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“When we see the Earth from space, we see ourselves as a whole; we see the unity

and not the divisions. It is such a simple image, with a compelling message:
“One planet, one human race”.

Stephen Hawking

“It's not the size of the dog in fight, it's the size of the fight in the dog.”

Anonymous American proverb
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Abstract

Natural products from myxobacteria gained increasing interest for pharmaceutical
applications in the last decades due to their promising bioactivities. This thesis covers the
heterologous production and biosynthesis elucidation of three potent myxobacterial
compounds. The design, assembly, and heterologous expression of a synthetic myxovalargin
(MXV) gene cluster lead to production of competitive yields in the surrogate host M. xanthus
DK1622. The established heterologous expression platform for MXV was used to initiate in-
depth analysis of the involvement of the putative B-hydroxylase MxvH and the single PCP
domain MxvB in the MXV biosynthesis. In order to further elucidate the biosynthesis of the
disciformycins (DIF), a previously developed heterologous expression platform of the core PKS
genes difBCDEFG in M. xanthus DK1622 was utilized to search for essential tailoring enzymes.
With this approach the Fe-S oxidoreductase DifH was identified as the responsible enzyme for
the C-C double bond formation at C-3 of the DIF scaffold. The biosynthesis of the maracens
and maracins is still hypothetical to this date. The design and assembly of a synthetic putative
gene cluster and the heterologous expression thereof in M. xanthus DK1622 did not yield
production of the target compound so far. Nevertheless, the designed construct could be used
for future efforts to successfully produce the maracens and maracins in a suitable surrogate

host.
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Zusammenfassung

Da Naturstoffe aus Myxobakterien vielversprechende Bioaktivitaiten aufweisen, ist das
Interesse an ihnen fir pharmazeutische Anwendungen in den letzten Jahrzehnten stetig
gestiegen. Diese Thesis befasst sich mit der heterologen Produktion und Aufklarung der
Biosynthese von drei Verbindungen mit starken antibiotischen Wirkungen. Design,
Assemblierung und heterologe Expression eines synthetischen Myxovalargin (MXV)
Genclusters in dem Wirt M. xanthus DK1622 haben zu konkurrenzfahigen Produktionsraten
gefuhrt. Die etablierte heterologe Expressionsplattform konnte als AnstoRR zu einer tiefer
greifenden Analyse der zwei beteiligten Enzymen MxvH, einer mutmaRlichen B-hydroxylase,
und MxvB, einer alleinstehenden PCP-Domane, dienen. Um die Biosynthese der
Disciformycine weiter aufzuklaren, wurde eine bestehende heterologe Expressionsplattform
der Kern-PKS Gene in M. xanthus DK1622 verwendet, um nach weiteren notwendigen
Enzymen zu suchen. Dabei wurde die Fe-S Oxidoreduktase DifH als Enzym identifiziert, das die
Doppelbindung an der C-3 Position des DIF Kerngeristes einbaut. Die Biosynthese von
Maracen und Maracin ist bis dato nicht aufgeklart. Design, Assemblierung und heterologe
Expression eines synthetischen Genclusters in dem Wirt M. xanthus DK1622 hat bisher nicht
zu der gewlnschten Produktion gefiihrt. Dennoch kénnte das hier entwickelte Konstrukt
zukunftigen Bemiihungen dienen, Maracen und Maracin in einem passenden Wirt heterolog

zu produzieren.
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Chapter 1 — Introduction

1 Introduction

1.1 Natural products

Natural products (NP) can be defined in several perspectives. In a very general attempt
to define NPs, they can be regarded as everything that is produced by living systems.! Another
approach defines NPs as secondary metabolites which are not vital for the producing
organisms, i.e., they are not required for their growth.? Those secondary metabolites,
however, can gain the producer an evolutionary advantage over their competitors.® The broad
public view on the one hand considers NPs as good and wholesome ‘natural’ or ‘organic’
products by unaltered natural organisms. The scientific view on the other hand regards all
compounds as NPs, as long as their chemical identical structure occurs in nature, even if they
are produced by genetically modified organisms or chemical synthesis.* The production and
development of NPs reaches far back to prehuman eras. Millions of years of evolution in plant,
fungal, bacterial, and animal sources, created an incredibly vast variety of NPs with a versatile
variety of biological activities. The history of humans harvesting the biological activities of NPs
for medical treatment, e.g., against cold, parasitic infections and inflammations, can be dated
back several millennia.> Astonishingly, evidence was found for the use of plant material with
considerable therapeutic effect in the Middle Paleolithic age.® An extensive list of around 1000
plant-derived substances originates from Mesopotamia and dates to 2600 BC.> Another well-
known record listing over 700 drugs mostly originating from plants is the Ebers Papyrus,
documented around 1500 BC in ancient Egypt.” The importance of NPs for medical application
in ancient cultures is highlighted by documents listing mostly plant-derived drugs found all
over the world. From the Chinese Materia Medica, documented over centuries and containing
entries from 1100 BC?, over the Indian Ayurvedic system from 1000 BC>1° to the Greeks and
Romans with drug and formulae records dated 100 — 200 CE. In the Dark and Middle Ages
between the 5™ and the 12t centuries, a majority of the Greek and Roman knowledge was
preserved by the Arabs, while they also extended it with their own expertise, as well as those
of the Chinese and Indians.!? With the transition into the modern era, the rise of the field of
chemistry in the 19t century enabled the first isolations of the active compounds of the long-
used plant-derived mixtures, e.g., morphine (1816), the antimalarial drug quinine (1820), or

the anti-asthma agent ephedrine (1887).11



Chapter 1 — Introduction

el

3 PR N ;h.'/,
;s é}%*d,i:;! LR s
r—] e ‘;

*hes

_-‘j‘ v
Ao

— SEyEEke

3 B -
S
- Ine 2
o NIRRT | oS LT TING
I; R 3
| R - - ¥

OH

2T

Morphine Quinine Ephedrine

Figure 1-1 a: Ebers Papyrus, documenting over 700 drugs from plant origin around 1500 BC in ancient Egypt.
Picture modified from https://commons.wikimedia.org/wiki/File:G._Ebers_(ed.),_Papyros_Ebers, 1875 _
Wellcome_L0016592.jpg (accessed: 12.03.2022). b: Chinese Materia Medica, documented over centuries
containing first entries from 1100 BC. Picture modified from
https://commons.wikimedia.org/wiki/File:Chinese_Materia_medica,_C17;_Plant_drugs,_Sophora_flavescens_
Wellcome_L0039341.jpg (accessed 12.03.2022). c: Structure from morphine, quinine, and ephedrine.

Within the early 20t century, another turning point in the history of NPs occurred. With
the discovery of the first B-lactam antibiotic Penicillin in 1928 by Alexander Fleming, the
‘golden era of antibiotics’ began. The exposition of this new microbial derived group of NPs
initiated an extensive investigation of a vast amount of yet undiscovered drugs with anti-
infective traits. Until the late 1970s several new microbial produced antibiotic classes were
discovered. Microbially derived NPs revealed various activities while many of those secondary
metabolites exhibit high potency due to the evolutionary pressures the microorganisms have
been exposed to.}? Some of these biological activities include antibacterial activity (e.g.,
penicillin, vancomycin, erythromycin, rifamycin),*>4 cytotoxic activity (e.g., bleomycin and

doxorubicin)®3, antifungal activity (e.g., amphotericin,* griseofulvin®) as well as
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immunosuppressive effects (e.g., cyclosporin'®). With the discovery of antibiotics like
streptomycin, tetracycline or gentamicin, pharmaceutical companies started extensive NP
discovery programs.’? Furthermore, technological advances in the second half of the 20t
century and ever-developing screening programs lead to a peak of 1600 newly published NPs
per year between the 1970s and the 1980s.1> The development of large synthetic chemical
libraries generated by combinatorial chemistry in the 1990s enabled high-throughput
screening of pure compounds. Despite several advantages over screening of NP crude
extracts® a majority of the approved drugs between 1981 and 2018 were NPs or their
derivatives, or NP-derived synthetic drugs.!” The reason for low hit rates of the synthetic
chemical library screenings could be their design emphasis for chemical accessibility and
maximum achievable size,'® while NPs were optimized over the millions of years of evolution

for their specific biological targets.

Approved drugs from Jan 1st 1981 - Sep 30st 2019

V; 142; 8%
B; 346; 18%

S*/NM; 207;11%
N; 72; 4%
: NB; 14;1%
S/NM; 217;11%
ND; 356; 19%

S: 463;25%

Figure 1-2 All approved drugs between January 1°t 1981 and September 30 2019, with a total of 1881 approved
drugs. B: biological macromolecule; B: unaltered natural product; NB: botanical drug (defined mixture); ND:
natural product derivative; S: synthetic drug; S*: synthetic drug (NP pharmacophore); V: vaccine; /NM: mimic of
natural product. Definitions and values adapted from ref.’

However, the abundance of antibiotics entering the market in the 1960s and 70s led to a
decline in the need for novel anti-infectives and therefore in interest of the industry to
continue the time consuming and expensive research.?®2° In the following 20 years the only
novel broad-spectrum class of antibiotics entering the market were the fluoroquinolones.?°
Since the discovery of new antibiotics is ever decreasing, bacterial antibiotic resistance is on a
threatening ascent and prompting the search for novel pharmaceuticals to treat infectious

diseases.21:22
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1.1.1 Antimicrobial resistance (AMR)

As stated before, antibiotic resistance or antimicrobial resistance (AMR) of pathogenic
bacteria is on a steady rise. For every antibiotic class that entered the market, AMR was
observed in the initially susceptible pathogen only a few years later.2> AMR can be caused by
misuse/overuse of antibiotics in humans and animals, leading to the spread of resistance
mechanism-carrying pathogenic bacteria obtained by mutations and strong positive
selection.?* However, bacterial strains can also acquire resistance without the anthropogenic
use of antibiotics by naturally occurring evolution and horizontal transfer of resistance
genes.?*26 Mutations can lead to modifications of pathways targeted by the antibiotic, or
alterations in the affected target site. Further, specific enzymes can inactivate the antibiotic

or efflux transporters can render it ineffective.2426:27

Methicillin
(1960/1961)
Penicillin Ampicillin
(1943/1946) (1961/1973)
Streptomycin Cephalosporins
(1943/1959) (1960s/late 1960s)
Chloramphenicol Streptogramins Linezolid
(1947/1959) (1965/1977) (2000/2001)
Salvarsan Tetracyline Nalidixic acid Daptomycin
(1910/1924) (1948/1953) (1967/1977) (2003/2005)
1910s >19205 19305> 1940s 19505> 1960s 19705> 1980s 19905>20005>2010$
Sulfonamides Erythromycin
(1930s/1940s) (1952/1988)
Vancomycin
(1956/1988)

Figure 1-3 Timeline of antibiotics and antibiotic classes entering the market. The year they entered the market
and of the first occurrence of clinical resistance (in red) is listed in brackets behind the corresponding antibiotic
(class). The ‘golden era of antibiotics’ is highlighted in yellow/golden color. References of the dates: Salvarsan?8,
streptogramins?®3, nalidixic acid3%3?, linezolid?*3%34, daptomycin?>3>-37, and 23 for all others.

Recent statistics attribute approximately 700,000 deaths every year to infections with
multidrug-resistant bacteria. Predictions state that, if unstopped, this number might increase
to 10 million in 2050.38 Especially multidrug-resistant Gram-negative bacteria and pathogens
of the ESKAPE group (vancomycin-resistant Enterococci, Staphylococcus aureus, Klebsiella
pneumonia, Actinetobacter baumanni, Pseudomonas aeruginosa and Enterobacter species)
are a significant threat and therefore ranked with critical priority by the World Health
Organization (WHO).?23%40 The development of AMR against nearly all approved antibiotics
by several pathogens is extremely problematic,*! especially considering that the last novel

class of antibiotics active against Gram-negative bacteria that entered the market were the
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quinolones.>® With the rise of multidrug resistant pathogens, and the limited time span of
antibiotics before AMR towards them emerges, the search for drugs with novel modes of

action is increasingly urgent.*?

1.2 Myxobacteria as promising source for novel secondary

metabolites

Since the discovery of Penicillin in 1928, microorganisms have been responsible for the
majority of discovered antibiotics. Amongst those, actinobacteria played a leading role with
over 5000 antibiotics identified in the Actinomycetales order in which 90% are produced by
the Streptomyces genus alone.*® The launch of large-scale screenings in the actinobacterial
class identified many candidates after the discovery of the two prominent antibiotics
streptothricin and streptomycin in the 1940s. However, it is assumed that only a small
percentage of the bioactivity potential in this class has been discovered up to recent years due
to hampered laboratory amenability of many organisms.**** Further established microbial
sources for NPs are fungi (e.g., the cholesterol lowering statins produced by Aspergillus

terreus)* and bacilli (e.g., gramicidin or the lanthionine-containing antibiotics, lantibiotics)?®.

In the last decades, myxobacteria, a group of Gram-negative 8-proteobacteria,*’ arose to
prominence in NP discovery. They feature an outstanding ability to produce intriguing
secondary metabolites, making them a promising source for novel lead structure development
and drug discovery.*®4° More than 100 unique core structures with fascinating bioactivities
and modes of action were found in myxobacteria since the discovery of ambruticin by Warner
& Lambert in 1970.°°>3 Myxobacteria are soil residing organisms and known for their rich
secondary metabolism, similar to Strepomycetes.>*>> They exhibit a complex social behavior
rarely found anywhere else in the bacterial world.”® As rod shaped vegetative cells they can
glide on surfaces in their search for prey. They feature a sophisticated communication within
their swarms, i.e., individual cells can secret slime forming trails or move as part of cell contact
dependent groups.>” Once the swarm contacts prey, they use hydrolytic exo-enzymes and
other secondary metabolites to lyse it and take up its nutrients. Hereby, the entire swarm
shares the pool of hydrolytic enzymes to optimize the use of degradation products. In case of
nutrient absence, they have the ability to organize their gliding movement to form mounds or
even three-dimensional macroscopic fruiting bodies. A small number of cells can turn into

resistant myxospores while some become peripheral rods. However, the majority of cells dies,
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probably to provide nutrients. In this way, myxobacteria are able to survive in hostile
environments until they encounter more favorable conditions, which once again causes

germination.®’

a Starvation

Vegetative growth
cycle and swarming

D Germination

Myxospore @,

J
e

Figure 1-4 a) Lifecycle of Myxococcus xanthus.*® b) Pyxidicoccus sp. (Angiococcus sp. And48) swarm and c) fruiting
bodies. d) Myxococcus xanthus DK1622 swarm and e) fruiting bodies. f) Pyxidicoccus sp. (Corallococcus sp.)
Ccc1071 swarm and g) fruiting body aggregates. h) Sorangium cellulosum swarm and i) fruiting bodies.
Microscopic images were kindly provided by Dr. Ronald Garcia.

Their complex way of life is likely the cause for their rich secondary metabolism. With
sizes ranging from 9 to 14.8 Mb, myxobacteria possess some of the largest genomes of all
known prokaryotes encoding a vast number of biosynthetic gene clusters (BGCs).>>°”>° Those
features and their ability to fight competitors and intruders acquired through evolutionary
pressure over millions of years, rendered myxobacteria an intriguing source for bioactive NPs
to harvest for drug discovery. The last decades uncovered already a long list of NPs with
numerous biological activities like antibacterial (e.g., cystobactamid®, disciformycin®?,
myxovalargin®, and maracen/maracin®), antifungal (e.g., ambruticin®®), antitumor (e.g.,
epothilone®), antiviral (e.g., aetheramide®®), immunomodulatory (e.g., argyrin®®), antimalarial
(e.g., chlorotonil®’), and antifilarial (e.g., corallopyronin®). One of the most prominent

compounds discovered in myxobacteria is the antitumor agent epothilone, as its
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semisynthetic derivative ixabepilone has been approved by the Food and Drug Administration
(FDA) for application against breast cancer.®® Another promising candidate that gained a lot
of attention in recent years are the topoisomerase inhibiting cystobactamids, exhibiting highly
potent activity against pathogens like Acinetobacter baumanii, Pseudomonas aeruginosa, and
Escherichia coli.®®7%71 Furthermore, the antimalarial macrolactone antibiotic chlorotonil was
isolated from the myxobacterium Sorangium cellulosum So ce1525. Besides potent anti-Gram-
positive activity, this intriguing candidate exhibited a significant reduction of parasitemia in

Plasmodium berghei in vivo mouse models.®’

Figure 1-5 Prominent myxobacterial NPs. 1: Ambruticin; 2: Chlorotonil A; 3: Corallopyronin A; 4: Aetheramide A;
5: Argyrin C; 6: Epothilone B; 7: Cystobactamid 919-2

1.3 Multi-modular megasynthetases as natural product “factories”

The majority of myxobacterially produced NPs can be classified as nonribosomal peptides

(NRPs), polyketides (PKs), or hybrids thereof (PK-NRP hybrids).”? Other structural types include
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alkaloids, terpenoids, and phenyl-propanoids.>* NRPs and PKs are both assembled by coupling
monomer units into longer chains by large multi-modular enzymes, the so-called
megasynthetases (NRPs) and megasynthases (PKs).”%’3 Megasynthetases and megasynthases
are organized in a modular manner, with each module constituting a multifunctional subunit
composed of various catalytic domains. Each domain has a specific catalytic function
necessary for the elongation step within the module. The entirety of those modules forms an
assembly line which is responsible for the NP biosynthesis by transferring the growing ketide
or peptide chain from module to module. Each module incorporates another monomer unit
by iterative chemical condensation steps until the PK/NRP is released at the terminal module
of the assembly line. While polyketide synthases (PKS) use acyl-CoA thioesters (e.g., acetyl-
CoA, malonyl-CoA, and methylmalonyl-CoA) as monomeric precursors, nonribosomal peptide
synthetases have a larger variety of precursors available by utilizing proteinogenic and
nonproteinogenic amino acids, as well as other carboxylic acids (e.g., aryl acids).”? Their
structural and catalytic similarities enable interaction between NRPS and PKS to form
functional NRPS/PKS hybrid megasynthetases. Interestingly, a high number of myxobacterial
NP biosynthetic pathways can be assigned to the NRPS/PKS hybrid type.”*

1.3.1 Nonribosomal peptide synthetases (NRPS)

One of the above-described multi-modular enzyme complexes are the NRPS, which
employ a vast pool of precursors consisting of proteinogenic and nonproteinogenic amino
acids and other carboxylic acids, to synthesize NRPs. A minimal module for the peptidyl chain
elongation in NRPS contains three core domains; condensation domain (C), adenylation
domain (A), and peptidyl carrier protein domain (PCP), also referred to as thiolation domain
(T). The typical domain order within a NRPS module is C-A-PCP. An elongation step starts with
the A domain by selection of the amino acid substrate, activating the carboxyl group with ATP
to form aminoacyl-AMP and binding it to the thiol group of the adjacent PCP domain.
Subsequently, the PCP domain shuttles the substrate to the following C domain, which forms
a peptide bond between two adjacent PCP domain-bound substrates by condensation of the

donor carboxyl and the acceptor amine group, resulting in chain elongation.”?

The PCP domains must be activated by a posttranslational modification step called
phosphopantetheinylation to enable functionality. Thereby, they are converted from the

inactive apo into the active holo form by the phosphopantetheinyl transferases (PPTases). This
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superfamily of proteins activates the PCP domain by transferring a 4’-phosphopantetheine
moiety (PPant) from coenzyme A to the catalytic serine of their active site. Once the PCP
domain is activated by phosphopantetheinylation, the chain intermediates can be covalently

tethered and shuttled from and to the other catalytic domains.”

