHR), because of stability issues of pET-28b-SUMO::ery-p1234 in E. coli DH5a (yellow
star). ery-p5 was subcloned first and inserted within pCC1FOS::ery-p1234 after amplification from plasmid
template. LCHR was applied to transfer ery into pLKO1 for heterologous expression in Streptomyces (orange
star).
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Figure S3. Agarose gel electrophoresis to analyze restriction enzyme digests of pCC1FOS::ery: (a) Nsil-HF
(62,751 bp), (b) Bmtl + Xbal (25,763;22,514; 7317; 5318; 1839 bp), (c) HindlII-HF + ShfI-HF (45,645; 5226;
4501; 3087; 2873; 1419 bp), (d) PspXI (18,099; 16,391; 8107; 5456; 3922; 3840; 3183; 3135; 618 bp) and (e)
Notl-HF (12,166; 11,072; 7498; 6956; 5226; 3129; 3075; 2808; 2785; 2503; 2175; 1293; 1119; 946 bp)
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Figure S4. End-sequencing of pCC1FOS::ery to confirm correct integration of ery-p5. The reference sequence

(top line, yellow) was aligned with three sequencing traces covering the overlap of pCC1FOS to the beginning
of ery (line 2) and ery-p5 (lines 3, 4).
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Figure S5. Agarose gel electrophoresis to analyze restriction enzyme digests of pLKOl::ery: (a) Nsil
(66,576 bp), (b) HindIII (45,645; 17,676; 2286; 969 bp), (c) ShAI (51,194; 4501; 4119; 3087; 2873; 802 bp),
(d) Bmtl + Xbal (26,318; 22,514; 7317, 5318, 3270; 1839 bp) and (e) Ndel + HindIll (42,101; 7672; 6776;
3544; 3228; 2286; 969 bp).
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Figure S6. End-sequencing of pLKO1::ery to confirm the presence of ery. The reference sequence (top line,
yellow) was aligned with six sequencing traces covering the overlap of the pLKO1 backbone to ery, and the
overlapping regions of the assembled fragments ery-p1 to -p5 (lines 2 to 7).
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Figure S7. Agarose gel electrophoresis to analyze PCR screenings of CASO precultures of S. coelicolor for
the presence of ery. An amplicon of expected size (485 bp) could be found in all cases, validating a successful
conjugational transfer. As controls, reactions with water and plasmid template (pLKO1::ery) were included.
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Figure S8. Plasmid map of pET-28b-SUMO (5650 bp).
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Attachments

A.2. Constructed plasmids — PoTeM (accessory) enzymes

Within the PoTeM project, genes from various available PoTeM biosynthetic gene clusters
were subcloned (Table A.1). All constructs were verified by restriction analysis and Sanger

sequencing.
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A.2. Constructed plasmids — PoTeM (accessory) enzymes

Table A.1. List of cloned PoTeM (accessory) genes.

Source Gene Plasmid(s)
L. capsici DSM 19286 sd pHis8, pGS-21a
sd__orf2 pHis8, pGS-21a
S. degradans DSM 17024 fad pHis8, pGS-21a
sd pHis8, pGS-21a, pXY200
pks-nrps pET-28b-SUMO
S. spinosa NRRL 18395 fadl pHis8-TEV
fad2 pHis8-TEV, pGS-21a-TEV
S. albus DSM 40313 fadl pHis8-TEV, pGS-21a-TEV
fad2 pHis8-TEV, pGS-21a-TEV
aled pHis8-TEV, pGS-21a-TEV
S. arenicola CNS-205 ikaA pHis8, pET-28b-SUMO
tkaB pHis8, pGS-21a, pET-28b-SUMO

ikaC' pHis8(-TEV), pHis8C-TEV, pET-28b-SUMO,
pRSET A MRGS_His6-TEV

S. griseus DSM 40236 fadl pHis8-TEV, pGS-21a-TEV
fad2 pHis8-TEV, pGS-21a-TEV
alcd pHis8-TEV, pGS-21a-TEV
S. roseosporus NRRL 15998 fadl pET-28b-SUMO
fad2 pHis8-TEV, pGS-21a-TEV
aled pHis8-TEV, pGS-21a-TEV
Streptomyces sp. T116239 ikaA pHis8, pHis8C-TEV, pET-28b-SUMO
tkaB pHis8(-TEV), pHis8C-TEV, pGS-21a(-TEV),
pXY?200/211, pET-28b-SUMO
ikaC pHis8(-TEV), pHis8C-TEV, pGS-21a,
pXY200/201/211, pET-28b-SUMO
ikaA__Anrps pHis8, pBluescript 1T SK(-)
ikaA__Apks pHis8, pBluescript IT SK(-)
ikaA-TE pHis8-TEV, pGS-21a-TEV
Streptomyces sp. T16314 fadl pHis8-TEV, pGS-21a
fad2 pHis8-TEV, pGS-21a
aled pHis8-TEV, pGS-21a

pAEM35, pAEM35-oriT
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Attachments