1. Adenylation 2. Thiolation

3. Condensation

PCP, PCP,
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Figure 1-6 Basic principle of NRP synthesis, domain arrangement, and their catalytic reactions.
0) Phosphopantetheinylation of the PCP domain at the conserved serine residue by PPTases. 1) The A domain
mediates selection and adenylation of the amino acid by forming an aminoacyl-AMP and PPi. 2) Attachment of
the activated amino acid to the Ppant moiety of the PCP domain by thiolation and AMP release. 3) The C domain
catalyzes peptide bond formation between the activated amino acid and the upstream amino acid or peptide
chain by condensation. 4) The NRP is released by a terminal TE domain. An intermediate ester bond is formed
between the C terminus of the peptide and a conserved serine of the TE domain. Subsequent hydrolysis or
intramolecular attack of a nucleophile releases the NRP as linear or macrocyclic product. A = adenylation domain;
C = condensation domain; PCP = peptidyl carrier protein domain; TE = thioesterase domain; Nuc = nucleophile.
The product of each reaction is highlighted in red. The figure is adapted from Siissmuth & Mainz.”®

The peptide sequence of the compound is dictated by the substrate specificity of the A
domains, and their location among the assembly line.”” Besides the A domain specificity, C
domains with their pseudo dimer organization exhibit a high substrate specificity on the
acceptor side and a lower selectivity on the donor side, thus rendering them as a second gate
keeper for substrate selection.’®’® C domains can be classified into several functional
subtypes. ‘C, domains catalyze peptide bond formation between two L-amino acids, while °C,
domains link a b- with a L-amino acid. Further subtypes are Starter C domains, which acylate

the first amino acid with a B-hydroxy-carboxylic acid, Heterocyclization (Cyc) domains,
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catalyzing cyclization of cysteine, serine, or threonine residues after peptide bond formation,
homologous Epimerization (E) domains, changing the chirality of the last amino acid in the
peptide chain, and Dual E/C domains, which catalyze epimerization and condensation.® Other
domains that modify the PCP domain-bound substrate on the assembly line (in cis) are
methyltransferase domains (MT), incorporating an additional methyl group,®! and oxidation
domains (Ox), responsible for conversion of thiazoline and oxazoline rings to thiazole and
oxazole,’®778 respectively, or for a-hydroxylation of bound amino acids.”*®3 Modifications of
the growing NRP can also occur in trans, i.e., during or after release from the NRPS assembly
line.”7 Examples for such auxiliary, or tailoring, enzymes are monooxygenases,
methyltransferases, O-carbamoyl transferases, and glycosyltransferases. Those tailoring
enzymes can additionally increase the complexity and variety of NRPs and are sometimes
required to act in a strict order to enable the biosynthesis of the final product.’® The release
of the full-length NRP product from the assembly line is usually catalyzed by a terminal
thioesterase (TE) domain, which can release the polypeptide either as a linear chain or in cyclic
form.2* The NRPS biosynthesis usually follows the principle of collinearity. This principle claims
that each NRPS module activates and couples a single amino acid to the growing peptide chain,
i.e., that the number of monomers in the polypeptide correlates with the number of modules

in the assembly line and vice versa.”®

1.3.2 Polyketide synthases (PKS)

As in the NRP biosynthesis, the PKS connect monomers into the growing building block
chain along a modular, organized assembly line. However, instead of amino acid building
blocks, PKS connect activated acyl starter units with malonyl-CoA-derived extender units in a
cascade of Claisen condensation reactions.”> One chain elongation step typically involves
three catalytic domains: a B-ketoacylsynthase domain (KS), an acyltransferase domain (AT),
and an acyl carrier protein domain (ACP).”3 As for the PCP domains in NRPS, the ACP domain
has to be phophopantetheinylated to convert it from the inactive apo into the active holo
form.”> Subsequently, after activation, the ACP domain can bind the substrate and shuttle it
to the KS domain for C-C bond formation with adjacent monomers or chain intermediates.
Once the polyketide passes through the whole assembly line and reaches full chain lengths, a
TE domain catalyzes the release of the molecule by hydrolysis or lactonization.®> PKS are
closely related and evolutionarily connected to fatty acid synthases (FAS),%¢ however, PKS

clearly differ from FAS in providing larger structural diversity. Unlike FAS, they utilize a broader
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range of building blocks and can form various chain lengths. Further, the complete reduction
of each incorporated monomer unit applied in FAS is only optional in PKS. Those reductive
steps can be partly or fully omitted before being handed to the next elongation module, which
significantly increases the potential structural diversity.”® For a full reduction of the initially
formed B-keto group, a PKS module requires three additional domains. The ketoreductase
domain (KR) forms a B-hydroxyl group which is dehydrated by a dehydratase domain (DH) to
form a double bond. The double bond is further reduced by an enoylreductase domain (ER) to

complete the full reduction of the B-keto group.?’

AT
ACP ACP —» ACP ACP —» ACP
g S- % g s g
k S S S OH\GS o SH
0 / 5 R 0
= ﬁi e 0
~—0 0

Figure 1-7 Principle of a chain elongation step by Claisen condensation during PK biosynthesis. The substrate is
activated and loaded to the ACP domain by the AT domain. The downstream (methyl)malonyl-S-T is
decarboxylated, generating a nucleophilic thioester enolate, which forms a C-C bond by Claisen condensation
with the upstream acyl-S-T thioester catalyzed by the KS domain. KS = B-ketoacylsynthase domain; AT =
acyltransferase domain; ACP = acyl carrier protein domain. The figure is adapted from Fischbach & Walsh.”?

PKS can be classified into various types based on their architecture and functionality. Type
| PKS are large multifunctional enzymes with linearly organized and covalently fused catalytic
domains. Type Il PKSs on the other hand are usually a system of dissociable, monofunctional
enzymes.’3 Similar to type Il PKS, type Ill PKS consist of dissociable, monofunctional enzymes.
They were found in plants, bacteria, and fungi®=° and, unlike type Il PKS, the proteins of type
Il PKS form homodimers and use thioester building blocks that are freely activated by CoA
without the use of ACP domains.’® PKS can furthermore be categorized as iterative or
noniterative, depending on whether the KS domain catalyzes only one or multiple rounds of
elongations.”® Noniterative type | PKS, as NRPS, follow the principle of collinearity, i.e., the
number of extension cycles (and thus the number of building blocks in the structure) typically
correlates with the number of modules in the PKS assembly line. Further, the degree of B-keto
processing can be inferred from the presence of KR, DH, and ER domains in a module. The

principle of collinearity enables the prediction of the polyketide structure based on the
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assembly line architecture and vice versa, and further allows rational reprogramming of the
polyketide biosynthesis by genetic engineering.”® It is noteworthy, that some bacterial
modular type | PKS do not follow this rule. Modules may be skipped or used more than once,
which hinders both the prediction of produced scaffolds as well as reciprocal the conclusions
about enzyme organization drawn from a known compound structure. This is particularly
challenging for a subclass of PKS systems called trans-AT PKS, as the modules lack individual
AT domains within the assembly line (cis). Here, the substrates are loaded by standalone AT

domains (trans).”?

1.3.3 Structural diversity in NRPS and PKS

The NPs produced by NRPS, PKS, and their combinations exhibit vast structural diversity.
The observed variety of structures that can be synthesized stems from the selection of building
blocks, in the case of NRPSs utilizing proteinogenic and nonproteinogenic amino acids as well
as aryl acids.”? The role of the monomer-activating A domains is pivotal for the substrate
selectivity. Stachelhaus and coworkers were able to identify the protein sequence of the A
domain binding pocket responsible for the substrate selectivity. They developed the so-called
nonribosomal code, implying ground rules for the prediction of A domain specificity based on
the protein sequence.?27% Later, this code was extended by a range of 8 A to include important
residues outside of the binding pocket.> With this knowledge, tools for the prediction of the
A domain specificity were developed over the years, such as NRPSpredictor2°® or NRPSsp®’.
This nonribosomal code cannot only be used to facilitate prediction of structures synthesized
by NRPS BGCs, in can further be utilized to change A domain specificity. Manipulation of as
little as one residue by mutation in the nonribosomal code by genetic engineering can switch
the specificity and initiate production of novel derivatives.?>?8°° The diversity of NRPS can

thus be further enhanced by such combinatorial biosynthesis approaches.

The diversity of PKS is also immense utilizing a vast variety of starter units such as short-
chain (branched) fatty acids, various alicyclic and aromatic acids, amino acids, and extender
units derived from malonyl-coenzyme A (CoA).1°° The enormous diversity is further
implemented by optional reduction steps, i.e., partly, or fully omitting reductive steps can
introduce hydroxyl groups, unsaturated double-bonds, or keto groups, by variations in carbon
chain lengths, folding, and termination, as well as by post PKS tailoring steps, e.g.,

glycosylation, acylation, alkylation, and oxidation to name only a few. It is noteworthy, that
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the diversity of polyketides is even more increased by the stereochemical configuration, e.g.,
(S) or (R) hydroxyl groups catalyzed by KR domains, cis or trans double bonds implemented by

DH domains, or (R) or (S) methyl branches generated by ER domains.”?

1.3.4 Fatty acid synthases (FAS)

As previously mentioned, FAS are closely related and evolutionarily connected to PKS.¢
Their primary difference is the full reduction of the incorporated monomers in FAS.2” FAS are
found ubiquitously across all groups of organisms and their biosynthetic mechanism is highly
conserved. However, similar to the PKS they can be divided in two types depending on the
organization of their catalytic domains.8® Type | FAS, as type | PKS, consist of large,
multifunctional enzymes and are found in fungi and animals.1%! Type Il FAS on the other hand,
just like type Il PKS, use dissociable, monofunctional enzymes and are found in achaea,
bacteria, and plants.%? The biosynthetic pathway of the FAS chain elongation is the same as
described previously in PKS: typically using acetyl-CoA as the starter unit and malonyl-CoA as
elongation monomers, the substrates are bound to a phophopantetheinylated acyl carrier
protein domain (ACP) by the acyltransferase domain (AT), and subsequently linked to the next
monomer or chain intermediate by Claisen condensation catalyzed by the B-ketoacylsynthase
domain (KS).28%192 The incorporated B-keto group is now fully reduced by a NADPH (reduced
form of nicotinamide adenine dinucleotide phosphate)-dependent B-ketoreductase domain
(KR), a dehydratase domain (DH), and an enoylreductase domain (ER). Unlike in PKS, this full
reduction cycle is mandatory in FAS. The saturated acyl product now serves as the starter
substrate for the next elongation step, which is repeated until a certain chain length of the
fatty acid is reached.031%4 Finally, after completion of all rounds of chain elongation, the
product is either released from the FAS by a TE domain as free fatty acid,! or it can be
transferred into glycerophospholipids by a variety of acyltransferase systems.1% While type |
FAS usually only produce palmitate, type Il FAS are able to produce an enormous diversity of
structures utilized in the cellular metabolism due to the diffusible ACP intermediates that can
divert into other biosynthetic pathways. Therefore, type Il FAS can generate products of
different chain length, unsaturated, iso-, and anteiso-branched-chain, and hydroxy fatty

acids.10?

The FAS-produced stearic acid (SA, 18:0) can be utilized as precursor for aerobic

biosynthesis of polyunsaturated fatty acids (PUFAs), e.g., arachidonic acid (AA),

13



Chapter 1 — Introduction

eicosapentaenoic acid (EPA), or docosahexaenoic acid (DHA).This PUFA synthesis is catalyzed
by a combination of alternating desaturation and elongation reactions in plants and
animals.1%6107 However, these PUFAs can also be produced without the presence of fatty acid
desaturases and elongases. Iterative type | FAS/PKS-like multienyzmes complexes, so-called
PUFA synthases, have been identified and characterized from several y-Proteobacteria and
exhibited EPA production via anaerobic de novo synthesis from acetyl-CoA and/or malonyl-

CoA substrates and coenzyme NADPH.108-110

1.4 Heterologous expression of myxobacterial secondary metabolite

pathways

Native myxobacterial strains are often difficult to grow under laboratory conditions and
the production yield of the target compound remains often too low for further studies, despite
significant efforts to optimize the growth conditions and increase production. Low genetic
amenability of the native strains further prevents elucidation of the NP biosynthesis by
targeted gene deletions or attempts to improve the production yield by genetic modifications,
such as introduction of strong promoters'! or optimization of expression levels of positive
and negative regulators.''>711* Those conditions make the heterologous expression of NP
biosynthetic pathways in well-established heterologous hosts an indispensable tool for the
discovery, production (optimization), engineering, and characterization of myxobacterial
secondary metabolites.!*>'” Various techniques and tools for genetic engineering and
molecular biology methods are already available for well-established heterologous hosts. The
introduction of biosynthetic gene clusters (BGCs) into said hosts enables the use of these tools
and methods to investigate and manipulate the pathways. This allows the elucidation of the
NP biosynthesis, production of novel derivatives, or improvement of production vyield for
further studies, e.g., activity and mode of action investigations. The enormous diversity of
microbial NPs as a promising source for novel drug development is gaining increasing interest.
However, an estimation that approximately 99.8% of microbes present in many environments
are not culturable under laboratory conditions yet, highlights the importance of heterologous
expression of NP BGCs to tap into that seemingly endless source of potential active

compounds.tt®

Several aspects should be considered during the process of choosing a heterologous host

for the expression of the desired BGC. The host must be capable of performing the required
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posttranslational modifications for the expressed proteins that need to be transcribed,
translated, and correctly folded after transferring the desired BGC. In the case of PKS and
NRPS, the host must be able to activate the ACPs or PCPs, respectively, by
phophopantetheinylation .”> Furthermore, the genomes of myxobacteria are known for their
high GC content so the host additionally must be able to express GC-rich genes. In many cases,
the desired compound for the heterologous production is antimicrobial or toxic. Therefore,
self-resistance genes of the native producer need to be expressed as well, or in the case that
self-resistance genes are not available, inducible promoters should be used for a controlled
expression.'!> It is noteworthy, that rare codons could result in ribosomal stalling, leading to
truncated or degraded proteins, however, it seems that this problem is less relevant in
practice than initially believed in theory.!*! The well-established strain Myxococcus xanthus
DK1622 has proven to be a well-suited host considering these prerequisites. A significant
number of BGCs were already successfully expressed in this host,!® including the recently

published cystobactamids.”*

For a successful integration and expression of the target BGC, it must be obtained from
the native producer and adapted for the chosen heterologous host. Traditionally, large cosmid
libraries were generated and screened for cosmids with the desired genes. In the last decade,
de novo DNA synthesis has enabled the in silico design of a biosynthetic pathway which can
then be produced by gene synthesis companies.!'® The genes usually have to be reorganized
and regulatory elements like promoters and terminators have to be added to form regulated
operons that facilitate expression in the heterologous host. Subsequently, the modified genes
need to be reassembled on vectors that harbor appropriate genetic elements, such as a
suitable integration and replication system, and selection markers to enable transformation
into hosts for both cloning (e.g., E. coli) and genome-integration and expression (e.g., M.
xanthus DK1622).11® The assembly of BGCs on respective vectors was traditionally conducted
by classical restrictive-hydrolysis and ligation-based methods. This extremely time consuming
and laborious approach, however, initiated the development of faster and more versatile

21 or Golden Gate cloning'??)

techniques.'?° Several advanced in vitro (e.g., Gibson assembly
and in vivo (e.g., transformation-associated recombination (TAR)'?®> and Red/ET
recombination'?*) techniques have been developed. Both in vivo methods are based on

recombination of overlapping homologous regions. While TAR cloning is carried out in yeast,
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Red/ET recombination is performed in E. coli and facilitates straightforward plasmid

modifications.

Notably, heterologous expression of NRPS and PKS BGCs and the development of
sophisticated techniques to design, reorganize and assemble such pathways, enabled the
emergence of the field of combinatorial biosynthesis. This field engages in the investigation of
swapping entire modules, domains, or subunits of NRPS and PKS BGCs.?> One prominent
example of this field is the swapping of an erythromycin AT domain with an equivalent of the

rapamycin biosynthesis, which yielded 61 new analogues.'?®

1.5 Outline of the present work

The work described in this thesis focuses on the heterologous expression of three
myxobacterial NPs with intriguing biological activities. The main objective for all three
compounds was the development of a heterologous expression platform using the well-
established surrogate host M. xanthus DK1622. Modified BGCs of these NPs, adapted for the
expression and modification in the heterologous host, should enable genetic manipulation for
the elucidation of the biosynthetic pathways and potentially the production of novel

derivatives.

According to these objectives, the second chapter of this thesis describes the
development of a heterologous expression platform for the linear peptide antibiotic
myxovalargin (MXV), exhibiting anti-Gram-positive and anti-Gram-negative activity and found
during a screening program in 1982 in the myxobacterium Myxococcus fulvus Mx f65.%2 The
native MXV producer Corallococcus coralloides 1071, which was used for initial studies on the
underlying biosynthesis, has limitations in amenability for genetic tools and engineering.?’
Objectives of the herein presented work were the design and assembly of an inducible
synthetic MXV BGC for heterologous expression in M. xanthus DK1622, allowing seamless
genetic manipulation of the BGC. A functional expression platform for MXV was supposed to
be utilized for targeted gene deletion and/or inactivation to analyze the role of the putative
B-hydroxylase MxvH and the single PCP domain MxvB, as head start of in-depth investigations

of the biosynthetic pathway. Further, the goal was to increase the production of MXV in the

heterologous production system to ensure sufficient supply of the compound.
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Figure 1-8 General workflow of the MXV project. The process started with the identification of the native gene
cluster in Corallococcus coralloides 1071. After in silico analysis, modification and reorganization of the gene
cluster, gene cluster fragments were synthesized de novo and assembled in vitro. The final assembled synthetic
MXV BGC was transformed into M. xanthus DK1622 and integrated into the genome. Fermentation and uHPLC-
hrMS analysis showed a maximum MXV production of 33.7 mg/L.

The third chapter describes the work on disciformycin (DIF), a 12-membered macrolide-
glycoside antibiotic isolated from the myxobacterium Pyxidicoccus fallax AndGT8, exhibiting
strong activity against methicillin- and vancomycin-resistant Staphylococcus aureus
(MRSA/VRSA) strains while showing very low cytotoxicity.®! The aim was to utilize a
heterologous expression platform harboring the PKS genes difBCDEFG??8 to further investigate

the biosynthesis of DIF and discover necessary tailoring enzymes.

Chapter four describes the work with maracen and maracin, two lipophilic carboxylic
acids with promising activity against P. aeruginosa (personal communication with Dr. Jennifer
Hermann), discovered in the two strains Sorangium cellulosum Socel128 and Soce880 in
1998.%3 The maracen/maracin biosynthesis is only hypothetical to this date. Slow growth and
natural resistance against almost all antibiotics of the native S. cellulosum producer strains,
combined with low genetic amenability, drove the desire for a heterologous expression
platform for the maracen/maracin BGC. The objective of this work was to design a new version
of a synthetic maracen/maracin gene cluster, reorganized in regulated operons inducible by
vanillate and exempted from native promoter and terminator sequences, for the heterologous

expression in strain M. xanthus DK1622.

17



Chapter 1 — Introduction

Taken together, these chapters highlight critical steps in the heterologous expression of
diverse chemical classes across myxobacteria using a single heterologous host. The challenges
faced during this work underlined the complexity of myxobacterial natural products and
efforts required to understand their biosynthesis. Important steps achieved herein toward
improving and understanding the production of these intriguing natural products lays the
groundwork for future studies of these compounds and future work based on the

heterologous expression systems.
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2 Heterologous expression of a synthetic myxovalargin gene

cluster

Contributions

Assembly of the synthetic MXV gene cluster, transformation, and heterologous expression in
M. xanthus DK1622 was done by the author of this work. Furthermore, design and cloning of
the knockout of mxvH and gene inactivation of mxvB for biosynthesis elucidation, design of
the ABC transporter cassette, as well as cultivation experiments if not mentioned otherwise
were conducted by the author. In silico design of the synthetic MXV gene cluster was done by
Dr. Sebastian GroR. Cloning work for the deletion of mxvH and inactivation of mxvB, as well as
cultivations and analysis of production kinetics and multiple induction with vanillate was done
with the help of Fabienne Wittling as part of her master thesis. Cloning work to obtain the ABC
transporter cassette was done by Dr. Kamal Tehrani. MIC testing was done by Dr. Kamal
Tehrani and Fabienne Wittling. The design and experimental procedure for the SNAc synthesis

was performed by Dr. Alexander Kiefer.
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2.1 Abstract

Myxovalargin (MXV) is a linear peptide antibiotic with activity against Gram-positive (MIC
0.3 ~ 5 pyg/mL) and Gram-negative (MIC 6 ~ 100 pg/mL) bacteria, found during a screening
program from the Gesellschaft fiir Biotechnologische Forschung (GBF) in 1982.5% The native
MXV producer Corallococcus coralloides 1071, which was used for initial studies on the
underlying biosynthesis, has limitations regarding amenability for genetic tools which presents
a hurdle for pathway engineering. Therefore, a heterologous expression platform was highly
desirable to gain insights into the biosynthesis of the myxovalargins and allow biosynthetic
pathway engineering for the production of new derivatives. Objectives of the work presented
here were the design and assembly of an inducible synthetic MXV BGC for heterologous
expression in the myxobacterial model strain Myxococcus xanthus DK1622. Successful
assembly of the synthetic BGC, transformation, and heterologous expression in the DK1622
host led to production of the major derivative MXV A with a maximum yield of 33 mg/L. The
first enzymes that were targeted for analysis of their function were the putative B-hydroxylase
MxvH, and the single PCP domain MxvB. We assume that MxvH is involved in the formation
of the a,B-dehydro- and hydroxy-amino acids. Deletion of mxvH abolished the production of
MXV and further in vitro analysis of expressed genes aims to confirm this hypothesis. MxvB,
assumed to participate in the starter unit supply, was inactivated by a single point mutation
of the conserved active serine residue. Production analysis is currently in progress and
expected to abolish the production of MXV as well. Furthermore, the heterologous expression
platform was used for attempts to increase the production yield of MXV and the self-
resistance of the DK1622 host was improved from a MIC of 16 mg/L to over 256 mg/L by co-
expressing the two MXV ABC transporter proteins Mxvl and MxvK. Ongoing studies and

cultivation experiments aim to significantly increase the production of MXV A.
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2.2 Introduction

Myxovalargin (MXV) was initially found during a screening program to find new
antibiotics in myxobacteria from the Gesellschaft fir Biotechnologische Forschung (GBF) in
1982. The MXV producing strain Myxococcus fulvus Mx f65 was isolated from a soil sample
collected from the Kaiserstuhl mountains in Germany in 1969.%2 The bioactive compound in
the supernatant of M. fulvus Mx 65, which showed activity against Gram-positive bacteria
(MIC 0.3 ~ 5 pg/mL) and Gram-negative bacteria (MIC 6 ~ 100 pg/mL), was linked to the four
closely related peptide antibiotics MXV A, B, C and D, whereas MXV A is the most abundant

and active derivative.??

Myxovalargin A

P A Ay Q; A ﬁi“ f?i SREUU..

Myxovalargin B

OH
~ o N NH
PPV PPN NE PRSP SE: X
%N - N N/W u H H %HW\/\/\” NH,
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) NH

Myxovalargin C

¥ g OH H)\

Figure 2-1 Myxovalargin derivatives A, B and C. No structure is available for myxovalargin D.
No inhibitory activity against mold and yeast was detected for any of the MXV derivatives,
whereas these antibiotics revealed a relatively significant toxicity in mice (s.c.) with a LDsg of
10 mg/kg and LD1oo of 30 mg/kg. The native strain M. fulvus Mx f65 was found to produce 4 —
6 mg/L MXV A with a MIC of 6 mg/L against the produced antibiotic. Later obtained mutants
with a higher MIC (25 — 50 mg/L) were able to produce 30 mg/L in shake flask cultivation and
13 mg/L in bioreactor fermentation.®? The antibiotic activity of MXV A was attributed to two
modes of action by Irschik et al. At lower concentrations (1 pg/mL) MXV A inhibits bacterial
protein synthesis. In vitro experiments suggested that MXV interferes with the binding of

aminoacyl-tRNA to the A-site of ribosomes.'?® Concentrations above 5 pg/mL or prolonged
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incubation led to destruction of cell membranes which entails secondary effects like decrease
in Oz consumption or instant breakdown of RNA synthesis. The effects on cell membrane were
also shown in higher organisms, which could explain the toxicity of MXV in mice.??° In a recent
study, cryo-EM structure confirmed the ribosome as molecular target and revealed binding of
MXV which completely occludes the exit tunnel (submitted manuscript)!3. This study further
showed potent antitubercular activity with a MIC of 0.2 pug/mL, rendering MXV a promising

candidate for tuberculosis treatment.

MXV Ais a linear peptide antibiotic with a molecular weight of 1676 Da, consisting of 14
amino acids, a 3-methylbutyric acid (isovaleric acid) as starter unit at the N-teminal end, and
agmatine at the C-terminal end. Besides the eight proteinogenic amino acids (or enantiomers
thereof) (four p-valine, one L-valine, L-alanine, D-alanine and D-arginine) there are six unusual
amino acids, N-methyl alanine, B-tyrosine, B-hydroxyvaline, two a,B-dehydrovalines and one
a,B-dehydroisoleucine.'? The structure elucidation of the MXVs pursued by Steinmetz et al.
in 1987, identified the components of MXV A by acidic total hydrolysis and H! and C*3 nuclear
magnetic resonance (NMR) spectroscopy.’3! The MXV biosynthetic gene cluster (BGC) was
determined by genome sequence analysis of the known MXV producer strains Myxococcus
fulvus Mx 65 [MCy8286], Corallococcus coralloides 1071 (Ccc1071) [MCy6431], Angiococcus
sp. 983 (Ang983) [MCy5730], Myxococcus xanthus 113 (Mxx113) [MCy3592], Myxococcus
xanthus 136 (Mxx136) [MCy3578], and Myxococcus sp. 171 [MCy9171] with bioinformatic
tools and in vivo single-crossover-based gene disruption experiments.'?”:130 Genomic analysis
and feeding experiments lead to a structural revision, revealing incorporation of a p-valine at
module 7 and L-valine at module 10, which was further confirmed by total synthesis
(submitted manuscript).’3® The MXV BGC comprises a region of approximately 66 kbp
encoding the genes which express the biosynthetic machinery responsible for the production
of the compound. The 58 kbp core region consists of five genes (mxvA — E), encoding the 14-
modular NRPS machinery and an upstream region with additional six genes (mxvF — K),
encoding one tailoring enzyme, two ABC transporter proteins, a type Il thioesterase, a MbtH-
like protein, and a tyrosine aminomutase.'?’ The eleven genes of the MXV BGC, including their
individual sequence length and predicted function, are mentioned in Table 2-1 below. A
detailed table about the predicted domain specificity of each NRPS module is shown in Table

2-16 in the Sl section 2.6.2.
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Table 2-1 Genes of the MXV BGC including their size and putative function. mxvA — mxvE encoding the 14 NRPS
modules while mxvF — mxvK encode additionally involved enzymes.

mxvA 10.7 NRPS (modules 1 - 3) WP_203404054.1 88/46

mxvB 0.5 NRPS (single PCP domain of MCC6603015.1 97/31
unknown function)

mxvC 25.0 NRPS (modules 4 —9) WP_159029549.1 99/38
mxvD 15.7 NRPS (modules 10 — 13) PSK18891.1 100/39
mxvE 5.9 NRPS (modules 14 + terminal C WP_233097884.1 98/38
domain)
mxvF 0.9 Type Il thioesterase MBV9786867.1 85/50
mxvG 0.2 MbtH-like protein HID38629.1 84/77
mxvH 1.6 Putative B-hydroxylase WP_210613556.1 96/48
mxvl 1.8 ABC transporter permease RMG93330.1 94/54
mxvJ 1.6 Tyrosine aminomutase!3? B8ZV93.1 97/94
mxvK 1.5 ABC transporter ATPase WP_206717488.1 98/58

The architecture of the native MXV BGC of producer strain Corallococcus coralloides 1071
is shown in Figure 2-2. The core structure of the MXV molecule is assembled by progressive
incorporation of the 14 amino acids throughout the NRPS assembly line. The 3-methylbutyric
acid starter unit is supplied via isovaleryl-CoA, an intermediate from the branched chain amino
acid metabolism. It is assumed to be incorporated by a stand-alone PCP-domain expressed by
mxvB. This only approx. 600 bp long gene mxvB is highly conserved in the BGCs between mxvA
and mxvC of all MXV producer strains, underlining its potential importance: The biosynthetic
role of the gene mxvB was up to date not verified.'?” The terminal agmatine unit is generated
from L-arginine by the arginine decarboxylase (ADC).'33134 The incorporation of this agmatine
unit is presumably catalyzed by the terminal C domain of the BGC. Since there is no TEl domain
present it is assumed, that the pre-MXV molecule is cleaved from module 14 by the
incorporation of agmatine via the terminal C domain. The cyanobacterial peptide aeruginoside

1268 isolated from Planktothrix agardhii CYA126/8 is the only other known compound, which
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contains a terminal agmatine moiety. The NRPS assembly line of this natural product harbors
a terminal C and PCP domain.3> In addition to the proteinogenic amino acids or enantiomers
thereof, MXV comprises several unusual amino acids. B-tyrosine formation is catalyzed by the
tyrosine aminomutase (TAM) from natural L-tyrosine.32 Further unusual amino acids are the
two a,B-dehydrovalines, one a,B-dehydroisoleucine and one B-hydroxyvaline. It is assumed
that the putative B-hydroxylase encoded by mxvH is involved in their formation. This B-
hydroxylase shows similarity to the B-hydroxylase from chloramphenicol synthesis CmLA,
which hydroxylates 4-aminophenylalanine in B-position.*® It was postulated that the PCP-
bound L-valine and L-isoleucine are hydroxylated by MxvH, however, the subsequent
dehydration of B-hydroxy-L-valine and - L-isoleucine has yet to be elucidated.'?’ The proposed

biosynthesis is summarized in Figure 2-2.

24



Chapter 2 — Heterologous expression of a synthetic myxovalargin gene cluster
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Figure 2-2 The architecture of the native MXV BGC of producer strain C. coralloides 1071 and the proposed MXV biosynthesis. The five NRPS genes mxvABCDE constitute most
of the 66 kbp long MXV BGC. MxvB is assumed to incorporate the starter unit (isovaleryl in case for MXV A). Module 6 incorporates (S)-B-tyrosine, which is derived from L-tyrosine
by a tyrosine aminomutase (TAM/Mxv)). The a,B-dehydro-amino acids and the hydroxy valine (orange highlighted squares) are suggested to be formed by MxvH. The final
agmatine residue is derived from arginine by an arginine decarboxylase (ADC) and hypothesized to be incorporated by the terminal C domain, through which the molecule gets
released from the assembly line. PCP = peptidyl carrier protein; C = condensation domain; A = adenylation domain; MT = methyltransferase domain; E = epimerization domain.
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2.3 Material and methods

2.3.1 Media

All media used for liquid cultivations and agar plates were autoclaved for 20 minutes

at 121°C before use and kept sterile.

Table 2-2 Media used in this work with the respective composition

Lysogeny Broth (LB)

2xYT

CTT

CYE

M7/s6

M7/s4

Tryptone 10.0 g/L, yeast extract 5.0 g/L, NaCl 5.0 g/L, agar (for solid media)
15.0 g/L, dH,0 1.0 L

Tryptone 16.0 g/L, yeast extract 10 g/L, NaCl 5.0 g/L, dH.0 1.0 L

Casitone 10.0 g/L, 1 M Tris-Cl pH 8.0 10.0 mL/L, 1 M K2HPO4 pH 7.6 1.0 mL/L,
1 M MgS04 8.0 mL/L, agar (for solid media) 15.0 g/L and for soft agar 7.5 g/L,
dH:01.0L

Casitone 10.0 g/L, yeast extract 5.0 g/L, MgSOs 8.0 mM/L, Tris-HCIl pH 7.6
10.0 mM/L, dH.0 1.0 L

Soy flour 5.0 g/L, corn starch 5.0 g/L, glucose 2.0 g/L, MgSOa4 x 7H20 1.0 g/L,
CaClz x 2 H20 1.0 g/L, HEPES 10 g/L, vitamin B12 0.1 mg/L*, FeCls 5 mg/L*,
potassium acetate 10 g/L

Adjust pH to 7.4 with NaOH
Soy flour 5.0 g/L, corn starch 5.0 g/L, glucose 2.0 g/L, MgSOa4 x 7H20 1.0 g/L,
CaCl2 x 2 H20 1.0 g/L, HEPES 10 g/L, vitamin B12 0.1 mg/L*, FeCls 5 mg/L*

Adjust pH to 7.4 with NaOH

*add to culture after autoclaving

2.3.2 Antibiotic stock solutions

Several antibiotics were used in liquid media or agar plates for the selection of genetically

altered E. coli and M. xanthus strains: Ampicillin® (Amp), Chloramphenicolf! (Cm), Zeocin

(Zeo), Oxytetracycline (Otc), and Kanamycin (Kan). Table 2-3 depicts the antibiotic

concentrations used in this work.
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Table 2-3 Antibiotics used in this work with their stock and working concentration.

Ampicillin (Amp) 100 1gin 10 mL MQ-H20 100
Chloramphenicol (Cm) 25 0.25gin 10 mL 70 % abs. EtOH 25
Kanamycin (Kan) 50 0.5gin 10 mL MQ-H20 50
Zeocin (Zeo) 100 50
Oxytetracycline (Otc) 10 0.1gin 10 mL 70 % abs. EtOH 10
Spectinomycin (Spec) 100 Dissolved in MQ-H,0 100

2l Amp and Cm are not applicable in M. xanthus ! For high-copy vectors; low-copy
vectors % of normal working conc., [l Zeocin is purchased by ThermoFisher Scientific in pre-

made ready to use stocks.

Antibiotic stock solutions were stored at -20°C. Oxytetracycline and Zeocin are light sensitive,

thus the stock solutions were protected from light.

2.3.3 Reagents and buffer

Solutions were prepared with demineralized water (dH20) or ultrapure water (MQ-H20).

To obtain MQ-H,0, ‘Milli-Q Reference A+ System’ (Millipore, Merck) was used.

For agarose gel electrophoresis 50x TAE buffer containing TRIS 242 g/L, glacial acetic acid
57.1 mL/L, EDTA (500 mM in dH20 pH 8.0) 100 mL/L and dH20 ad 1 L was used. The TAE buffer
(50x) stock solution was diluted with dH.O to the 1x working concentration before use.
Agarose gel solution was prepared by adding 5 g agarose in 500 mL TAE buffer (1x) for 1%
solution. For separation of larger DNA fragments 0.8% agarose gel solution was used (4 g
agarose in 500 mL 1x TAE buffer). Agarose was dissolved by microwave heating. The solution

was stored at 55 °C to prevent solidification.

Orange G loading dye (10x) was used to stain DNA for visualization in agarose gels on a
Transilluminator. The solution contains orange G 10 mg, glycerin 3 mL and TE buffer 2 mL. TE
buffer consists of TRIS (0.5 M in dH20) 20 mL, EDTA (0.5 M in dH,0, pH 8.0) 2 mL and dH,0 ad

1 L. The 10x loading dye was diluted to 1x in the DNA solution that had to be stained.
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Buffers P1, P2, and P3 were used for alkaline lysis and plasmid DNA preparation. The

composition of each is shown in the table below.

Table 2-4 Composition of resuspension buffer P1, lysis buffer P2, and neutralization buffer P3. Buffers were used
for alkaline lysis and plasmid DNA preparation.

Resuspension buffer P1 TRIS (1 M in dH20) 2.5 mL, EDTA (0.1 M, pH 8.0) 5 mL,

Stored at 4° C Ribonuclease A 25 mg, MQ-H20 ad 50 mL

Lysis buffer P2 NaOH (1 M in dH20) 10 mL, SDS (20% in dH.0)
2.5 mL, MQ-H20 ad 50 mL

Neutralization buffer P3 K-acetate 14.72 g, MQ-H20 ad 50 mL, pH 5.5

2.3.4 Software

Geneious 10.1.3 (Biomatters) was used to analyze native biosynthetic gene clusters, to
design synthetic gene clusters, to design oligonucleotides for PCR experiments and
sequencing, and to design plasmid maps. Agarose gel pictures from the fluorescence chamber
were analyzed with FusionCapt Advance Software (Vilber Lourmat). ChemDraw Ultra 12.0
(CambridgeSoft) was used to create images and chemical formulae. LC chromatograms as well
as UV spectra and mass spectrograms were analyzed with DataAnalysis 4.4 (Bruker Daltonics,

Billerica, MA, USA).

2.3.5 E. coli cultivation

E. coli DH10PB, NEB 108 or HS996 were used for standard cloning procedures. Except for
electroporation for transformation of plasmids, working with E. coli was performed under
sterile conditions (HeraSafe, Heraeus). For storage at -80°C, 750 uL over-night culture was

combined with 750 uL 50 % glycerin (in MQ-H;0) and transferred into a cryo tube.

Cultivation took place in 2xYT or LB medium. Supplementation with antibiotics for
selection depended on the plasmid resistance marker. Antibiotic concentrations are shown in
Table 2-3. For clone selection, cultures were spread on LB agar (25 mL in a petri dish) after
transformation and incubated overnight at 37°C in an incubator. Liquid cultures (5 mL in glass
vial or 10-20% v/v liquid media in Erlenmeyer flasks) were incubated overnight at 37°C in a
rotary shaker (Multitron, Infors HT) at 200 rpm. Larger constructs of 30 kbp size or longer,

were incubated at 30°C for a longer period of time (up to two days of incubation). E. coli clones
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containing pBeloBAC vector backbone and/or the whole MXV cluster were always cultured at

30° C due to the enormous size of the plasmid.

2.3.6 Preparation of E. coli electro competent cells

For preparation of electro competent E. coli cells, 5 mL LB medium were inoculated with
the respective strain directly from cryo stock and incubated at 37 °C and 200 rpm overnight.
2 mL of overnight culture were used to inoculate 200 mL LB. Cultivation was carried out under
the same conditions until an ODsoo (Biophotometer plus, Eppendorf) between 0.4 and 0.6 was
reached. The cultures were cooled on ice for 30 min and afterwards transferred into four 50
mL Falcon tubes. All centrifugation steps were performed at 4,000 x g for 10 min at 4 °C
(Avanti J-26 XP Centrifuge, Beckman Coulter; Rotor: JLA 10.500), followed by discarding the
supernatant. First time, the cell pellets were resuspended in 100 mL (25 mL each) ice cold
HEPES (1 mM in dH;0; pH7.0), followed by centrifugation. Second time, the cell pellets were
resuspended in 50 mL (12.5 mL each) ice cold HEPES (1 mM in dH;0; pH 7.0) and combined in
one falcon tube before centrifugation. Third time, the cell pellet was resuspended in 50 mL ice
cold 10 % glycerin in HEPES (1 mM in dH,0; pH 7.0), followed by centrifugation. Finally, the
cell pellet was resuspended in 2 mL 10 % glycerin in HEPES (1 mM in dH,0; pH7.0) and
portioned into 50 pL aliquots. Now the prepared cells were frozen in liquid N2 and stored at

-80°C.

2.3.7 Cultivation of M. xanthus

M. xanthus strains were cultivated either for transformation of heterologous gene
constructs or for testing the production of mutant strains. All cultures were incubated at 30°C,
either in an incubator (plates) or on shakers at 200 rpm. Production cultures were grown in
25 mL liquid media with corresponding selection marker until sufficient cell density was
reached. Then the culture was sub-cultured into 50 mL liquid medium (10% inoculum). After
24h of incubation, vanillate was added to induce the expression of heterologous genes, in case
a vanillate promoter was used for induction of a gene cluster. Further, XAD-16 was added to
bind produced compounds. The cell cultures were harvested after the culture broth took on a

brown color (if not mentioned otherwise).
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2.3.8 Extraction and analysis of MXV

Culture was centrifuged for 20 min at 8000 rpm, supernatant discarded, and cell/XAD-16
pellet stored at -20°C for a couple of hours/until frozen and then lyophilized overnight. The
pellet was then extracted twice with 30 mL MeOH for 20 minutes. After extraction the liquid
was filtered and the eluate caught in a round flask. The solvent was then evaporated at a
Rotavapor until the extract was completely dry. Now the extract was re-dissolved in 1 mL
MeOH and pipetted into a glass vial. Before analysis, sample was centrifuged for at least 10

min at 15000 rpm and 10 pL of the supernatant was 10 times diluted in MeOH.

For detection of compound UHPLC-hrMS analysis was performed on a Dionex UltiMate
3000 rapid separation liquid chromatography (RSLC) system (Thermo Fisher Scientific,
Waltham, MA, USA) coupled to a Bruker maXis 4G ultra-high-resolution quadrupole time-of-
flight (UHR-gTOF) MS equipped with a high-resolution electrospray ionization (HRESI) source
(Bruker Daltonics, Billerica, MA, USA). The separation of a 1 uL sample was achieved with a
linear 5-95% gradient of acetonitrile with 0.1% formic acid in ddH.0 with 0.1% formic acid on
an ACQUITY BEH C18 column (100 mm x 2.1 mm, 1.7 um dp) (Waters, Eschborn, Germany)
equipped with a Waters VanGuard BEH C18 1.7 um guard column at a flow rate of 0.6 mL/min
and 45 °C for 18 min with detection by a diode array detector at 200-600 nm. The LC flow was
split into 75 pL/min before entering the mass spectrometer. Mass spectrograms were
acquired in centroid mode ranging from 150—-2500 m/z at an acquisition rate of 2 Hz in positive
MS mode. Source parameters were set to 500 V end-plate offset; 4000 V capillary voltage; 1
bar nebulizer gas pressure; 5 L/min dry gas flow; and 200 °C dry gas temperature. lon transfer
and quadrupole parameters were set to 350 VPP funnel RF; 400 VPP multipole RF; 5 eV ion
energy; and 120 m/z low-mass cut-off. Collision cell was set to 5.0 eV and pre-pulse storage
was set to 5 ps. Calibration was conducted automatically before every HPLC-MS run by the
injection of sodium formate and calibration on the respective clusters formed in the ESI
source. All MS analyses were acquired in the presence of the lock masses C12H19F12N306P3,
C18H19F24N306P3 and C24H19F36N306P3, which generate the [M + H]+ ions of 622.0289,
922.0098 and 1221.9906. The HPLC-MS system was operated by HyStar 5.1 (Bruker Daltonics,
Billerica, MA, USA), and LC chromatograms as well as UV spectra and mass spectrograms were

analyzed with DataAnalysis 4.4 (Bruker Daltonics, Billerica, MA, USA).
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For quantification of MXV yield an UltiMate 3000 LC System with a Acquity UPLC BEH C-
18 column (1.7 um, 100 x 2 mm) was used, equipped with a VanGuard BEH C-18 (1.7 um)
guard column, was coupled to an Apollo Il ESI source and hyphenated to an amaZon speed 3D
ion trap mass spectrometer. Separation was performed at a flow rate of 0.6 mL/min (eluent
A: deionised H,0 + 0.1 % formic acid (FA), eluent B: acetonitrile + 0.1 % FA) at 45 °C using the
following gradient: 5 % B for 30 s, followed by a linear gradient up to 95 % B in 18 min and a
constant percentage of 95 % B for further 2 min. Original conditions were adjusted with 5 % B
within 30 s and kept constant for 1.5 min. The LC flow was split to 75 pL/min before entering
the mass spectrometer. Mass spectra were acquired in centroid mode ranging from 150-2,500
m/z at a 2 Hz full scan rate in positive mode. Source parameters were set to 500 V end plate
offset, 4000 V capillary voltage, 1 bar nebulizer gas pressure, 5 L/min dry gas flow and 200 °C
dry temperature. Mass spectrograms were analyzed with DataAnalysis 4.4 (Bruker Daltonics,
Billerica, MA, USA). Calibration curve was set up with purified MXV A dissolved in MeOH. The
trend line of the calibration curve was used to calculate the MXV A concentrations of the

samples based on the peak area.