A.3. Cloned PoTeM gene clusters

Table A.2. List of cloned (putative) PoTeM biosynthetic gene clusters.

Source Size and GC content Plasmid(s)
Streptomyces sp. T1i6239 12.3kb, 72% pET-28b-SUMO
S. arenicola CNS-205 12.2kb, 69 % pET-28b-SUMO
S. degradans DSM 17024 12.3kb, 47 % pET-28b-SUMO
S. spinosa NRRL 18395 16.0kb, 69 % pET-28b-SUMO
Streptomyces sp. Ti6314 16.1kb, 72% pET-28b-SUMO
S. griseus DSM 40236 16.2kb, 72% pET-28b-SUMO,
pSET152-ermE
L. capsici DSM 19286 19.3kb, 66 % pET-28b-SUMO

A.4. Constructed plasmids — Tii6239-lkaA A domain
mutagenesis

Table A.3. List of plasmids constructed for A domain mutagenesis within T1i6239-PKS/NRPS
(IkaA). The respective codons to achieve the amino acid substitutions in full length

IkaA were introduced by either SLIM® according to Chiu et al.?® or HiFi-DNA

Assembly site-directed mutagenesis’.

Plasmid Description
pBluescript IT SK(-)::T16239-ikaA_A-domain-spez Subcloning

mut2: V2495A, G2498E Mutagenesis®

mut3d: V2495A, G2498E, E2537D Mutagenesis®

mutd: V2495A; G2498E, E2537D, S2589T Mutagenesis®

mutb: V2495A, G2498E, E2537D, S2589T, 12597V Mutagenesis®
pHis8C-TEV::Ti6239-ikaA_5mut Protein synthesis in E. coli
pSET152-ermFE::Tu6239-itkaABC__5mut Streptomyces expression
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A.5. Constructed plasmids — Erythromycin project

A.5. Constructed plasmids — Erythromycin project

Table A.4. List of plasmids constructed in the erythromycin project.

Plasmid

Description

pET-28b-SUMO::Ery-Part1
pET-28b-SUMO::Ery-Part12
pET-28b-SUMO::Ery-Part123
pET-28b-SUMO::Ery-Part1234
pET-28b-SUMO::Ery-Partb
pET-28b-SUMO::DEBS1+TE
pCC1FOS::Ery-Part1234
pCCI1FOS::Ery full GA
pLKOL::Ery_full DSM40517
pETDuet-1::prpE::pccB_rbs-accA2

pETDuet-1-RBS2M::prpE::pccB
_rbs-accA2

Intermediate plasmid

Intermediate plasmid eryAl
Intermediate plasmid eryAl eryAIl
Intermediate plasmid eryAl eryAll eryAIll
Subcloning of Ery-Partb

E. coli plasmid for pyrone production
Intermediate plasmid

Plasmid harboring complete ery
Streptomyces expression plasmid

E. coli helper plasmid for the production
of methylmalonyl-CoA (12)

E. coli helper plasmid for the production
of methylmalonyl-CoA (12)
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Attachments

A.6. NCBI BLAST search for PoTeM gene clusters

The analysis was conducted using the ‘Discontiguous Megablast’ program provided by
Geneious 8.1.9 and NCBI’s database ‘nr’. As query sequences, the TE parts of the
PKS/NRPS genes of Streptomyces sp. Tii62397" and L. enzymogenes C3%° were used.
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Actinoalloteichus hymeniacidonis strain HPA177(T) (=DSM 45092(T))
Actinoalloteichus sp. ADI127-7

Actinoalloteichus sp. GBA129-24

Gynuella sunshinyii YC6258

Lysobacter capsici DSM 19286

Lysobacter capsici strain 55

Lysobacter enzymogenes strain C3 genome [HSAF]
Lysobacter enzymogenes strain C3 HSAF biosynthetic gene cluster
Lysobacter gummosus strain 3.2.11