2.3.9 Plasmid DNA isolation from E. coli

2.3.9.1 “Mini prep”

For plasmid DNA isolation from E. coli, 2 mL overnight culture was centrifuged for 1 min
at 15000 rpm. After discarding the supernatant, the cell pellet was resuspended in 250 pL P1
buffer using a bench top shaker. Cell lysis occurred after adding 250 uL P2 buffer and inverting
the tubes seven times, and incubation for 3 min. By addition of 250 uL P3 buffer, 10 uL
chloroform and inverting seven times, the lysis was stopped. After centrifugation for 10 min
at 15000 rpm, the supernatant was transferred into a new 1.5 mL Eppendorf tube containing
500 pLice cold isopropanol. Another centrifugation step for 5 min at 15000 rpm to precipitate
the plasmid DNA was followed by discarding the supernatant and adding 700 pL 70 % ethanol
(in MQ-H20) for washing. Finally, after centrifugation for 1 min at 15000 rpm, the supernatant

was discarded, and the pellet dried before resuspension in 50 - 100 uL MQ-H,0.

2.3.9.2 “Midi prep”
In case larger quantities of isolated plasmid were required for subsequent cloning

procedures, 200 mL of E. coli overnight culture were grown and harvested. The plasmid was
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then isolated from the cells using the Nucleo Bond PC100 (midi-prep) DNA purification kit by

Macherey-Nagel according to their protocol.

2.3.9.3 Adaptations for working with pBeloBACMXV plasmid

Since only one copy of plasmid per cell is available, significantly more DNA has to be
provided for cloning procedures. Thus, the respective E. coli strain containing the
pBeloBACMXYV plasmid was cultured in 400 mL LB medium for at least 24 hours. The plasmid
was then extracted from the cells using the Nucleo Bond PC100 (midi-prep) DNA purification

kit by Macherey-Nagel according to their protocol.

2.3.10 Polymerase chain reaction (PCR)
PCR protocols that were commonly used during this work are described below.
Depending on the experiment, template size or objective of the PCR, the protocols might

slightly differ from below mentioned parameters.

2.3.10.1 Phusion polymerase

Reaction mix: GC buffer 4.0 pL, dNTPs 5 mM (1.25 mM each) 4.0 uL, Phusion polymerase
(Thermo Fisher Scientific) 0.2 uL, primer forward (10 uM) 0.5 pL, primer reverse (10 uM)
0.5 pL, DNA template 2 pL*, MQ-H,0 8.8 pL, DMSO 1.0 pL.
*2 uL genomic DNA, for plasmid DNA 1 pL with a concentration of approximately 10 ng/uL

was used. Volume of MQ-H;0 had to be adapted accordingly.

Cycle protocol: Initial denaturation 5 min at 98°C; 34 cycles of denature (98°C 20 s), anneal
(temperature depends on primers, 25 s), and elongation (72°C 15-30 s/kb); finale elongation

at 72°C for 5 min.

2.3.10.2 Taq polymerase

Reaction mix: Taq buffer (NH4)2SO4 2.5 pL, dNTPs 5 mM (1.25 mM each) 4.0 pL, primer
forward (50 uM) 0.5 pL, primer reverse (50 uM) 0.5 pL, Tag polymerase (Thermo Fisher
Scientific) 0.2 uL, MgCl, (50 mM) 1 uL, DNA template 2 pL, glycerol 50% 4 uL, MQ-H,0 5.3 pL.

Cycle protocol: Initial denaturation 5 min at 95°C; 30 cycles of denature (95°C 30 s), anneal
(temperature depends on primers, 30 s), and elongation (72°C 1 min/kb); finale elongation at

72°C for 5 min.
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2.3.10.3 Q5 Polymerase

Mix for two reactions: 5x Q5 buffer 10 uL, dNTPs 5mM (1.25 mM each) 2 pL, primer
forward (50 uM) 0.5 pL, primer reverse (50 uM) 0.5 pL, DNA template 1 uL, Q5 polymerase
(New England BioLabs) 0.5 pL, 5x GC buffer 10 pL, MQ-H,0 25.5 pL.

Cycle protocol: Initial denaturation 30 seconds at 98°C; 30 cycles of denature (98°C 10 s),
anneal (temperature depends on primers, 30 s), and elongation (72°C 20-30 seconds/kb);

finale elongation at 72°C for 2 min.

2.3.11 DNA separation and purification

Agarose gel electrophoresis was used for separation of DNA fragments based on size. In
this work, agarose gel electrophoresis was performed in a Consort EV231 chamber
(Sigma-Aldrich). An 1% agarose gel was used with 10 pL Roti Safe Gel Stain per 100 mL gel and
TAE buffer (1x) as buffer system. After PCR experiments or hydrolyzations with restriction
enzymes, OrangeG loading dye (10x) was added to the DNA sample (1/10 of total volume) and
the gel was loaded immediately. GeneRuler 1 kb/1 kb plus/100 bp plus DNA ladder (Thermo
Fisher Scientific) were used as size standards. The voltage was set between 1 -5 V/cm until
DNA fragments were sufficiently separated. DNA detection took place in a Fusion FX chamber

with UV fluorescence detector (Vilber Lourmat).

For DNA purification, agarose gel was placed on a blue light transilluminator, desired DNA
fragments were cut out of the agarose gel with a scalpel and transferred into an Eppendorf
tube. The proper DNA purification was done with the Macherey-Nagel NucleoSpin Gel and
PCR Clean-up Kit following the manufacturer information. Finally, purified DNA was eluted in
30 pL of MQ-H,0/elution buffer (from NucleoSpin Gel and PCR Clean-up Kit). DNA fragments

of larger size were purified using the peqGOLD Gel Extraction Kit (peglab).

2.3.11.1 Adaptations for working with pBeloBACMXV plasmid

Due to the size of the plasmid of almost 80 kb DNA purification could not be done with the
previous described Macherey-Nagel NucleoSpin kit anymore (cut-off from 50bp-20kbp).
Purification was either performed with Agarose gel DNA extraction kit by Roche (using silica
beads, with a maximum cut-off of up to 100kbp) or doing a simple precipitation of DNA

(detailed protocol in the next paragraph).
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2.3.11.2 DNA precipitation

NaAcetate solution (pH 5.2) 15 pL was added to 100 uL digestion reaction and inverted 1-2
times. Then 300 pL of 100% ice cold ethanol was added and inverted 2-3 times. The reaction
was incubated at -20° C for 30-60 minutes and spun down at 4° C at 15.000 rpm for 20-30

minutes. The DNA was then washed with 70% ethanol and dried.

2.3.12 Determination of DNA concentration
NanoDrop 2000c (Thermo Fisher Scientific) was used for determination of DNA
concentrations of solutions. For that purpose, 1 uL of DNA solution was put on the pedestral

and measured at 260 - 280 nm wavelength. MQ-H,O served as a reference (blank).

Furthermore, the sample DNA concentration was determined visually by loading 1 uL DNA
sample on an agarose gel and comparing the DNA band intensity with the intensity of a DNA
ladder band of similar size. 6 puL of the DNA ladder were loaded as standard (using

recommended standard concentrations).

2.3.13 Molecular cloning

For conventional, preparative restriction/ligation reactions, both vector and insert DNA
were treated with type Il or type IIS (Bsal) restriction endonucleases (REs). Thereby, digested
DNA is linearized, meaning that vector and insert DNA with suitable ends can be ligated by T4
DNA ligase. In the following sections, restriction hydrolyzation of DNA will sometimes be
referred to as ‘digest’ of DNA, which is colloquial use in daily lab environment. All restriction

endonucleases, T4 DNA ligase, and FastAP were purchased from Thermo Fisher Scientific.

2.3.13.1 Standard protocol for preparative restriction hydrolyzation of DNA
Preparative digest was used to hydrolyze sufficient amount of DNA for follow up ligation

of insert and vector.
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Table 2-5 Composition of standard preparative restriction hydrolyzation reactions for single digest (with one
enzyme) and double digest (with two enzymes, respectively). DNA solution was usually obtained by DNA isolation
(see section 2.3.9) or in some cases by PCR (see section 2.3.10).

25 plL plasmid DNA solution 24 ulL plasmid DNA solution
3 uL 10x restriction endonuclease buffer 3 uL 10x restriction endonuclease buffer
2 uL restriction endonuclease 1.5 pl restriction endonuclease 1

- 1.5 pL restriction endonuclease 2
Reactions were incubated for several hours or overnight at the required temperature (for
most enzymes 37°C). To prevent vector religation, FastAP enzyme was added after t/ of the
reaction (1 pL in 30 uL reactions). This leads to dephosphorylation of the 5’ ends of the

linearized vector DNA and therefore improves the overall cloning efficacy.

2.3.13.2 Standard protocol for analytical restriction hydrolyzation of plasmids containing
insert
Analytical digests were used to verify plasmid size and screen for clones harboring
plasmids with the right insert after a cloning process.
Table 2-6 Composition of standard analytical restriction hydrolyzation reactions for single digest (with one

enzyme) and double digest (with two enzymes, respectively). DNA solution was usually obtained by DNA isolation
(see section 2.3.9) or in some cases by PCR (see section 2.3.10).

8.5 pL plasmid DNA solution 8.0 pL plasmid DNA solution
1.0 pL 10x restriction endonuclease buffer 1.0 pL 10x restriction endonuclease buffer
0.5 pL restriction endonuclease 0.5 pL restriction endonuclease 1

- 0.5 pL restriction endonuclease 2

Reactions were incubated for approximately 2 hours at the required temperature.

2.3.13.3 Standard ligation reaction

Standard ligation protocol was used to assemble prior linearized DNA fragments. T4 DNA
ligase catalyzes bond formation between a 5’ phosphate group and a 3’ hydroxy group and
thereby leads to the ligation of vector and insert DNA. The composition of ligation reaction

performed in this work is shown in Table 2-7.
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Table 2-7 Composition of standard ligation reaction, used to assemble linearized DNA

Vector DNA 0.5-12.06!
Insert DNA 6.5 —8.00!
T4 DNA ligase buffer 1.0
T4 DNA ligase 0.5

a1 yector and insert DNA volume depended on determined DNA concentration and varied between 0.5-2
pL for vector DNA solution and 6.5-8 pl for insert DNA solution. Total reaction volume was always 10 plL with a

vector/insert DNA molar ratio of around 1/10.

Ligation reaction was incubated for 5 h at room temperature or overnight at 16°C.

2.3.13.4 Adaptations for working with pBeloBACMXV plasmid
When working with the BAC backbone containing plasmid the reactions were always

vortexed briefly instead of pipetting.

In order to prepare higher amounts of DNA for subsequent ligation and achieve a more
efficient digestion of DNA, 100 uL reactions were set up. Those reactions were incubated for
4-6 hours. Addition of restriction endonuclease enzymes was split into % of the volume at the

start of the reaction and the second % after t% of the reaction.

Table 2-8 Composition of 100 pL digestion reactions for single and double digest

DNA 3-4ug
10x restriction endonuclease buffer 10 pL
Restriction endonuclease 8 uL[a]
FastAP 2 pL[b]
H20 ad 100 pL

[BIMaximum volume of 8 uL of enzyme was used, in case FastAP was needed too, the total
enzyme volume (restriction endonuclease and FastAP) had a maximum of 10 uL. For double
digest reactions with two restriction endonucleases, 4 uL of each enzyme was used. However,
the ratio between enzymes 1 and 2 could vary depending on the buffer used. The buffer was
chosen according to DoubleDigest Calculator by ThermoFisher Scientific.'3” In case enzyme 1

had only 50-100% efficiency in the chosen buffer, while enzyme 2 had 100%, a ratio of enzyme
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1/enzyme 2 of 4.6uL/3.4uL was chosen. Pl FastAP was only added to vector DNA, to prevent

vector religation. FastAP enzyme was added after t% of the reaction.

Ligations were set up in 20 pL reactions using 2 uL T4 DNA ligase buffer and 1 uL T4 DNA
ligase. Vector and insert concentrations were tried in different ratios and MQ-H,0 was added

to a volume of 20 pL.

2.3.14 E. coli transformation

Transformation of E. coli was carried out by electroporation, which shortly increases cell
membrane permeability and enables the uptake of plasmid DNA. For electroporation, 50 pL
electrocompetent cells were mixed with 5 uL of ligation mix or 0.5 uL of gene synthesis
fragment DNA solution and transferred into an electroporation cuvette (electrode distance
1 mm). The electroporation was performed at 1,300 V/cm, 10 uF, and 600 Q (Eporator V1.01,
Eppendorf). Thereafter, the cells were resuspended in 1 mL of LB medium and incubated at
37 °C and 900 rpm (Titramax 1000, Heidolph) for 60 min. After centrifugation at 8000 rpm for
2 min, most of the supernatant was discarded and the cells were resuspended in the
remaining medium. In case of using gene synthesis fragments, the centrifugation step was
skipped and 50 uL were directly used for the following step. The cell suspension was plated
out on LB agar with appropriate antibiotic concentration for selection and incubated overnight

at 37 °C.

When working with pBeloBAC vector backbone or the pBeloBACMVX plasmid, the
transformation into competent E. coli cells was done by using the whole ligation reaction.
Therefore, the 20 pL of ligation reaction was pipetted on a dialysis membrane floating on MQ

H,0 for 10-20 minutes before using the remaining mix for transformation.

2.3.15 M. xanthus DK1622 transformation

M. xanthus DK1622 was cultured overnight in 25 mL CTT medium until an appropriate
cell density was reached (ODeoo of 0.6). 2 mL of the culture was pipetted into an Eppendorf
tube and centrifuged for 2 min at 6000 rpm and room temperature. Supernatant was
discarded. The cell pellet was resuspended in 1 mL sterile MQ water and centrifuged again for
2 min at 6000 rpm, supernatant was again discarded using a pipette. This washing step was
repeated once with 800 pL. A small hole was poked into the lid using a needle, and 35 uL of

sterile MQ water plus plasmid DNA (5-10 uL DNA/plasmid with a concentration of 100-
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500 ng/uL DNA) was added. Cell pellet was resuspended, and the suspension was used for
electroporation at 650 V, 25 uF, and 400 Q (Bio Rad GenePulser Xcell). After electroporation,
the culture was resuspended in 1 mL CTT liquid medium and incubated on a shaker for 6 hours
at 30° C and 1000 rpm. A glass vial with foam plug was used to mix 3 mL of CTT soft agar and
the respective selection marker with the 1 mL transformation cultures. The suspension was
thoroughly shaken and plated on a CTT agar plate containing the respective selection marker

as well. Plates were incubated on 30° C for several days until clones appeared.

For constructs with the pBeloBac vector backbone, cultures were incubated at room
temperature for 24 hours after transformation. After plating the cultures, the plates were

incubated at room temperature for 1-2 days before storing in the 30° C incubator.

2.3.16 Screening for E. coli colonies

To verify a successful transformation and isolate the constructed plasmid, 3 to 24 single
E. coli colonies were picked and used for inoculation of 5 mL LB medium with appropriate
antibiotic. Incubation took place at 37 °C and 200 rpm overnight. Plasmid DNA isolation from
E. coli was carried out by the protocol described in 2.3.9. Afterwards, an analytical digest was
performed (2.3.13.2) and the presence of correct DNA fragments was examined by agarose

gel electrophoresis according to 2.3.11.

2.3.17 Red/ET —homology-based recombination

Red/ET homology-based recombination'** was performed according to following
protocol: overnight culture of E. coli GBO5 with the according plasmid was cultured with the
respective selection marker. This overnight culture was then used to inoculate 12x2 mL
Eppendorf tubes with a hole in the lid and 1.4 mL LB medium containing the respective
selection marker (inoculum volume: 4x15 pL, 4x25uL and 4x30-100 uL). Those tubes were
incubated on a shaker at 30° C until an ODgyo of roughly 0.2 was reached (duration
approximately 2-3 hours). Three of the cultures that reached the desired ODgqo first were used
for the Red/ET recombination: First 40 pL of 10% L-Arabinose (dissolved in MQ-H,0 and sterile
filtered) were added to the cultures, which were then incubated at 37 °C for 45 minutes on a
shaker. Afterwards, cultures were centrifuged for 1 minute at 9000 rpm at 2°C and
supernatant was discarded using a pipette. All following steps had to be carried out on ice.
The cell pellet was re-suspended in 1 mL ice cold sterile MQ-H;0, centrifuged for 1 minute at

9000 rpm and the supernatant discarded with a pipette again. This step was repeated once,
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except not all of the supernatant was discarded (20-50 pL leftover liquid). These tubes with
cell pellet were now used for transformation with 1 uL, 2 uL and 2.5 L, respectively, of
template DNA. The transformation was carried by electroporation as described before (see
section 2.3.14). After the electroporation, the cultures were incubated for 75 minutes at 37° C
on a shaker. Subsequently, the whole mL of each culture was plated on a LB Agar plate with
the respective selection marker and incubated on 30° C. After 1-2 days, when colonies were
grown, the whole cell mass was harvested by pipetting 2x1 mL of MQ-H;0 onto the plate and
scraping it off, then pipetting the suspension into new Eppendorf tubes. The plasmids of these
cultures were then isolated by using the before described mini-prep protocol (see section
2.3.9.1) and the isolated plasmid was transformed into competent E. coli strains NEB 108,
HS996 or DH10P again to increase the chance of only having one plasmid per cell, i.e. no false

positive clones that contain a mixture of right and wrong plasmids after the Red/ET process.

2.3.18 Gibson Assembly

Gibson assembly!?! reaction mix (New England Biolabs) was set up with 1 puL of vector
(approx. 40-60ng/uL), 0.2 uL of insert (approx. 100 ng/uL), 1.3 pL of MQ-H,0, and 2.5 uL of
NEBuilder® HiFi DNA Aseembly Master Mix (New England BiolLabs). Subsequently, the Gibson
reaction mix was incubated in the PCR cycler for 15 minutes at 60°C and transformed into E.

coli HS996 competent cells to screen for right plasmids.

2.3.19 Design and assembly of the pMYC21_mxvIK construct

The plasmid backbone was assembled from one part of plasmid pMYC20CysOp1l_v2
(containing Pyvan, p15A ori, chloramphenicol resistance gene as well as yeast replication genes,
obtained from Dr. Sebastian GroR) and one part from plasmid pMYC21 (containing the Mx9
integrase, kanamycin resistance gene as well as the tD2 terminator, obtained from Dr.
Sebastian GroR)’!. Genes mxvl and mxvK were obtained by PCR with standard Phusion
polymerase protocol as described in material and methods (section 2.3.10.1). Gene mxvl
contained Ndel and KspAl RE recognition site overhangs, and gene mxvK KspAl and XmaJl
overhangs for cloning. Template for PCR amplification of mxvl and mxvK was pBeloBacMXV.
Primer used for amplification: mxvl fwd and mxvl rev for mxvl, and mxvK fwd and mxvK rev
for mxvK. Assembly was performed in a one-pot golden gate cloning approach by restrictive
hydrolysis and ligation. pMYC20CysOp1_v2 was hydrolyzed by Ndel and Pacl, pMYC21 by Pacl

and KspAl, mxvl by XmaJl and Ndel, and mxvK by XmaJl and KspAl. All fragments were ligated
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in one reaction, clones analyzed by analytical restrictive hydrolysis and one correct plasmid

was sequenced with the primers listed in Table 2-9.

Table 2-9 Primers and their sequence used for design and sequencing of the pMYC21_mxviK plasmid

mxvl fwd GGAGTCATATGTCCGAGCCCCTTCCCAC

mxvl rev ACTCCGTTAACCCTAGGTCAGCCGACGTTTCCCGTCT
mxvK fwd GGAGTCCTAGGCACACCTTCCGGGGGAATGA

mxvK rev ACTCCGTTAACGCTAGTCCTCGTCGAGGGGCT

KT mxvl seq fwd CCACCTTCACCCTCTTCTCC

KT mxvl seq rev CGGAAGCTCACGTCCTCGAA

KT mxvK seq fwd GGATGCGCAACAAGCACGAC

KT mxvK seq rev GCTTGTCCTCGGGAATGCGG

2.3.20 Design of the targeted mxvH deletion using Red/ET homologous

recombination

Gene mxvH was replaced on pBeloBacMXV by kanR using Red/ET. KanR was amplified by
PCR using plasmid pDPO-mxn116 from Dr. Domen Pogorevc as template and mxvH KO kanR
fwd and mxvH KO kanR rev as primer pair. Both primers had 50 bp overhangs homologous to
the mxvH flanking regions, as well as a XmaJl RE recognition site flanking the kanR gene after
amplification. PCR and Red/ET recombination were performed according to protocols
described in section 2.3.10.1 and 2.3.17, respectively. After Red/ET recombineering, plasmid
pBeloBacMXV::AmxvH_kanR was hydrolyzed with XmaJl to remove kanR and subsequently re-
ligated. Restrictive hydrolyzation and ligation were conducted according to protocols

described in sections 2.3.13.1 and 2.3.13.3.
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Table 2-10 Primers used to amplify the template used to replace mxvH in pBeloBacMXV by Red/ET.

mxvH KO kanR fwd CCGGGCTCTGCCGGCGGGGTGGGAAGGGGCTCGGACATGGGGTTCCTGGGCCTAGGTC
AGAAGAACTCGTCAAGAAGGC

mxvH KO kanR rev TCTGGACGGACATGAGGCCGCAGAGCCTGCGCATCAAGATGGGGAACTGACCTAGGTG
GACAGCAAGCGAACCG

2.3.21 Functional inactivation of the active site in mxvB

The conserved serine residue was detected by finding the core motif of PCP domains
(I/L)GG(D/H)SL.138 Therefore, all PCP domains of the MXV gene cluster were extracted,
translated, and aligned in silico using Geneious software. The consensus of the core motif of
all 14 PCP domains was found to be LGGDSI, the conserved Ser residue at this location was
chosen to be the target for inactivation by point mutation, changing the Ser residue to Ala (see
supplementary Figure 2-13). A PCR fragment was designed switching the sequence of Ser at
this position from GGA to GGC. Primers were designed to obtain the mutated gene mxvB* by
three separated PCRs. Two PCRs amplified the parts upstream and downstream of the
targeted Ser, with overlaps at this region (Primer pair P1 and P»+, and primer pair P3+ and P4,
respectively). The primers of this overlapping region contained the point mutated base pair C
instead of A. Overlapping extension PCR, using the obtained two overlapping fragments and
primers flanking the whole gene mxvB*, amplified the final construct (Primer pair P1 and Pa).
The final construct was further flanked by the RE recognition sites Pvul and BspTl.
Simultaneously, a kanamycin resistance gene kanR was amplified by PCR with overhang
primers containing 50 bp homology regions flanking mxvB, as well as Pvul and BspTl RE
recognition sites. This kanR construct was used to replace mxvB in pBeloBacMXV by Red/ET
to form pBeloBacMXVAmxvB_kanR. Subsequently, kanR was removed by restrictive hydrolysis
with Pvul and BspTl, and the PCR construct mxvB*, hydrolyzed with the same REs, was ligated
into this position forming pBeloBacMXVAmxvB_mxvB* (additional information see section
2.6.8 Figure 2-14 and Table 2-23). The final construct was sequenced by lllumina sequencing

to confirm the correct sequence.
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2.3.22 MIC analysis of M. xanthus DK1622 wild type and mutants

A small piece of bacterial mass from freshly plated M. xanthus DK1622 strains was
suspended in CTT media and incubated at 30° C and 200 rpm. After 3 days, multiple dilutions
of the bacterial suspension were made and incubated overnight with the same conditions as
before. Next morning, the dilution that grew to a ODso of 0.5 was used to further dilute to
ODewo = 0.1, then added (75 uL/well) to a 96-well plate already containing 75 pL/well of MXV
A serially diluted from 256 to 2 ug/mL (final concentration). The 1% DMSO solution in CTT with
and without bacterial suspension was used as positive and negative control, respectively. To
evaluate the effect of vanillate induction, the same MIC assay was performed in the presence
of 1 mM sodium vanillate. The plates were sealed and incubated at 30° C with shaking. The
bacterial growth was investigated after 72 h. MIC was defined as the lowest concentration of

MXV A that inhibited visible growth of bacteria.

42



Chapter 2 — Heterologous expression of a synthetic myxovalargin gene cluster

2.4 Results and discussion

2.4.1 Work towards the heterologous production of MXV

2.4.1.1 Design of the MXV biosynthetic gene cluster

The synthetic MXV BGC was designed in silico for heterologous expression in M. xanthus
DK1622. Since the produced antibiotic is toxic, the native promoter/terminator sequences
were replaced by the established Pyan promoter and tD1 terminator system to allow functional
gene expression.'3%140 Rearranging the native gene organization enabled the expression of the
whole BGC by only two promoters and terminators. In this way the number of repetitive
promoter and terminator sequences is limited to two, which facilitates in vitro cloning as well
as chemical synthesis of terminators and repetitive sequences, which can be difficult to
achieve. While reorganizing genes from the native BGC, intergenic regions that putatively
contain native promoters and/or terminators were deleted. In case the intergenic regions
including native promoters and terminators are deleted, it is vital to identify the exact starts
of the respective genes to avoid accidentally truncating or elongating them, which would
potentially result in the expression of non-functional proteins. The putative exact gene starts
were reviewed including information from ‘FramePlot 4.0beta analysis’, manually comparison
of potential ribosomal binding sites (RBSs), analyzing the genes with SwissProt!*! and

UniProt!*? databases, and sequence alighment between the different producer strains.

The Pyvan promoter and the tp: terminator were chosen for the regulation of the synthetic
MXV BGC in the heterologous host, since the functionality of both genetic regulators have
been proven previously in M. xanthus DK1622.7* The genes were re-organized in a way that
all biosynthetic genes can be regulated in two operons: the first operon comprises the genes
mxvFABCDE, while the second operon consists of the genes mxvGHIJK which is directly located
downstream of the first operon. The coding strand of mxvK was reversed, so that all genes are
located on the same coding strand. The reorganization of gene encoding sequences (CDS) of
the BGC from the native producer strain Corallococcus coralloides 1071 was performed as
minimalistic as possible to decrease the risk of potential negative effects on the pathway
expression. In the figure below, the structure of the synthetic BGC is shown compared to the

native C. coralloides 1071 cluster:
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Figure 2-3 Top: Structure of the native MXV cluster from Coralococcus coralloides 1071. Bottom: Structure of the
synthetic MXV BGC. The first operon contains the genes mxvFABCDE and the second operon contains the genes
mxvGHIJK. The expression of both operons is regulated by the vanillate-inducible promoter (Pvan) system and the
to1 terminator. The vanillate repressor gene (vanR) is located upstream of Pvan of the first operon. Genes mxvC
and mxvD were shortened in the figure due to the lengths.

2.4.1.2 Assembling strategy and synthesis of MXV gene fragments

An overview of the assembling process of the synthetic MXV BGC is shown in Figure 2-4.
Three large repetitive sequences were found in the NRPS genes mxvC and mxvD by dotplot
analysis with Geneious (detailed information in Sl section 2.6.4). Their presence is likely
attributed to the incorporation of similar building blocks performed by structurally similar
NRPS modules, which can lead to similarity on protein level and also on DNA level. Considering
these three long repetitive sequence segments, homologous recombination-based methods
for the assembly were excluded to prevent unwanted homologous recombination events
leading to deletions of essential sequences. Instead, the assembly of the synthetic DNA
fragments was based on a 3-step cloning strategy using type IS restriction endonucelases (RE)
previously described by Yan, Burgard et al.}*® with classical restriction hydrolysis/ligation-
based cloning techniques. The stepwise assembly was enabled by dividing the MXV BGC in
artificial fragments flanked by selected unique conventional type Il RE recognition sites on the
5" and 3’ ends. These unique type Il RE sites were flanked by recognition sites for the type IIS
RE Bsal, forming splitter elements (SE) located between the catalytic domain-encoding
regions. Type |IS REs hydrolyze DNA outside of their recognition sequence, which enables the
possibility to exchange DNA segments within these SEs after the BGC assembly. A final
desplitting step, i.e., hydrolyzing the vector with Bsal and subsequent religation, removes
these elements and leads to the final ‘scarless’ MXV BGC, i.e., no leftover DNA sequences from
RE recognition sites (see scheme in Figure 2-4). The described 3-step cloning strategy with SEs
was facilitated by virtually removing all Bsal and used unique conventional type Il sites from
the MXV BGC, by silent point mutations. Additionally, all Ndel RE sites were removed in the
same way to ensure the possibility of replacing genes downstream of the Pyvan promoter. The

terminal three bases of the Pyan promoter CAT and the start codon ATG of any gene encoding
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sequence result in the RE recognition sequence of Ndel 5 CATATG 3’, allowing the
replacement of genes in that location via Ndel. The silent point mutations were introduced by
synonymous codon substitution, i.e., the deliberate usage of codons with similar abundance

in the whole BGC to prevent bottlenecks in the translation.

The enormous size of the MXV cluster (66,514 bp) required the gene synthesis of several
fragments with a size maximum of 7.9 kbp (to reduce the duration and cost of the gene
synthesis). The cluster was divided into ten gene synthesis fragments (see Sl Table 2-17) which
were synthesized by ATG:biosynthetics, designed for a stepwise assembly into pSynbiol
cloning vector (high-copy vector backbone, designed for amplification and selection in E.
coli*®®) and pMYC24 shuttle vector. The pMYC24 shuttle vector for cloning in E. coli and M.
xanthus was obtained by replacing URA3 with ampR in the pMYC20 vector, which is described
by GroR et al..”* The gene synthesis fragments were delivered in pUC57 standard cloning
vectors, transformed into E. coli DH10B and the sequence of the gene synthesis fragment-
containing constructs was verified by restriction hydrolysis with several enzymes and
subsequent agarose gel electrophoresis after isolation from E. coli via alkaline lysis (see
section 2.3.13.2, 2.3.11, and 2.3.9.1). The release of the gene synthesis fragments from the
pUC57 vectors was achieved by restrictive hydrolysis via the flanking SEs for the assembling

process.

Considering their lengths, the genes mxvC and mxvD were designed to be independently
assembled from four and two gene synthesis fragments, respectively, using the pSynbiol
cloning vector. One hundred bp of the start and end, respectively, of mxvC and mxvD were
located within separate SEs to preserve the option to modify the gene start region in case the
gene starts were falsely interpreted. The remaining fragments (PvanFA1, A2, frag-EtD1, and
PvanGHIJKtD1) had to be assembled in the pMYC24 vector, resulting in pMYC24MXVpre,
which would later serve as shuttle vector for transformation into M. xanthus DK1622.
Afterwards, the completely assembled and desplitted genes mxvC and mxvD were introduced
into the SEs in between their respective 100 bp 5 and 3’ ends in the frag-E part of
pMYC24MXVpre. The pMYC24 vector backbone (p15A low copy ori) was designed to be
exchangeable by a pBeloBAC vector backbone. BAC vector backbones lead to a replication of

only 1-2 plasmid copies per cell, which allows stable maintenance of large DNA constructs. All
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restriction hydrolysis/ligation-based cloning steps, including the respective inserts/vectors

used, are summarized in supplementary Table 2-18.

2.4.1.3 Assembly of the modified MXV BGC

The assembly of the ten synthesized DNA fragments (see Table 2-17) was conducted as
previously described (see chapter 2.4.1.2) by step-by-step hydrolysis and ligation as
summarized in Table 2-18. An overview of the whole assembly process is shown in the figure

below.
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Figure 2-4 An overview of the MXV synthetic BGC assembly process. The design of the synthetic BGC was based on the 66 kbp long native MXV BGC of the producer strain C. coralloides Ccc1071.
The designed BGC was divided into ten fragments and chemically synthesized. Fragments C1-C4 were subcloned on pSynbiol vector generating pSynbiolmxvC; fragments D1-D2 were subcloned on
pSynbiol vector generating pSynbiolmxvD; and fragments PvanFA1, A2, EtD1 and PvanGHIJKtD1 were subcloned on pMYC24 vector to form the shuttle vector pMYC24MXVpre. mxvC and mxvD
were removed from their pSynbiol cloning vectors and recovered for insertion in the final MXVpre vector. The pMYC24 vector backbone was exchanged to a pBeloBac vector backbone prior to
inserting mxvC and mxvD. All final constructs had to be desplitted to remove all splitter elements (desplitting scheme shown on the left). The figure further highlights the repetitive sequences
located on mxvC and mxvD by the white/grey shaded boxes in the blue arrows.
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After successful assembly of the vectors pSynbiolmxvC, pSynbiolmxvD and
pMYC24MXVpre, the recovery of the genes mxvC and mxvD and insertion into the shuttle
vector pMYC24MXVpre turned out to be inefficient and time consuming, potentially due to
the size of the genes mxvC and mxvD (mxvC 25 kbp, and mxvD 15.5 kbp, respectively) and the
repetitive sequences. No clones containing a correct plasmid with inserted mxvC or mxvD
were obtained. Therefore, the pMYC24 vector backbone (containing a p15A low copy ori) was
replaced by the pBeloBac vector backbone (single copy ori, 1-2 plasmids per cell). BAC vector
backbones are capable of maintaining large DNA fragments of over 300 kbp.'#* An additional
decrease of the culturing temperature to 30° C, instead of 37° C applied for smaller plasmid
constructs, ensured slower doubling time of the E. coli cells harboring the plasmid (details of
adapted parameters regarding cloning protocols with pBeloBac vector backbone described in
material and methods section 2.3.9.3, 2.3.11.1, and 2.3.13.4, respectively). Slower doubling
times of the cells reduce the replicating rate of plasmids and thus reducing the chance for
mutations and facilitate handling of large constructs. After exchanging the vector backbone,
first the insertion of mxvC and subsequently mxvD into the pBeloBacMXVpre vector was

successful, generating the pBeloBacMXVpreCD gene construct.

The size of the expression construct (approx. 80 kbp) including the three repetitive
sequences complicated the cloning process. With increasing plasmid construct sizes, as soon
as mxvC and mxvD were tried to be inserted into pMYC24MXVpre, the cloning efficiency
significantly decreased. All screened transformants harbored incorrect plasmids, the band
patterns shown on agarose gels concluded that the transformants were neither harboring the
re-ligated vector nor the insert. One of the bottlenecks of the process might have been the in
vitro ligation of insert into vector (e.g., mxvC and mxvD into MXVpre and desplitting). It was
observed, that with increasing size of DNA construct the concentration of DNA after hydrolysis
and purification decreased significantly, which in turn lead to low concentrations of vector
and insert for the follow up cloning procedure, leading to low cloning efficiency. To ensure
sufficient amount of DNA for the follow up cloning, the amount of initial DNA used for
hydrolysis was increased from 2—-3 ug to 4 pg. Additionally, the hydrolyzed DNA was purified
with a Roche DNA extraction kit which uses silica beads as DNA binding material that can bind
DNA fragments of up to 150 kbp in size. Further, the transformation and ligation efficiency
drop significantly with increasing construct size.'*> Multiple ligation reactions were set up with

varying molar ratios and concentrations of vector and insert. It was attempted to increase the
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transformation efficiency by increasing the DNA used for transformation, de-salting the
ligation mix, lowering the incubation temperature after transformation, and decreasing the
concentration of antibiotic as selection marker. These adaptions on the cloning and
transformation protocol seemed to have a positive impact on the overall cloning efficiency

and are described in detail in material and methods section 2.3.11.1, 2.3.13.4, and 2.3.14.

2.4.1.4 Desplitting the final MXV synthetic BGC

The last step of the MXV synthetic BGC assembly was the desplitting of the
pBeloBacMXVpreCD plasmid to obtain the SE-free pBeloBacMXV plasmid. Therefore, the
plasmid was hydrolyzed with the restriction endonuclease Bsal and the resulting DNA
fragments subsequently separated by a DNA extraction and purification kit. The small SEs (24-
26 bp) were excluded, and the remaining DNA fragments could be recovered and re-ligated.
The Bsal RE introduced sticky ends were all designed to be unique, i.e., in theory the fragments
could only ligate in a way to form the correct construct harboring the full MXV synthetic BGC
again. The DNA recovery, especially to obtain high concentrations of all fragments, was tricky
due to the large size differences of the generated fragments after hydrolyzing the construct
with Bsal. Using the peqGOLD Gel Extraction Kit (peglab) (see section 2.3.11) enabled
purification of all fragment sizes between 200 bp and 24.8 kbp while at the same time
excluding the SEs (cut-off of 50 bp). The first correctly ligated/assembled plasmid (according
to its restriction digestion patterns) was sent for Illumina sequencing. This revealed, that the
200 bp fragment located between two SEs and harboring the 3’ end of mxvC and 5’end of
mxvD (see S| Table 2-17 fragment frag-EtD1) was inserted in reversed direction. As it turned
out a mistake in designing the sticky ends enabled this 200 bp fragment to be inserted in both
directions. Since there is a theoretical 50% chance of this short fragment to be ligated in the
right direction, an additional 144 clones of the agar plates containing clones from the previous
desplitting procedure were screened for plasmids of the right size. These plasmids were not
only analyzed with REs to confirm the right size and the presence of remaining SEs by analytical
digests, but further also analyzed by PCR to investigate the direction of the mentioned 200 bp
fragment. Therefore, two primer pairs were designed, one that would bind on the plasmid in
case the fragment is inserted in forward direction, and another that would bind on the plasmid
in case the fragment is inserted in reverse direction, respectively. Out of the 144 screened
clones, nine clones harbored a plasmid with the correct size. Seven of those showed a band

for the primer pair for forward inserted fragment by PCR. Out of those seven, four clones
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revealed to have all SEs removed. Two of those four plasmids were sent for Illumina
sequencing, which showed that one plasmid (clone 76) was completely free of mutations
(whereas clone 70 featured one point mutation inside the gene cluster). Detailed information
about the screening process, including SE locations, REs used for analysis and PCR to check for
the 200 bp fragment, are shown in the SI (see section 2.6.6 Table 2-19 and Table 2-21).
Subsequent analytical restriction digestions and in silico analysis of the final plasmid construct
revealed, that two Bsal restriction endonuclease recognition sites remain in the sequence
flanking the pBeloBac vector backbone, since the recognition sites of Bsal read in the wrong
direction due to an error in design. Unfortunately, they cannot be removed by the desplitting
procedure, which restricts Red/ET homologous based recombination and subsequent
replacement of the selection marker with Bsal. Therefore, a future replacement of the
pBeloBac vector backbone by an in silico designed and synthesized pBeloBac vector backbone
removing these Bsal recognition sites is in progress.

The last desplitting step of plasmid pBeloBacMXVpreCD to obtain the final plasmid with the
entire MXV BGC pBeloBacMXV was supposedly to be straight forward and efficient, due to the
design with unique sticky ends after restrictive hydrolysis with Bsal. Unfortunately, the only
200 bp long fragment located on the 3’end of mxvC and 5’end of mxvD could be ligated into
the construct forward and reversed. Since this design flaw was discovered in advance, it was
rather simple to overcome this obstacle by intensive screening of further 144 clones and
analyzing the area containing that 200 bp fragment by PCR. However, this problem extended
the cloning procedure of the synthetic MXV BGC. Nonetheless, the assembly process was
successfully completed, yielding one plasmid harboring the whole MXV BGC without any gene
mutations according to lllumina sequencing. The whole procedure was time consuming and
tedious, which emphasizes how challenging working with GC-rich myxobacterial BGCs of such
an enormous size including repetitive sequences can be, especially when applying classical
digestion/ligation approaches such as ‘Golden-Gate’ cloning.

The lessons learned from this work, including multiple steps of troubleshooting, and
optimizing the parameters, can be helpful for future work and projects containing design and

assembly of similar composed gene clusters and are discussed in detail in chapter 5.
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2.4.2 Heterologous expression of the synthetic MXV BGC in Myxococcus
xanthus DK1622

2.4.2.1 Integration of the MXV BGC into Myxococcus xanthus DK1622 via Mx8 phage-
integrase

The final MXV BGC construct pBeloBacMXV was integrated into the genome of wild-type
M. xanthus DK1622 via the Mx8 phage-integrase according to transformation protocol
described in the material and methods part (see section 2.3.15). To confirm correct
transformants with successfully integrated MXV gene cluster, colonies where selected and
some of the cell mass used for colony PCR (see section 2.3.10.1). Using four specifically
designed primers to bind to the flanking regions of the Mx8 attB site and Mx8 phage-integrase,
respectively, this colony PCR can confirm the successful integration of a gene construct
harboring the Mx8 phage-integrase. These four specific Mx8 primers however can only
confirm the successful integration of the Mx8 phage-integrase and adjacent genes. They
cannot confirm the full integration and integrity of the whole construct, in this case the
complete synthetic MXV BGC, and thus risking proceeding with false positive clones. The
problematic nature of this screening approach was revealed when the first two genotypically
verified (by colony PCR with Mx8 primers) M. xanthus DK1622 transformants were cultured
but did not yield in production of any MXV derivatives, although the colony PCR with the Mx8
primers showed a successful integration. A similar issue was experienced during the
transformation and heterologous expression of a synthetic argyrin BGC in M. xanthus DK1622,
where further colony PCRs with specific designed primers binding to multiple regions in the
argyrin BGC revealed that only a part of the BGC was integrated into the genome (personal
communication with Dr. Domen Pogorevc). In order to further analyze the integrated gene
construct and the presence of all genes of the MXV BGC, seven primer pairs were designed
binding to each of the five NRPS genes of operon 1 (mxvA — mxvE) as shown in Figure 2-5. Due
to their size and the presence of the repetitive sequences in their coding strand, two primer
pairs were designed for mxvC and mxvD. The sequences of the primer pairs are listed in the SI
section 2.6.7. The small genes located in operon 2 were not regarded for this first approach,
since it was assumed that possible deletions were most likely to happen within the repetitive

sequences.
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Figure 2-5 The seven primer pairs located on the five NRPS genes mxvA — mxvE, used to investigate their presence
by colony PCR.