Saccharophagus degradans 2-40 (DSM 17024)
Saccharopolyspora spinosa NRRL 18395
Salinispora arenicola CNS-205

Streptomyces albus J1074 (# available DSM 40313)
Streptomyces albus strain SM254

Streptomyces clavuligerus strain F613-1

Streptomyces fulvissimus DSM 40593

Streptomyces globisporus C-1027

Streptomyces griseus subsp. griseus NBRC 13350 (DSM 40236)
Streptomyces pactum strain KLBMP 5084
Streptomyces pactum strain SCSIO 02999
Streptomyces pratensis ATCC 33331

Streptomyces roseosporus NRRL 15998
Streptomyces sp. CFMR 7 strain CFMR-7
Streptomyces sp. FR-008

Streptomyces sp. Mgl

Streptomyces sp. PAMC26508

Streptomyces sp. SirexAA-E

Streptomyces sp. TLI 053

Streptomyces sp. Ti6075

Streptomyces sp. Tii6329

Streptomyces sp. Tii6314

Streptomyces sp. 2J306

Streptomyces vietnamensis strain GIM4.0001
Streptomyces xiamenensis strain 318

Bold: available in the Gulder lab



Actinoalloteichus hymeniacidonis strain HPA177(T) (=DSM 45092(T))

! 2,000 4,000 000 2,000 10,000 12,000 14,000 16,000 18,000 20,543
1844018 2,94&5,915 2,94¢,915 2,95@,915 2,951f,915 2,954,915 2,95¢,915 2,95%,915 z,gsdl,ms 2,93?,915 2,935,?5?
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L el - amino acid adenylation enzymefhicester reductase family protei..| - phytog... - pu.. -
ene gene BLAST Hit | phytoe... » gene gene gene
> . o-r- > gene ey 4B 4B
gene

Actinoalloteichus sp. ADI127-7

1 2,000 4,000 @000 2,000 10,000 12,000 14,000 16,000 12,000 20,000 22,123
4230284 4,237 285 4,234,285 4,233 285 4,231 285 4,224,285 4,227 285 4,224,285 4,224,285 4,221,285 4219285 4,217,162

T h_,,., f... ~ amino acid adenylation enzymefhicester reductase family pr.| - hytoe... - | Bl
gene BLAST Hit | phyta... -~ po. |
ﬂ - gene gene- (I gene gene gene -4 <
gene - ([ gene gene - ([ ﬂ |
gene  gene

Actinoalloteichus sp. GBA129-24

1 2,000 4,000 000 2,000 10,000 12,000 14,000 16,000 12,000 20,000 22,123
{,299,941 4,297{,942 4,29$,942 4,2951,942 4,291,942 4,235{:,942 4,237{,942 4,23@,942 4,23?,942 4,23f|,942 4,2?5{:,942 4,2??,31?
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1" - gene oene- ([ gene gENE oene -4 <4l
gene- [ gene gene - I ﬂ

gene  gene

Gynuella sunshinyii YC6258

! 2,000 4,000 @,000 8,000 10,000 12,000 14,000 16,000 18000 19,540
daniaee  3,304.387 3,308 367 3,304 287 3,308 367 3,311 287 3313367 3,315,367 3311 387 3,314,367 3,320,007

f... endopelyg... ,ﬂ ‘1 . phytoen... - ghﬂnen - ‘_Jb
<8 i L_oene Q0 R ]
gene gene  gens  gene BLAST Hit gene gene

Lysobacter capsici DSM 19286 7
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d e ,|_J - PHSIMNRPS FAD.. FAD... - . -
hypothetical argina se  flavodoxin reductase family protein FAD-dependent oxidoreductase - -~ e
TonB-dependent receptor fatty acid hydroxylase alcohol defydrogenase zinc-hinding protein - membrane transporter
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Lysobacter capsici strain 55

1 2,000 4,000 ,000 8,000 10.000 12,000 14,000 16,000 12,000 20,108
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Lysobacter enzymogenes strain C3 genome [HSAF]
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rock gene gene - (>

Ref.: F. Yu, K. Zaleta-Rivera, X. Zhu, J. Huffman, J. C. Millet, S. D. Harris, G. Yuen, X. C. Li, L.
Du, Antimicrob. Agents Chemother. 2007, 51, 64-72.