Analysis by colony PCR with those seven additional primer pairs of the previous two
cultured transformants, which did not show any MXV production, revealed that parts of the
BGC located within the coding strands of mxvC and mxvD were not present in the integrated
gene construct. Primer pairs C1 and D2 did not amplify the respective DNA fragment and
therefore showed no visible bands after visualizing the PCR reactions on an agarose gel (Figure

2-6).
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Figure 2-6 Colony PCR with the seven designed primer pairs binding to the five NRPS genes mxvA — mxvE located
in operon 1. Clones 76-3 and 76-4 are the analyzed M. xanthus DK1622 mutants that showed positive colony PCR
results with the Mx8 primers after transformation with pBeloBacMXV. Controls were made with wildtype M.
xanthus DK1622 and pBeloBacMXV (lllumina sequenced and confirmed clone 76). Primer pairs C1 and D2 did
clearly not show a band, except some faded bands that indicate unspecific primer binding. Ladder= GeneRuler 1
kbp DNA ladder.

Those parts of the MXV BGC between the two largest repetitive sequences (see Figure
2-5) were deleted either during or after integration into the genome. The two ATP-dependent
recombinases recAl and recA2 enable homologous-based recombination in M. xanthus

DK1622 as a self-repair mechanism.#47 |t is possible that gene sequences with high
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similarity, e.g., the repetitive sequences located in mxvC and mxvD within the MXV NRPS
coding strands can be recombined and deleted when located in proximity. Therefore, the
transformation process was repeated with adapted parameters. The cells were incubated for
24 hours at room temperature instead of 6 hours at 30° C after transformation. Subsequently,
after plating the cultures on agar, they were stored at room temperature for several days
before incubating at 30° C. Newly detected transformants were screened by colony PCR with
primer pairs C1 and D2 instead of the Mx8 primers, which showed bands for five clones. They
were now further analyzed with the remaining five primer pairs which gave five positive

transformants, resulting in an integration efficiency of approximately 25%.
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Figure 2-7 The five analyzed mutants M. xanthus DK1622::pBeloBacMXV-M, P, 7, 10 and 14 now showing bands
for all primer pairs. As controls a DK1622 wildtype and pBeloBacMXV plasmid were used. Ladder= GeneRuler 1
kbp DNA ladder.

The positive colony PCRs with these five mutants indicate that all five NRPS genes mxvA
—mxvE were successfully integrated. However, the used primer pairs give only certainty about
the analyzed locations. Deletions outside those locations, or in operon 2, can theoretically only
be ruled out by designing multiple additional primers spanning the whole BGC or by genome
sequencing. The here described risk that parts of the integrated BGC can be deleted after

transformation into M. xanthus DK1622, as also experienced in the argyrin heterologous
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production, should also be considered in other heterologous expression projects when
mutants do not show production of the desired compound. In that case, the integrated gene
construct should be further analyzed by multiple colony PCRs investigating wide-spread areas
of the construct. Additionally, the described adaptions in the transformation process seem to
improve the efficiency by lowering the temperature and thus increasing the doubling time of

the cells.

2.4.2.2 Analysis of the heterologous production of MXV derivatives in the DK1622 host

The five mutants with positive PCR results were grown in liquid culture and the presence
of MXV derivatives in the culture broth was analyzed according to protocol (see section 2.3.8).
Four of these five clones showed production for the four major MXV derivatives MXV A, B, C,
and D, respectively.
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Figure 2-8 shows extracted ion chromatograms (EIC) from uHPLC-hrMS analysis of the DK1622::pBeloBacMXV
culture broth extracts. The top chromatogram shows wild type control induced with vanillate, the middle
chromatogram clone DK1622::pBeloBacMXV-7 with no vanillate induction, and the bottom chromatogram shows
clone 7 with vanillate induction. All four major MXV derivatives can only be seen in the induced mutant culture
extract and are labelled respectively. Small peaks for MXV A and B were also detected for the uninduced control.

54



Chapter 2 — Heterologous expression of a synthetic myxovalargin gene cluster

Table 2-11 Initially determined single values, exemplifying the production titer of MXV A measured for the five
tested DK1622::pBeloBacMXV mutant cultures.

MXV-7 33.7 mg/L
MXV-10 12.7 mg/L
MXV-14 8.4 mg/L
MXV-M -

MXV-P 13.2 mg/L

The production titers for the most active and abundant derivative MXV A are shown in
Table 2-11. It is noteworthy, that MXV A and MXV B were also detected in the uninduced
control culture. This is explainable by the background expression of the leaky vanillate
promoter.t*® Although all four major derivatives were visible in the extracts of the four
producing mutants, MXV A is the most active and abundant, and the only one for which pure
compound was available for analysis. Hence, all quantifications conducted with the
heterologous expression construct refer to MXV A. Mutant DK1622::pBeloBacMXV-M did not
show production of any MXV derivative. It is possible, that parts of the gene cluster that were
not investigated by the designed primers were deleted in that clone or that one or multiple
mutations occurred within the gene cluster. Incomplete or false DNA sequence can lead to
translation of false or truncated proteins, which in turn would hinder production of the desired
compound. The only possibility to confirm such deletions or mutations would be to sequence
the whole genome of the non-producing transformant. However, since four clones
successfully produced MXV, the non-producing one was disregarded for future cultivation
experiments at this point. The highest quantified production in this first heterologous
production approach was 33.7 mg/L by M. xanthus DK1622::pBeloBacMXV clone 7. Later MIC
experiments with mutant and wild type strain showed a MIC for MXV A of approximately 32
mg/L. This indicated that the limit of possible production was already reached, since higher
MXV concentrations would lead to self-toxicity. The measured production of 33.7 mg/L could
however not be replicated anymore in all later culture experiments. Instead, concentrations
ranged between 3.5 and 13 mg/L, similar to the yields measured for mutants 10, 14 and P in

the first cultivation approach (see Table 2-11). The MXV production titer of the heterologously
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expressed synthetic MXV BGC in M. xanthus DK1622 is comparable to the titer of the native
producer Myxococcus fulvus Mx f65. In cultivations with the wildtype strain 4—6 mg/L were
obtained, while mutants that were treated with N-methyl-N’-nitro-N-nitrosoguanidine had a
higher resistance to the antibiotic and produced 30 mg/L in shake flasks and 13 mg/L in a
bioreactor.®? Successful heterologous production and the measured yields confirm that M.
xanthus DK1622 is a suitable host for the heterologous expression of the MXV BGC, which

enables a simplified engineering of the BGC for a detailed analysis of the biosynthesis.

Further experiments should facilitate a better insight into the heterologous production
of MXV and find possible ways to increase the production titer. Therefore, the following
fermentation experiments focused on the production kinetics, the influence of supplemented
adsorber resin XAD-16, multiple inductions with vanillate, and co-expressing an additional
construct with the two ABC transporter genes mxvl and mxvK. First, the production kinetic
was analyzed to understand at which time points of the cultivation MXV starts to be produced,
when the production titer peaks, and when the titer stagnates. Therefore, 24 production
cultures were inoculated from the same pre-culture, enabling to take triplicates for production

analysis of each day for a period of eight days.

Production kinetic of MXV A

Myxovalargin A [mg/L]

1 2 3 4 5 6 7 8
Days of cultivation

Figure 2-9 Concentration of MXV A measured over the duration of eight days. Samples were taken in triplicates.

The production of MXV started as soon as the cultures were induced with vanillate, i.e.,
the concentration reached around 2 mg/L after 24 hours already which was approximately

50% of the maximum reached during this experiment. Peak production was reached on day 4
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with an average titer of around 3.5 mg/L. The following four days, concentration of MXV
dropped slightly and stagnated at a value of approx. 3 mg/L, indicating that the production of
MXV peaks relatively early after four days of cultivation. These results are consistent with
production kinetics found in cultivations with the native producer M. fulvus Mx 65, where
MXV was detected soon after inoculation. The titer was increasing until stationary phase was
reached at which point it remained constant.®? Future cultivation experiments can therefore
be ended after 4 days to harvest at the time point of maximum concentration as well as to
save time. It is noticeable, that the concentration of MXV is significantly lower compared to
the previous cultivation. The fluctuations in the production yields between different sets of
cultivation experiments hamper the comparability thereof. Those fluctuations can possibly be
caused by the complex regulation system affecting the metabolome of M. xanthus DK1622,
for which only a few studies are available to date.*>%0 The ability of M. xanthus to form
fruiting bodies, the appearance of the tan-phenotype,'>! as well as the relatively unexplored
regulatory system!12-114152 wijth various competing BGCs, can lead to variations in the
metabolome and therefore also in the production yields of certain compounds. Fruiting body
formation for example leads to production of life-cycle related compounds. Analysis thereof
led to the discovery of the novel compound homospermidine lipid.'>® High fluctuations in
yields of heterologously produced target compounds in M. xanthus were also exhibited

before, e.g., in the heterologous production of the argyrins.1#8

In order to analyze the presence of MXV in the supernatant, the adsorber resin XAD-16,
and cells, mutant DK1622::MXV-10 was inoculated in eight production cultures. Of those eight
cultures, two cultures were supplemented with XAD-16 and six did not contain any XAD-16.
The cultures without XAD-16 were used to test the presence of MXV in the supernatant and
cell pellet. Additionally, two cultures without XAD-16 were used to test the influence on yield
using a liquid-liquid extraction procedure with methanol of the whole culture broth. The

results are shown in the table below.

57



Chapter 2 — Heterologous expression of a synthetic myxovalargin gene cluster

Table 2-12 Production titers in [mg/L] of different methods to extract MXV A. SN = supernatant, L/L = liquid-liquid
extraction with methanol. Analyzed mutant was M. xanthus DK1622::pBeloBacMXV clone 10.

MXV-10 w/o XAD-16 SN 1 3.43
MXV-10 w/o XAD-16 SN 2 4.64
MXV-10 w/o XAD-16 cell pellet 1 1.75
MXV-10 w/o XAD-16 cell pellet 2 2.65
MXV-10 w/ XAD-16 1 6.8

MXV-10 w/ XAD-16 2 8.56
MXV-10 w/o XAD-16 L/L extraction 1 8.94
MXV-10 w/o XAD-16 L/L extraction 2 9.61

Production titers for supernatant and cell pellet combined were 5.18 mg/L for culture 1
and 7.29 mg/L for culture 2, respectively. The same cultures cultivated with XAD-16 as
adsorber resin for extracellular compound, i.e., only XAD-16 and cells were extracted as one
pellet, produced 6.8 mg/L MXV for culture 1 and 8.56 mg/L for culture 2, respectively. The
production for the cultures with XAD-16 was only slightly higher (1.6 and 1.26 mg/L more,
respectively), while the two cultures cultivated without XAD-16 and extracted with methanol
via liquid-liquid extraction showed the highest concentrations of MXV. Nevertheless, the
variations in the yield between the different extraction methods are neglectable, especially
considering the naturally occurring yield variations in different DK1622 cultures as described
in the previous paragraph. A significant difference apparent in this experiment, however, was
the growth or viability of the cells. The cultures containing XAD-16 were viable several days
longer (depictable by the yellow color) compared to those without the resin, whose color
turned brown indicating the death phase, about three days earlier. The extended growth
when using XAD-16, could be caused by binding of the antibiotic compound to the resin,
however, a control experiment should be conducted to confirm this. Nonetheless, for the
reason of extended growth phase, future cultivation experiments were decided to be

performed using the adsorber resin XAD-16.
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The adsorber resin XAD-16 can decrease the toxicity in the culture by binding the
produced antibiotic, thus facilitating cell growth, and assist in the stability of the produced
compound.'®® Binding of the inducer vanillate to XAD-16 however, could decrease the protein
expression of the BGC and lead to a lower production of MXV. To counterbalance this effect,
the influence of multiple inductions with vanillate on the MXV production was investigated in
another cultivation approach. An induction of M. xanthus DK1622::pBeloBacMXV mutant P
every two days over a duration of eight days of cultivation, lead to a production of 13 mg/L
MXV, approx. 1.5 fold higher compared to only 8.5 mg/I in the single induced control culture.
These results suggest that a sufficiently high concentration of vanillate in the culture medium
is important for the MXV production. Later cultivation experiments should also investigate the
addition of XAD-16 to the culture medium 1-2 days after induction with vanillate. Both, the
inducer concentration as well as the presence of adsorber resin to prevent high antibiotic
concentrations in the medium, can apparently have a positive influence on the MXV yield.
However, a high concentration of inducer could also lead to an overexpression of the proteins,
leading to protein misfolding and aggregation, and metabolic overburdening of the cells,>®
thus making a good balance between resin and inducer is vital for an increased production

titer.

In summary, the heterologous production of MXV in the host M. xanthus DK1622 was
successful and production titers between 3.5 and 33 mg/L are comparable to the native
producer.®? These findings indicate that the DK1622::pBeloBacMXV mutants can be used as a
future MXV producer strain as well as well as expression platform to further investigate and
elucidate the MXV biosynthesis. Since the initial production of 33 mg/L was not achieved in
follow-up cultivations anymore, and titers fluctuated around 10 mg/L, more experiments on
increasing the production were planned. The findings showed that in future cultivation
experiments XAD-16 should be used, combined with multiple inductions using vanillate. In
future approaches to improve the yield, the influence of supplementation with precursors
should be investigated. Supply of precursor, such as amino acids with high abundance in the
target compound, can help to prevent metabolic bottlenecks. Repetitive addition of necessary
precursors for the argyrin production achieved a 20-fold increase in yield compared to the
native producer to a value of 160 mg/L.1*® In case of MXV, several amino acids such as valine,
arginine, and alanine, as well as the unusual amino acids B-tyrosine (or the precursor tyrosine)

and agmatine, could be supplied externally during cultivation. It remains to be seen, whether
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the production of MXV can be boosted by amino acid and precursor feeding, or an excess of

precursors would lead to substrate saturation and overburdening of the NRPS assembly line.

2.4.2.3 Increasing the MXV self-resistance of the heterologous expression platform

Irschik et al. described in their first publication about the discovery of MXV, that the
native strain produced 4 — 6 mg/L MXV while the MIC against the antibiotic was only 6 mg/L.
They treated the native M. fulvus strain Mxf65 with N-methyl-N'-nitro-N-nitrosoguanidine,
leading to mutants with a MIC of 25 — 50 mg/L, which were able to yield 13 mg/L MXV in
bioreactors and up to 30 mg/L in shake flasks.®? These findings indicate that the self-resistance
of the host plays an important role in the production yield of MXV and could explain why it
seems that the limit of MXV concentration produced by the heterologous host was already
reached. MIC testing of the wild type M. xanthus DK1622 against MXV showed a resistance of
up to 16 — 32 mg/L. At the same time, mutants harboring the MXV BGC still grew distinctly at
a MXV concentration of 32 mg/L. However, this value is not comparable since the potential
resistance genes (ABC transporter proteins encoded by mxvl and mxvK) are only expressed
when the medium is supplemented with vanillate, which would also induce production of
MXV, changing the concentration and thus the MIC. Therefore, a new expression construct
was designed, harboring only the two ABC transporter expressing genes mxvl and mxvK,
regulated by a vanillate promoter and tD2 terminator.13%14° The construct was designed for
transformation into the DK1622 wild type in order to clearly see the influence on the MIC of
the two resistance genes alone. It was further designed to be compatible for transformation
into the MXV BGC harboring mutants. Therefore, the plasmid backbone of the construct
contained a kanamycin resistance marker, compatible with tetracycline on pBeloBacMXV, as
well as the Mx9 integrase, compatible with the Mx8 integrase on the pBeloBacMXV backbone.
The detailed cloning procedure of the construct pMYC21_mxvIK is described in section 2.3.19.
After transforming the construct into M. xanthus DK1622 wild type, MIC testing was
performed to analyze the influence of the ABC transporter genes on the resistance against
MXV. Wild type strain and the newly obtained DK1622::pMYC21_mxvIK were grown in 96-well
plates with increasing MXV concentrations. The wild type control showed a MIC of 16-32 mg/L
again, while both the induced DK1622::pMYC21_mxvIK and the uninduced mutant control
culture revealed a MIC above 256 mg/L. An explanation for the equal MIC for both induced
and uninduced cultures could be the leakage of the vanillate promoter.*® It seems that the

background expression of the ABC transporter genes is already sufficient for a high resistance
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against MXV. However, the highest tested MXV concentration was 256 mg/L. Higher
concentrations could reveal differences in MIC between induced and uninduced control.
Nevertheless, the growth of the cultures in MXV concentrations higher than 64 mg/L was
significantly hampered, i.e., that even though the strains are still able to survive in high MXV

concentrations, their growth might not be sufficient for a relevant production of MXV.

Transformation and integration of the ABC transporter cassette into the Mx9 site of
DK1622::pBeloBacMXV mutants, cultivation and analysis of extracts (according to protocol
described in section 2.3.8) did not lead to a significant increase in the production. Three
mutants with the co-expressed ABC transporter construct, each cultivated in triplicates,
yielded in 8.6, 8.6, and 5.6 mg/L respectively. The average of those three mutants of 7.6 mg/L
was about 1.2 mg/L higher compared to the control mutant not harboring the additional ABC
transporter genes (6.45 mg/L). The production yield was in all mutants lower compared to
previous measured titers. Possible reasons for alternating production yields were discussed
before in section 2.4.2.2. However, the only slightly increased vyields of the
DK1622::pBeloBacMXV::mxvIK mutants, harboring an additional set of the two self-resistance
genes mxvl and mxvK, leads to the conclusion of other bottlenecks for higher production of
MXV A. The expression of the ABC transporter genes proved to significantly improve the self-
resistance of the wild type DK1622 against MXV A, nevertheless, other bottlenecks like
deficiency of certain precursors could prevent the mutants of producing high amounts of MXV
A and thus making use of the increased resistance. Therefore, as discussed in the previous
section, future experiments should analyze feeding of the cultures with precursors like valine,

alanine, arginine and the unusual amino acids agmatine and B-tyrosine.

2.4.3 Investigation of the MXV biosynthesis utilizing the heterologous

expression platform

2.4.3.1 Targeted deletion of the putative B-hydroxylase MxvH

The heterologous expression platform for MXV enabled in-depth investigation of the
putative B-hydroxylase MxvH. Understanding the role of this enzyme is desirable, since it is
suggested to catalyze the hydroxylation and dehydrogenation of L-valine and L-isoleucine in
the biosynthesis, but the function of MxvH is yet unknown.'?” The gene mxvH encoding this
putative B-hydroxylase was deleted in a previous experiment in the native producer

Corallococcus coralloides 1071 by Ullrich Scheid, which extinguished the production of MXV.
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However, polar effects on neighboring genes could not be ruled out. Therefore a clean
deletion, i.e., without affecting neighboring genes, of mxvH by Red/ET homologous
recombination using the bioysnthetic MXV BGC was desirable. Primer design and cloning
strategy are described in detail in the Sl section 2.3.20. After replacing mxvH in the plasmid
pBeloBacMXV by kanR, subsequent deletion of kanR, and religation of the plasmid forming
pBeloBacMXVAmxvH, the plasmid was sequenced by Illumina to confirm the correct sequence
and transformed into M. xanthus DK1622 wild type strain. Cultivation, extraction, and analysis
was performed according to protocols in section 2.3.7, and 2.3.8, respectively. The extracts
were analyzed for the presence of MXV A, as well as derivatives potentially occuring due to
the missing B-hydroxylase. Since MxvH is presumably performing the hydroxylation and/or
the dehydrogenation on the a, B-dehydrovaline and -isoleucine and the B-hydroxyvaline,
possible derivatives with one to three present a,p-dehydro-amino acids combined with
hydroxylated or non-hydroxylated valine were in the focus of the search (see Table 2-13

below).

Table 2-13 Potential MXV A derivatives searched for in the MxvH deletion mutant DK1622 pBeloBacMXVAmxvH.

3 Yes 839.03 559.69
No 831.03 554.36
2 Yes 840.04 560.36
No 832.04 555.03
1 Yes 841.05 561.03
No 833.05 555.70
0 Yes 842.06 561.71
No 834.06 556.37
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Figure 2-10 Structure of MXV A; amino acids potentially altered in the mutant lacking MxvH are marked in red
color. The search focused on derivatives where one or multiple of the a,B-dehydro-amino acids are not
dehydrogenated, in combination with hydroxylated and non-hydroxylated valine.

The extracts of cultivated M. xanthus DK1622::pBeloBacAmxvH showed no presence of
either MXV A or any of the in Table 2-13 and Figure 2-10 shown potential derivatives. These
findings show the importance of MxvH in the MXV production as well as indicate that the
putative B-hydroxylase is catalyzing the hydroxylation and/or dehydrogenation on the NRPS
assembly line or on the amino acids prior to binding to the PCP domain, i.e. the involved C
and/or A domains in the corresponding modules seem to have a specificity for hydroxylated
and/or dehydrogenated valine and isoleucine. These findings, and new insights in the current
literature>”1°8 |lead to the suggestion, that the corresponding valines and isoleucine are
hydroxylated by MxvH and dehydrated by the C domain of the following module. In 2018
Patteson et al. described the 2,3-dehydration by a unique group of C domains in the
oxyvinylglycine biosynthesis®*’ and in 2020 Wang et al. found two unusual C domains in the
albopeptide biosynthesis, dehydrating serine and threonine residues, respectively.'®®
Furthermore, Pogorevc et al. describes a new proposed dual Deh/C
(dehydration/condensation) domain subtype, forming its own clade in a phylogenetic tree of
the different C domain subtypes. This new subtype clade contained a C domain of the argyrin
biosynthesis described in this study, as well as C domains from several other a,B-dehydro
amino acid forming pathways.'®® Inclusion of the MXV C domains of modules following the
a,B-dehydro-amino acids (modules 2, 9, and 13, respectively) in this phylogenetic tree showed
that those respective C domains align within the same clade (Figure 2-11). Interestingly, the
terminal C domain downstream of module 14 as well as the C domain of module 6 also align
in this clade, although the incorporated building block in module 14 is a hydroxy-b-valine and
in module 5 a p-valine. It seems that these C domains are closely related to the other dual
Deh/C domains. However, the dehydration of the hydroxyl-p-valine at module 14 by the
downstream C domain seems to be disabled by its functionality to incorporate agmatine. The
C domain of module 6 might have a dual Deh/C functionality as well, but it occurs that the b-

valine is not hydroxylated by MxvH, potentially because of missing protein-protein
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interactions at this position. Nevertheless, in order to prove the suggested hydroxylation by
MxvH and following dehydration by C domains, in vitro analysis should be implemented. The
plan is to express mxvH and two consecutive modules involved in the dehydro-amino acid
formation, or in case the expression of whole modules is not successful, standalone domains
thereof. The substrates of the modules can be provided as synthetic N-
acetylcysteamine(SNAc)-esters for binding to the respective PCP domains. Fortunately, the
first a,B-dehydro-valine is already incorporated in module 1, i.e., the required substrates that
had to be synthesized as SNAcs are the isovaleric acid-valine for module 1 and the isovaleric

acid-valine-alanine precursor for module 2

Starter

Dual E/C

a ™
@y Dual Deh/C

LCL

Heterocyclization

Epimerization

Figure 2-11 Phylogenetic tree showing the different C domain subtypes including the new proposed Dual Deh/C
domain subtype. The phylogenetic tree includes 525 C domains from a phylogenetic study®, the C domains of
the MXV gene cluster, as well as the Dual Deh/C domains of the argyrin (C3_SBCb004)'*® and the bleomycin
biosynthesis (C2_Bleo).*>°

2.4.3.2 Functional inactivation of the single PCP domain MxvB

The gene mxvB is highly conserved in all MXV producers, however, the function of the
single PCP domain expressed by it is yet unknown. It is assumed that MxvB is responsible for
the precursor supply to the NRPS assembly line.'?” A length of 513 bp of the gene, while the

annotated PCP domain is only 202 bp long, suggests that the gene potentially harbors another
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domain of unknown function. Recent bioinformatics analysis of the gene using blastp'®°

suggests that the gene contains at least parts of an A-domain (homologue with the best
coverage and identity is an amino acid adenylation domain-containing protein, see accession
no. Table 2-1). Due to the short lengths, attempts to knockout mxvB in the native strain were
not successful. With the recent accomplishment of establishing a heterologous expression
system with a synthetic MXV BGC, targeted inactivation of the PCP domain of mxvB was
enabled. The design aimed towards replacing mxvB in the synthetic BGC by a point mutated
version mxvB* using Red/ET. In mxvB*, the active site is inactivated by replacing the conserved
serine in the core motif!3® by an alanine. It was decided to rather inactivate the gene by a point
mutation than deleting it completely, to prevent disrupting potential protein-protein
interactions between MxvB and the NRPS assembly line. The detailed design and cloning
strategy is described in section 2.3.21 and Sl section 2.6.8. At the stage of writing this thesis,
the cloning process of the pBeloBACMXV_mxvB* construct was successful and confirmed to
be mutation free by lllumina sequencing. Future work involves obtaining DK1622 mutants
with that construct and testing their production of MXV. It is expected that the production of
MXV would be abolished. In order to confirm the proposed function of MxvB to be involved
in the precursor supply, cultures with pBeloBACMXV_mxvB* mutants will be fed with an

isovaleric acid SNAc, which should re-establish the MXV production, at least partially.
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2.5 Conclusion and outlook

The successful development of a heterologous production platform for MXV enabled
further investigation of the biosynthesis due to convenient genetic amenability of the
heterologous host M. xanthus DK1622 and well-developed tools and protocols for micro- and
molecular biological work with this strain. Increased yields compared to the native host, with
reliable and easy production, facilitates preparation of sufficient MXV for further research on
the compound. The production titers varied between 3.5 and 13 mg/L in most cultivation
experiments with a peak of 33 mg/L. It was able to be improved by 1.2 mg/L to 7.6 mg/L
compared to 6.4 mg/Lin the control culture, by increasing of the resistance through additional
expression of the ABC transporter proteins. Potential yield limitations could be caused by the
assembly rate of the NRPS or substrate saturation, or by metabolic bottlenecks such as
precursor supply, which has to be tested in the future with feeding experiments. This newly
gained opportunity to engineer the MXV gene cluster in the synthetic BGC and analyze it in
the heterologous host also paves the way for elucidating the biosynthesis in more detail.
Targeted deletion of the putative B-hydroxylase MxvH abolished production and no other
MXV derivatives lacking the dehydro- or hydroxy-residues were found. This finding underlines
the vital role of MxvH in the MXV biosynthesis. It is assumed, that MxvH is functioning on the
assembly line or on the amino acids prior to incorporation, while the respective modules
appear to be specific for the hydroxylated and/or dehydrogenated amino acids. Further in
vitro analysis with the expressed proteins MxvH, module 1, and module 2, should shed light
on the reaction forming the a,B-dehydro- and hydroxy-amino acids. Current hypothesis
suggests that MxvH hydroxylates and then the downstream C domain dehydrates the amino
acids. In addition, the function of mxvB in the MXV biosynthesis was also scrutinized, since
mxvB is highly conserved in all MXV producers expressing a single PCP domain. Currently it is
assumed to be involved in the precursor supply. The gene was inactivated by a point mutation
rather than deleting it to prevent effects on protein-protein interactions with the assembly
line. To this date, the cloning work to obtain a MXV BGC construct with inactivated mxvB* was
successful, however the transformation and production testing has yet to be accomplished. It
can be speculated that the production will be abolished, and subsequent feeding of an
isovaleryl SNAc substrate would re-establish the production, therefore confirming the

hypothesis that MxvB is responsible for the precursor supply.
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Additionally, the heterologous production platform for MXV enables engineering of the
NRPS assembly line itself. Future experiments aim to analyze the incorporation of the
agmatine unit, which is currently assumed to be catalyzed by the terminal C domain of module
14. The platform can also be used for attempts to obtain new MXV derivatives with improved
pharmacokinetic properties and lower cytotoxicity. Current ideas include truncated versions
of MXV, lacking the agmatine or several terminal residues, which would enable coupling of

new residues to the truncated structure by semi synthetic approaches.
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2.6 Sl Information

2.6.1 List of plasmids and strains generated in this study

Table 2-14 List of strains generated or used in this study.

E. coliDH10B

E. coli HS996

E. coli NEB 108

E. coli GBO5-red

E. coli DH10B
pSynbiol_C1
E. coli DH10B

pSynbiol_C12

E. coli DH10B
pSynbiol_C123

E. coli DH10B
pSynbiol_C1234

E. coli NEB10j
pSynbiol_mxvC

E. coli DH10B
pSynbiol_D1
E. coli DH10B

pSynbiol_D12

E. coli NEB10pB
pSynbiol_mxvD

E. coli DH10B pMYC24
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F, mcrA, A(mrr-hsdRMS-mcrBC),
AlacX74, recAl, araD139, A(ara-leu)7697, galU, galK,

rpsL (StrR), endAl, nupG, A

F, mcrA, A(mrr-hsdRMS-mcrBC),
AlacX74, recAl, araD139, A(ara-leu)7697, galU, galK,
rpsL (StrR), endA1, nupG, fhuA::1S2

mcrA, spoT1A(mrr-hsdRMS-mcrBC), ®80d(/acZAM15)
recAl, relAl, AlacX74, recAl, araD139, A(ara-leu)7697,
galK16, galE15, rpsL (StrR), endAl, nupG, fhuA

F, mcrA, A(mrr-hsdRMS-mcrBC),
AlacX74, recAl, araD139, A(ara-leu)7697, galU, galK,
rpsL (Str?), endAl, nupG, N, AfhuA, Peap-gbaA AybcC,

AreckET19

E. coli DH10B pSynbiol_C1, Amp®

E. coli DH10B pSynbiol_C12, Amp®

E. coli DH10B pSynbiol_C123, AmpF

E. coli DH10B pSynbiol_C1234, Ampf

E. coli NEB10B pSynbiol_mxvC, AmpF

E. coli DH10B pSynbiol_D1, AmpF®

E. coli DH10B pSynbiol_D12, Amp®

E. coli NEB10B pSynbiol_mxvD, AmpR

E. coli DH10B pMYC24, AmpR, Tet®, CmR

®80/acZAM15,

®80/acZAM15,

®80/acZAM15,

Invitrogen

Invitrogen

New England
BioLabs

Gene Bridges

This work

This work

This work

This work

This work

This work

This work

This work

This work
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E. coli DH10B
pMYC24PvanFAl

E. coli NEB10p
pMYC24PvanFA12

E. coli NEB10p
pMYC24PvanFAEtD1

E. coli DH10B pJET Amp®

E. coli DH108 pMYC20

E. coli NEB10B
pMYC24MXVpre

E. coli HS996
pBeloBacMXVpre

E. coli HS996
pBeloBacMXVpreC

E. coli HS996
pBeloBacMXVpreCD

E. coli HS996
pBeloBacMXV

E. coli HS996 pMYC21
mxviIK

E. coli HS996
pBeloBacMXV
AmxvH_kanR

E. coli HS996
pBeloBacMXV AmxvH

E. coli BL21 (DE3) pHis-
TEV_mxvAModl pCDF-
1b_mxvG

E. coli BL21 (DE3) pHis-
TEV_mxvAMod2 pCDF-
1b_mxvG

E. coli BL21 (DE3) pHis-
TEV_mxvH

E. coli DH10B pMYC24PvanFA1, AmpF, Tet®, Cm®

E. coli DH10B pMYC24PvanFA12, AmpR, TetR, CmR

E. coli DH10B pMYC24PvanFAEtD1, AmpR, Tet?, CmF

E. coli DH10B pJET Amp®
E. coli DH10B pMYC20, Tet®?, Cm®

E. coli NEB10B pMYC24MXVpre, AmpF, Tet®, CmR

E. coli HS996 pBeloBacMXVpre, Tet?, Cm®

E. coli HS996 pBeloBacMXVpreC, TetR, Cmf

E. coli HS996 pBeloBacMXVpreCD, Tet?, Cm®

E. coli HS996 pBeloBacMXV, Tet®, CmF

E. coli HS996 pMYC21 mxvIK, Kan®, Cm®

E. coli HS996 pBeloBacMXV AmxvH_kanR, Tet?, CmR,

Kan®

E. coli HS996 pBeloBacMXV AmxvH, Tet?, Cm®

E. coli DH10B pHis-TEV_mxvAModl pCDF-1b_mxvG,

Kan®

E. coli DH10B pHis-TEV_mxvAMod2 pCDF-1b_mxvG,

Kan®

E. coli DH10B pHis-TEV_mxvH, Kan®

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work
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E. coli HS996
pBeloBacMXVAmxvB_ka
nR

E. coli HS996
pBeloBacMXVAmxvB_m
xvB*

M. xanthus DK1622

M. xanthus DK1622
pBeloBacMXV

M. xanthus DK1622
pBeloBacMXV AmxvH

M. xanthus DK1622
pBeloBacMXV pMYC21
mxviIK

E. coli HS996 pBeloBacMXVAmxvB_kanR, Tet®, CmR, | This work
Kan®k

E. coli HS996 pBeloBacMXVAmxvB_mxvB*, Tet?, CmR, | This work

Kan®

- HIPS/MINS
M. xanthus DK1622 pBeloBacMXV, Otc®? This work
M. xanthus DK1622 pBeloBacMXV AmxvH, Otc® This work

M. xanthus DK1622 pBeloBacMXV pMYC21 mxviK, | This work
Otc®, Kan®

Table 2-15 List of plasmids generated or used in this study.

pSynbiol

pMYC20

pMYC21

pMYC24

pJET1.2

pBeloBac
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Non-integrative  plasmid  for 143

cloningin E. coli; oriV and trfA from
RK2 plasmid, bla (AmpF), MCS

TetR-mx8 cloned into pMYC; tetR 7!
(Otc®) from pALTER(R)-1, Mx8
integrase from Myxococcus phage
Mx8

KanR-mx9 cloned into pMYC; kanR  7*
(Kan®) from pACYC177, Mx9
integrase from Myxococcus phage
Mx9

Replacement of ura3 by Amp* This work

pUCoriand rep from pMB1, Pacuvs-  Thermo Fisher Scientific
eco47| (endonuclease)/T7
promoter-MCS, bla (AmpF

tetR (Tet®), Mx8 integrase from %, adapted in HIPS/MINS
Myxococcus phage Mx8,

CENG6/ARSA4, tral/oriT, CmR (CmF),

SOpA, sopB, sopC, repE
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pHis-TEV

pCDF-1b

pSynbiol_C1

pSynbiol_C12

pSynbiol_C123

pSynbiol_C + SE

pSynbiol_mxvC

pSynbiol_D1

pSynbiol_D + SE

pSynbiol_mxvD

pMYC24PvanFAl

pMYC24PvanFA

ori (pBR322), lac operator, neo, T7
promoter, ribosome binding site,
N-HisTag

ori (CloDF13), lac operator,
spect(variant), T7  promoter,
ribosome binding site, HisTag

Gene synthesis product C1 cloned
into pSynbiol, Cl s the first part of
mxvC

Gene synthesis product C2 cloned
into pSynbiol_C1, C2 is the second
part of mxvC

Gene synthesis product C3 cloned
into pSynbiol_C12, C3 is the third
part of mxvC

Gene synthesis product C4 cloned
into pSynbiol_C123, C4 is the
fourth part of mxvC, complete
mxvC including SEs

pSynbiol_C + SE without SEs

Gene synthesis product D1 cloned
into pSynbiol, D1 is the first part
of mxvD

Gene synthesis product D2 cloned
into pSynbiol D1, D2 is the
second part of mxvD, complete
mxvD including SEs

pSynbiol_D + SE without SEs

Gene synthesis product PvanFAl
cloned into pMYC24, containing
Pvan, mxvF and first part of mxvA

Gene synthesis product A2 cloned
into pMYC24PvanFAl, A2 is the
second part of mxvA, complete
mxvA

Novagen

Novagen

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work
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pMYC24PvanFAfrag-EtD1

pMYC24MXVpre + SE

pBeloBacMXVpre + SE

pBeloBacMXVpreC + SE

pBeloBacMXVpreCD + SE

pBeloBacMXV

pBeloBacMXV AmxvH_kanR

pBeloBacMXV AmxvH

pBeloBacMXVAmxvB_kanR

pBeloBacMXVAmxvB_mxvB*

pHis-TEV_mxvAMod1

pHis-TEV_mxvAMod2

pHis-TEV_mxvH

pCDF-1b_mxvG
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Gene synthesis product frag-EtD1
cloned into pMYC24PvanFA, mxvE
and tD1 terminator

Gene synthesis
PvanGHIJKtD1 cloned into
pMYC24PvanFAfrag-EtD1, Pvan,
mxvGHIJK, tD1, including SEs

product

pMYC24 vector backbone replaced
by pBeloBac vector backbone in
pMYC24MXVpre + SE

mxvC cloned into
pBeloBacMXVpre + SE

mxvD cloned into
pBeloBacMXVpreC + SE

SE free MXV gene cluster on
pBeloBac vector backbone

mxvH replaced by kanR in

pBeloBacMXV

kanR deleted in pBeloBacMXV
AmxvH_kanR

mxvB replaced by kanR in
pBeloBacMXV

kanR replaced by mxvB* in
pBeloBacMXVAmxvB_kanR

PCR fragment module 1 von mxvA
cloned into pHis-TEV

PCR fragment module 2 von mxvA
cloned into pHis-TEV

PCR fragment mxvH cloned into
pHis-TEV

PCR fragment mxvG cloned into
pCDF-1b

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work
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2.6.2 Predicted domain specificity of the MXV gene cluster modules

The domain specificities were analyzed before by Ullrich Scheid.!?” Since the analysis was

performed approx. 10 years ago, the specificities were re-evaluated by analyzing the native

MXV gene cluster of M. fulvus Mx65 again (re-evaluation performed on November 15% 2021

using antiSMASH version 6.0.1). The re-evaluation revealed no discrepancies to the previous

collected data and is shown in Table 2-16 below.

Table 2-16 Predicted domain specificity in the MXV gene cluster. C = condensation domain; A = adenylation
domain; PCP = peptide carrier protein; MT = methyltransferase; DcL = condensation of upstream D amino acid
with downstream L amino acid; LcL = condensation of upstream L amino acid with downstream L amino acid.
Table adapted from Ullrich Scheid.

mxvA Module 1

Module 2

Module 3

mxvB -

mxvC Module 4

Module 5

Module 6

Module 7

Module 8

Module 9

mxvD Module 10

C-A-PCP

C-A-PCP

C-A-MT-PCP

PCP

C-A-PCP-E

C-A-PCP-E

C-A-PCP

C-A-PCP-E

C-A-PCP

C-A-PCP-E

C-A-PCP

C domain: LcL

A domain: Val

C domain: DcL

A domain: Ala

C domain: LcL

A domain: Ala

C domain: LcL

A domain:Val

C domain: DcL

A domain: Val

C domain: DcL

A domain: B-tyrosine

C domain: LcL

A domain:Val

C domain: DcL

A domain: Val

C domain: DcL

A domain: (GIn)

C domain: DcL

dehydro - valine

L-alanine

N-methyl-L-alanine

D-valine

D-valine

(S)-B -tyrosine

D-valine

dehydro - valine

D-arginine

L-valine
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A domain: Val

Module 11 C-A-PCP-E C domain: LcL D-valine

A domain: Val

Module 12 C-A-PCP C domain: DcL dehydro-isoleucine

A domain: lle

Module 13 C-A-PCP-E C domain: DcL D-alanine

A domain: Ala

mxvE Module 14  C-A-PCP-E C domain: DcL hydroxy-D-valine

A domain: Val

- C C domain: DcL -

2.6.3 Organization of the synthetic MXV gene synthesis fragments
The table below gives detailed information about the ten synthesized MXV gene
fragments including their size, organization of the gene construct, the respective SEs, and

corresponding restriction endonucleases for their release from the gene synthesis vector

(pUC57).

Table 2-17 The ten synthetic MXV fragments with their respective size, gene organization, SEs and RE sites for
release. Sp = spacer; SE = splitter element; RE = restriction endonuclease; Pvan = vanillate promoter; vanR =
vanillate repressor; tp1 = to1 terminator.