Lysobacter enzymogenes strain C3 HSAF biosynthetic gene cluster

! 2,000 4,000 8,000 8,000 10,000 12.000 14,000 16,000 18,000 20,280
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arginase-like protein CDS  sterol desaturase-like protein CDS hylbrid polyketide synthase and nonribosomal peptide synthetase COS

Ref.: L. Lou, G. Qian, Y. Xie, J. Hang, H. Chen, K. Zaleta-Rivera, Y. Li, Y. Shen, P. H. Dussault, F.
Liu, L. Du, J. Am. Chem. Soc. 2011, 133, 643-645.

Lysobacter gummosus strain 3.2.11
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Saccharophagus degradans 2-40 (DSM 17024) &7
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Saccharopolyspora spinosa NRRL 18395 %
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Salinispora arenicola CNS-205 %%
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Ref.: J. Antosch, PhD thesis, 2015.

Streptomyces albus J1074 (2 DSM 40313) 7
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Streptomyces clavuligerus strain F613-1
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Streptomyces globisporus C-1027
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Streptomyces griseus subsp. griseus NBRC 13350 %7 (DSM 40236)
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Streptomyces pactum strain KLBMP 5084
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Streptomyces sp. FR-008
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38406 5040405 eo4da0s  eoadaos  eoad40s  epadans  6pada0s 60520405 6054405 6050405 6082405 6,060,405
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Streptomyces sp. TLI_053
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__
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12,788 13.:?65 14.:335 15.:?35 15,:?35 1?.:?65 13.:?85 19.?55 20,?35 2 .?85 22.‘5‘55 23.?&5 :5.03?

[ PESMNREPS Gene - lllcohol Dehydrogenase
FAD dependant oxidoreductase

Ref.: J. Antosch, F. Schaefers, T.A.M. Gulder, Angew. Chem. Int. Ed. Engl. 2014, 53, 3011-3014.

Streptomyces sp. Tue6314 %7
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PN D EEEE D S G o e 4 r@ppr
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FAD QxiRed
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Streptomyces sp. ZJ306

! 2,000 4,000 8.000 8,000 10,000 12.000 14,000 16,000 18.000 20,000 22,000 24,000 26712
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L L
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T Lo [ lka& CDS [ l. -~ o i < e o cy...
BLAST Hit (ka8 aspa...

Ref.: G. Zhang, W. Zhang, Q. Zhang, T. Shi, L.. Ma, Y. Zhu, S. Li, H. Zhang, Y. L. Zhao, R. Shi, C.
Zhang, Angew. Chem. Int. Ed. Engl. 2014, 53, 4840-4844.

Streptomyces vietnamensis strain GIM4.0001

! 1,000 2,000 3,000 4,000 5,000 8,000 7,000 &,000 0,000 10,000 11,000 12,000 13,000 14,740
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4
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_______________crec_________________________ g /T | cen: |

glcohol dehydrogenase COS

Streptomyces xiamenensis strain 318

1 2,000 4,000 000 &,000 10,000 12,000 14,000 1,000 18,628
{.:3?1 521 4.339.522 4,36?.522 4.:3&@ 522 4,3653.522 4.:33f|.522 4.35d|.522 4.:35?| 522 4.355|.522 4,352,804
"‘\\il

he. o d.. N hyhbricl polyketide synthase and nonribosomal peptide synthetase CDS - BLAST Hit oxi.. | asparagi...

gens gene Ene FAD dep... - gene Ene
e gene A< @
gene

Ref.: M. J. Xu, J. H. Wang, X. L. By, H. L. Yu, P. Li, H. Y. Ou, Y. He, F. D. Xu, X. Y. Hu, X. M.
Zhu, P. Ao, J. Xu, Sci. Rep. 2016, 6, 18977.
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A.7. Sequencing results

A.7. Sequencing results

A.7.1. pHis8C-TEV::Tii6239-ikaA_bmut

Consensus
Identity

pHisBC-TEV_Tii6239_ikaA_5mut (wo TGA) [ORF]

. 37JD57.ab1 extraction
W 37JE22.ab1 extraction
== 87JE23.ab1 extraction
W 37JE24.ab1 extraction
N 37JE25.ab1 extraction
== 87JE26.ab1 extraction
W 37JE27.ab1 extraction
W 37JE28.ab1 extraction
=am 87JE29.ab1 extraction
W3 87JE30.ab1 extraction
@2 87JE31.ab1 extraction
= 87JE32.ab1 extraction
= 87)D58.ab1 extraction

@ 87)D59.ab1 extraction

=am 87)D60.ab1 extraction

W 87JE33.ab1 extraction

=am 87)D61.ab1 extraction

Figure A.1.

1 500 1,000 1500 2000 2500 3,000 3500 4000 4500 5000 550 6000 650  7.000 7500 8000 8500 9,000 9402
; 500 1.000 1500 2000 250 3000 350 4000 450 5000 550 6000 6500 7000 7800 8000 8500 9,402
EcoRI (20) Hindlll (¢
— —
EcoRl (20)
Hindlll (¢

Schematic representation of the sequencing results for the EcoRI/HindIII-flanked
insert of pHis8C-TEV::Ti6239-ikaA_5mut. The A domain part (321 bp), con-
taining the five altered codons, is depicted in red. Lines 2 to 18 graphically show
the perfect agreement of the individual overlapping sequencing runs with the
reference sequence of ikaA__5mut (top line, yellow).
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A.7.2. pSET152-ermE::Tii6239-ikaABC_5mut

1 1000 2000 3000 4000 5000 6000 7000 800 9000 10000 11000 12000 13000 14000 15000 16000 17000 18,109

Consensus

e
identy - 0 ] T

1 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13900 14000 15000 16000 17900 18,109
PSET152-ermE_rev::Tii6239-kaABC_Smut

T
@ [ B o= A ]

== 37)D28.ab1 extraction

B 37)D44.ab1 extraction

== 37JD29.ab1 extraction

= 87)D30.ab1 extraction

== 37JD31.ab1 extraction

mm 37)D32.ab1 extraction

W 87)D33.ab1 extraction

== 37JD34.ab1 extraction

= 87)D35.ab1 extraction

== 37JD36.ab1 extraction

= 87)D37.ab1 extraction

= 37JD38.ab1 extraction

= 87D24.ab1 extraction

@ 87D25.ab1 extraction

= 87)D26.ab1 extraction

@ 87D39.ab1 extraction

== 87JD27.ab1 extraction

= 87)D40.ab1 extraction

== 37JD41.ab1 extraction

= 87)D43.ab1 extraction

W 37)D42.ab1 extraction

Figure A.2. Schematic representation of the sequencing results for ikaABC of pSET152-
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ermFE::T16239-ikaABC_5mut. The A domain part (321 bp), containing the five
altered codons, is depicted in red. Lines 2 to 22 graphically show the perfect
agreement of the individual overlapping sequencing runs with the reference
sequence of ikaABC in pSET152-ermE (top line, yellow).
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A.8. Plasmid maps

pSET152-ermE::T116239-ikaABC __5mut

@ (17,889 ..17,924) AprR_GA_pXY200_For
@ (17,907 .. 17,926) pXY200_Lin_wo_Apr_Rev

(17,338) Miul

CAP binding site

lac operator;

(15,307) Miul

phage @C31 integrase

PSET152-ermE::Tii6239-ikaABC_5mut
18,109 bp
(13,352) Mlul

Miul (5347)

Mutation P2

Miul (6328)
Mlul (7183)

Tu6239-A_domain_spez_for (8596 .. 8613)

(9248 .. 9265) Tii6239-A_domain_spez_rev Amp_V_Rev (859 .. 8613) @
® (9248 .. 9765) Amp_V_For MIUT (8629)

Figure A.3. Plasmid map of pSET152-ermE::T1i6239-ikaABC_5mut. The A domain part
(blue, 670 bp) was introduced in a three fragment HiFi DNA Assembly reaction.
The remaining two parts (8816 bp [red] and 8677 bp [black]) were PCR amplified
using Q5 polymerase in combination with High GC Enhancer supplement.
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A.9. LC-MS data

Supporting information for the heterologous production of erythromycin A (8) in Strepto-
myces coelicolor:

o HPLC-MS screening of S. coelicolor extracts for 8 — Figure A.4, page 179.

o MS? spectra of 8 produced by S. coelicolor compared to commercial 8 — Figure A.5,
page 180.
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Figure A.4. HPLC-MS screening of S. coelicolor extracts for the production of erythromycin A

(8). The extracted mass trace corresponding to 8 (m/z = 734.46, [M+H]™) is

shown in the chromatograms.
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