Synthetic Organization SEs with REs for

HEEN] containing REs release

PvanFA1l 6.338 Puan 5’-EcoRV-Bsal- EcoRV/Nsil

SE SE ..-Bsal-HindIlI-
sp-Nsil-3°
A2 6.453 SE SE 5‘-HindllI-Bsal- HindIll/Nsil
“ ...-Bsal-Bglll-sp-

Nsil-3*

Frag-EtD1 7.166 SE SE SE SE 5‘-Bglll-Bsal-...- Bglll/Nsil
>OE I >EPE

Pvul-Bsal-...-

Bsal-Avrll-sp-

BspTl-Bsal-...-
Bsal-SgrDI-sp-
Nsil-3°
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2.6.4 Location of repetitive sequences

5‘-SgrDI-Bsal-

...-Bsal-Nsil-3*

5‘-Pvul-Xbal-
Bsal-...-Bsal-
EcoRl-sp-Pmel-
3l

5‘-EcoRI-Bsal-
...-Bsal-HindIllI-
sp-Pmel-3*
5‘-HindlIll-Bsal-
...-Bsal-Avrll-sp-
Pmel-3’
5‘Auvrll-Bsal-
...-Bsal-Pvul-sp-

Pmel-3’

5‘-Pvul-Avrll-
Bsal-...-Bsal-
Hindll-sp-Pmel-
3[

5‘-HindIll-Bsal-
...-Bsal-BspTI-
Pmel-3*
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SgrDI/Nsil

Pvul/Pmel

EcoRl/Pmel

Hindlll/Pmel

Avrll/Pmel

Pvul/Pmel

Hindlll/Pmel

The locations of the three repetitive sequences in the final MXV BGC: first repetitive

sequence on mxvC base pairs 33449 — 35530 and base pairs 45933 — 48173; second repetitive

sequence on mxvC base pairs 35370 — 40331 and mxvD base pairs 19366 — 24647, third

repetitive sequence on mxvD base pairs 14885 — 16989 and base pairs 25679 — 27689.
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Figure 2-12 Dotplot display of the MXV gene cluster against itself on Geneious software. The three repetitive
sequences (short red lines) are clearly visible.

2.6.5 Detailed assembling strategy of the synthetic MXV BGC

The ten synthesized MXV DNA fragments (listed in the table below in the column “insert”)
were assembled on three separate plasmids (pMYC24MXVpre, pSynbiolmxvC and
pSynbiolmxvD). The cloning procedure, including desplitting steps and final cloning of mxvC

and mxvD into the pMYC24MXVpre shuttle vector, is summarized in the table below.

76



Chapter 2 — Heterologous expression of a synthetic myxovalargin gene cluster

Table 2-18 Detailed assembly of the plasmids pMYC24MXVpre, pSynbiolC, pSynbiolD and the final construct

pBeloBacMXV.

pMYC24 PvanFAl EcoRV/Nsil pMYC24PvanFAl
pMYC24PvanFAl A2 Hindlll/Nsil pMYC24PvanFA
pMYC24PvanFA frag-EtD1 Bglll/Nsil pMYC24PvanFAfrag-
EtD1
pMYC24PvanFAfrag-EtD1 PvanGHIJKtD1 SgrDI/Nsil pMYC24MXVpre
pSynbiol Cc1 Pvul/Pmel pSynbiolC1
pSynbiolC1 Cc2 EcoRI/Pmel pSynbio1C12
pSynbiolC12 Cc3 Hindlll/Pmel pSynbiolC123
pSynbio1C123 c4 Avrll/Pmel pSynbiolC1234 =
pSynbiolC + SE
pSynbiolC + SE - Bsal pSynbiolmxvC
pSynbiol D1 Pvul/Pmel pSynbiolD1
pSynbiolD1 D2 Hindlll/Pmel pSynbiolD + SE
pSynbiolD + SE - Bsal pSynbiomxvD
pMYC24MXVpre pBeloBac EcoRV/EcoRI pBeloBacMXVpre
pBeloBacMXVpre mxvC Xball/Pvul pBeloBacMXVpreC
pBeloBacMXVpreC mxvD Avrll/BspTI pBeloBacMXVpreCD
SE
pBeloBacMXVpreCD + SE - Bsal pBeloBacMXV

2.6.6 Analysis of plasmids after the final desplitting process

After the final desplitting step, an extensive analysis of the plasmids from the screened
clones had to be pursued. Therefore, the plasmids where first digested with Kpnl to confirm
the right size, and further digested with multiple enzymes investigating the presence or
absence of each splitter element. Since one of the DNA fragments that had to be ligated could
be inserted in forward or reverse direction, an additional PCR was done to confirm the inserted

direction. The details of this screening process are shown in the three tables below.
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Table 2-19 This table shows nine out of 144 screened clones with analytical digest for right plasmid size (Kpnl)
and each splitter element (SE1-SE6), as well as PCR with primer pair “R” and “F” (see Table 2-20) to confirm the
correct direction of the 200 bp fragment located between NRPS genes mxvC and mxvD.

Clone Kpnl

Primer  Primer

31 v v
70 v v
76 v v
85 v v
89 v v
95 v v
117 v v
120 v v
122 v v

pair pair "F"
"R

v v v v v v

v v v v v v

v v v v v v

v v v v v v

v v v X v v

v X v X v v

v X v X X v

v v v v v v

v - - - - v

Table 2-20 Sequences of the two primer pairs used to detect the direction of the 200 bp fragment after religation
by PCR. R=right=forward direction; F=false=reverse direction. Primer sequences are written in 5’ to 3’ direction.

Primer pair “R” (right
position of fragment)

Forward primer “fragCD R fwd” CATGAGCTGCTCGACATAGG
Reverse primer “frag CD R rev” CGACCTACAACGACGGCG

Primer pair “F” (false
position of fragment)

Forward primer “fragCD F fwd” GCATGAGCTGCTCGACG
Reverse primer “fragCD F rev” CCTACAACGACATAGGC
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Table 2-21 Additional information about the splitter elements of pBeloBacMXVpreCD: location on the plasmid,
the restriction endonuclease enzyme pair used for analytical digest (RE pair; referring to SE pair in Table 2-19)
including the used buffer, and the fragment sizes that would appear in the agarose gel in case the respective SE
is still present or not.

Splitter element location in  Enzyme(s) and buffer Fragment sizes with SE Fragments sizes w/o
plasmid (bp) (Restriction (in kbp) SE (in kbp)
Enzyme (RE) pair)
49730 - 49751 (RE pair 1) Pvul and EcoRl, buffer 37.5 37.5
red 25.5 25.4
9.0 15.7
6.7
49953 - 49972 (RE pair 2) Avrll and EcoRl, buffer 37.5 37.5
red 25.5 254
8.8 15.7
6.9
65450 - 65469 (RE pair 3) BspTl and Ndel, buffer 53.0 59.1
orange 19.5 19.5
6.3
71583 - 71603 (RE 4) SgrDl, buffer red 34.1 50.6
16.6 15.7
15.8 12.3
12.3
17651 - 17670 and 24086 - Hindlll and Bglll, buffer 63.0 76.5
24105 (RE pair 5) red 7.2 2.0
6.4
2.0
24871 - 24890 (RE pair 6) Xbal and Ndel, buffer 46.9 59.1
2xTango 19.5 19.5
12.5
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2.6.7 Integration of the synthetic gene cluster into Myxococcus xanthus

DK1622 via Mx8 phage-integrase

Table 2-22 Primers used to confirm the integration of the MXV BGC into the Mx8 site of M. xanthus DK1622.

Primer name Primer sequence 5’ — 3’

MXVA fwd GAAGTTCGTCTGCTCGAAGATGCGC
MXVA rev AGCTTCACCATCCAGCAGCTCTTCA
MXVB fwd GACGAACTCCGCGACGTTCA
MXVB rev GCGTCGTTCGAGACGTTCGAGTTC
MXVC1 fwd TCTCCGTCGACTGTCAGGAG
MXVC1 rev GAAGGTGCTCAGCGTGCTGT
MXVC2 fwd CACGTAGTCCAGCTCACCCGTCG
MXVC2 rev CGCATGCCGACGCATTGGCTGTC
MXVD1 fwd TGGACGAGCTGCAGCGGAATGGA
MXVD1 rev GTGCCTATCGGTCTGCCCATTGG
MXVD2 fwd TAGCTCGCATTGCGCTCCGTCTG
MXVD2 rev TTCCCCATGTCCTTCGCGCAGGA
MXVE fwd GTGAGCTGTTCCGTCCAGTACCC
MXVE rev CATGGACTGCTGCGCTATCTGTC

2.6.8 Functional inactivation of the active site in mxvB

50 60 69
Consensus ) ux XMA DIRIA ZVVP R-VHXL S lmVARAA ELSLTPROMEE HP-A EMARVARQE

Ce 1. mxvA PCP1 R LINA SINN €L P AME RS VRAH-[ELSFT | @ TH A E vLQ

Ce 2. mxvA PCP2 ESMAED (L GL¥NHV G| LATEM VRAVFDVELPVR EHRIEME Al RVEA
e 3. mxvB PCP RIMR EM FRILP SMA [F Y] RAMLIMCINR | NEAFEVELAVIR EH EQ HISQR
e 4. mxvC PCP 1 O TIMA DIWE MR T GONIE | LGICIMVINRAAAA -[EMLALTPIA 4R - PERYA D ALAR
Ce 5. mxvC PCP 2 £ AMA RIYAY (L GINERS GVARID N  YIN| LGIFCHMVERARRE -EWVFTTR ERLIMAE VAKQA
Ce 6. mxvC PCP 3 E | MTQMV FIE0 R ANES | DI [ TATEEIMEIRY SATLEVS P GVR EE RA RI ERE
¢ 7. mxvC PCP 4 R VIRA DIET 1L GV GIANEN T (18 LSIFMVINRAGEK -ELKLTPRA LHONMME £ VARK
& 8. mxvC PCP 5 S LA ANET eV £ RVAEV HPITEE A RSLEMRTRT | AA-[EWS F S LIAHMEDH A E VLE

L& 9. mxvC PCP 6 R TIHA SR (L GIESEV GVASD D - FIY| LNIFHVERARCO -EI HITPIE HHPEIRA A VARQ
e 10. mxvD PCP 1 EVIRAA AN (L GINelV GRNSIED F F | SATENMMEIRL SONFETSLP LA EH A K YVA

e 11. mxvD PCP 2 R VIRA DIRT 1L GIVANV GIAREN F 13 LS IEMVINRAGEK -[EALKLTPRA LH EE VARK
L& 12. mxvD PCP 3 T AINA S TR INEV D RIVEE | HPIYTEE A RS IEHIRINAAKEA -FELHFTLIQ EH A Gl AATA
Ce 13. mxvD PCP 4 ARMT AN (L GRSV GANDN F I8 LSIEFMVINRARQQ -[ELVVTAR NH A E KA

Ce 14. mxvE PCP 1 A AMA DIl (L GIASISV GENED N F F i | LCIEMVERAAQR-ELTLSAR EN EAR VVREE

Figure 2-13 Alignment of the fourteen PCP domains of the MXV gene cluster. The alignment shows the core motif
LGGDSI and reveals the conserved active Ser residue.
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Ps- Prana1
P = P Left hom. + — ﬁ“”“
BspTl 23, 4P_2, 4 Puul BspTI _- Right hom. + Pvul
0% ‘ XV | kanR + promotor
Independent PCRs l
Py +Pyeand Py. + Py 7
* P,-P, PCR product RedET
BspTl- | [ | Pvul .
P,-P, PCR product Left hom. + BspTI. Right hom + Pvul
L";E; kanR + promotor ";»f‘.
P, | ! mxvB
- - BeloBacMXV
0 P, i
Overlap extension PCR l
P +Py BspTI Pvul
t -
|
BspTl—< | |- Pvul kanR + promotor
#*
Mutated gene mxvB pBeloBacMXVAmxvB_kanR

Restrictive hydrolysis with
™ BspTl and Pvul and ligation /
N /
N BspTl * Pvul '/ \'
sp vu
- 4 - BspTI Pvul
pBeloBacMXVAmxvB_mxvB* kanR + promotor

Figure 2-14 Detailed scheme of the design to amplify the mutated gene mxvB* by PCR and replacement of mxvB.
Left side: Amplification of mxvB* by three separate PCRs; two PCRs with primer pairs P1and P2+, and primer pairs
P3+ and P4 to form two fragments, each containing the point mutation and overlapping ends. The third
overlapping extension PCR using the two overlapping fragments including the point mutation and primer pair P1
and P4 to amplify the final construct mxvB*. Right side: Amplification of kanR with flanking homologous regions
to replace mxvB by Red/ET. Both fragments were flanked by RE recognition sites BspTl and Pvul for replacement
of kanR by mxvB* to form the final construct pBeloBacMXVAmxvB_mxvB*. Figure adapted by Fabienne Wittling.

Table 2-23 Primers used to form pBeloBacMXVAmxvB_mxvB¥*.

P1=mxvB PM fwd GTGTCTTAAGTCAGCGACCCAGGGGGCGCG

P2+ = mxvB PM downrev CGGTGACGCCGCGCGCGC

P3+ = mxvB PM up fwd GCGCGCGCGGCGTCACCG

P4 = mxvB PM rev ACACCGATCGGGGGAATGGCCATGTCCGTATCCG

Pkanr1 = mxvB kanR fwd GACGTTCATGGCTTTCCCGCTCTCCAGTGCGTACGTCGGTACCGTTTCCGCTTAAGTCA
GAAGAACTCGTCAAGAAGGC

Pkanr2 = mxvB kanR rev CCGAGCAGGTCGAGTCCGCGTTGGCGTCGTTCGAGACGTTCGAGTTCTAGCGATCGTG
GACAGCAAGCGAACCG
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3 Investigation of the disciformycin biosynthesis

Contributions

The investigation of the two putative glycosyltransferase operons and the investigation of the
putative tailoring enzyme DifH by heterologous expression in M. xanthus DK1622 was
performed by the author of this thesis. Expression, purification, and in vitro analysis of the
cytochrome P450 DifA, AndGT8 ferredoxin and ferredoxin reductase was previously carried
out by Dr. Konrad Viehrig. The genes for glycosyltransferase operon 1 were discovered by Dr.
Konrad Viehrig and the genes for glycosyltransferase operon 2 were discovered by Dr. Fabian
Panter. RhFRED expression plasmid (pet28RhFRED and pet28RhFRED-fdx with His-tag) was
obtained from the laboratory of Prof. David Sherman. CO difference spectrometry was
performed by Dr. Konrad Viehrig and Yogan Khatri in the laboratory of Prof. Bernhard,
Biochemie, Universitat des Saarlandes. The Pdx protein was obtained from Yogan Khatri (AG

Prof. Bernhard).
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3.1 Abstract

Disciformycins (DIF) are a novel macrolide antibiotic compound class with promising
potential to treat MRSA/VRSA pathogens. Since no cross-resistance to other antibiotics was
found, it is suggested that this molecule represents a novel mechanism and/or antibiotic
class.®! Intense efforts, initiated by high interest in this molecule, led to the successful total
synthesis of DIF.16%162 The biosynthesis of DIF is not fully elucidated to this date. Bioinformatic
analysis revealed a polyketide synthase (PKS) biosynthetic gene cluster (BGC) encoding six PKS
genes difBCDEFG, with adjacent tailoring genes difA, difH and difl, suggested to be responsible
for the DIF production in the native producer Pyxidicoccus fallax AndGT8.6! The proposed
biosynthesis by Surup et al., however, is only partially confirmed so far. Since the native
producer was not amenable to genetic manipulation, and thus hinders biosynthesis
elucidation by targeted gene deletions, heterologous expression in the model strain
Myxococcus xanthus DK1622 of the DIF BGC was chosen to enable further investigation.
Heterologous expression of the PKS genes difBCDEFG in Myxococcus xanthus DK1622 lead to
the production of the DIF polyketide scaffold, aglycon DIF294, and therefore confirming their
proposed function in the DIF biosynthesis.*?® In vitro analysis of DifA revealed its potential
functionality as a P450 monooxygenase, consistent with its predicted role in hydroxylation at
C-6,1%8 but no hydroxylation of the aglycon DIF294 as substrate was detected in vitro. Most
likely, the polyketide scaffold has to be glycosylated prior to recognition as substrate by DifA,
in a mechanism shown similar to the Pikromycin biosynthesis.'®3 Furthermore, DifH, a putative
Fe-S oxidoreductase, was confirmed as a tailoring enzyme in the disciformycin biosynthesis,
forming the C-C double bond of DIF at C-3. Two major tailoring steps of the biosynthesis, the
glycosylation with a a-arabinofuranose at C-7 and the acylation of the hydroxy group at C-6,
remain to be elucidated. The here discovered results, however, are already beneficial for

future efforts on investigating the complete biosynthesis of DIF.
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3.2 Introduction

Disciformycin (DIF) A (1) and B (2) are two 12-membered macrolide-glycoside antibiotics
isolated from the myxobacterium Pyxidicoccus fallax AndGT8.51 They exhibit strong activity
against methicillin- and vancomycin-resistant Staphylococcus aureus (MRSA/VRSA) strains
while showing very low cytotoxicity, making them promising candidates for development.

Their structures and absolute configurations are shown in Figure 3-1.

Figure 3-1 Structures of disciformycin A (1) and B (2)

Disciformycins, with 2 being the more active derivative, show strong activity against
Gram-positive bacteria, but more importantly the compound revealed to be especially active
against several MRSA/VRSA strains. Table 3-1 shows that the MICs of 2 range around values
comparable to vancomycin, which is currently used as last resort antibiotic in human therapy.
Furthermore, low cytotoxicity of 1 and 2 was observed at concentrations even higher than 10
UM, which increases its potential towards development of a new antibiotic. In addition to the
promising MICs and low cytotoxicity, no cross-resistance with other antibiotic classes was
found, which indicates a putative novel mechanism of action for this compound.®? This caused
high interest in further investigation of the DIFs, which eventually led to the successful total

synthesis of 2 by Waser et al. and Kwon et al.16%162
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Table 3-1 MIC values [ug/mL] for selected bacteria and ICso values [uM] for mammalian cell lines of disciformycin
A (1), disciformycin B (2), and vancomycin. Adapted from Surup et al.

Bacillus subtilis DSM-10 4.2 0.8 0.25
Nocardioides simplex DSM-20130 333 16.6 0.42
Paenibacillus polymyxa DSM-36 16.6 16.6 -
Staphylococcus camosus DSM-20501 7.8 2.4 0.25
Staphylococcus aureus Newman 8.0 1.2 0.5
Staphylococcus aureus DSM-11822 (MRSA) 4.0 0.6 1.0
Staphylococcus aureus N315 (MRSA) 8.0 1.2 1.0
Staphylococcus aureus Mu50 (MRSA/VRSA) 2.0 0.6 16.0
Colon carcinoma cells HCT-116 >10 >10 -
Murine fibroblast-like cells L929 >10 >10 -
Chinese hamster ovary cells CHO-K1 >10 >10 -

Elucidation of the structure and absolute configuration was performed by Surup et al.
using a combination of NMR, MS, degradation, and molecular modeling techniques.®! The
molecules with the sum form of C27H40010 are composed of a C-12 membered core aglycon
with an isovaleric acid linked to C-6 and a a-arabinofuranose linked to C-7. Sequencing of the
AndGT8 genome and subsequent bioinformatic genome analysis using antiSMASH identified
a linear type | PKS responsible for the biosynthesis of DIF. The biosynthetic gene cluster (BGC)
consists of nine genes, six of which are the streamlined PKS genes difBCDEFG, responsible for
assembly of the polyketide scaffold. Upstream of difBCDEFG, difA is located as a separate
operon, encoding a cytochrome P450 tailoring enzyme, whereas two open reading frames
(ORFs), difH and difl, encoding proteins with unknown function are located downstream of
difBCDEFG. Surup et al. proposed a model for the biosynthesis based on the in silico analysis
of DIF, starting with the fused starter and extender module DifG, followed by extension of the
polyketide at modules DifB to DifF and release by macrocyclization (see Figure 3-3).
Interestingly, one domain with an unknown function is located between the DH and KR

domain in DifF, which is usually occupied by an ER domain. BLAST analysis of the DifF sequence
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identified a Rossmann fold, which includes a NADP(H)-binding site. However, no other motifs
typical for ER domains or indications for its function were found.®! Dr. Konrad Viehrig later
confirmed, that the core PKS cluster difBCDEFG is responsible for the synthesis of the DIF
precursor aglycon DIF294 and the shunt or degradation product aglycon DIF268, identified by
heterologous expression in M. xanthus DK1622.1?% Furthermore, in vitro analysis of purified
DifA confirmed a cytochrome P450 holoenzyme that can be reduced to its ferric form by
purified AndGT8 ferredoxin and ferredoxin reductase.*?® However, DifA did not oxidize either
of the isolated aglycons. So far, no candidate enzymes responsible for the acylation, the
glycosylation, and insertion of the double bond at C-3 required in DIF biosynthesis were

identified, neither within the BGC nor somewhere else in the genome.

L]
il

O @]
@) @) N o o
_ X
OH OH
Aglycon DIF294 Aglycon DIF268

Figure 3-2 DIF precursor aglycon DIF294, and shunt or degradation product aglycon DIF268, both produced by
heterologous expression of the PKS genes difBCDEFG.

The Objective of this work was to further analyze the biosynthesis of the DIFs in the
heterologous expression host M. xanthus DK1622. The goal was to identify the glycosyl- and
acyltransferases responsible for the glycosylation and acylation of the DIF aglycon and to proof
hydroxylation of C-6 by DifA. Furthermore, the involvement of the putative Fe-S
oxidoreductase DifH as a potential candidate for the double bond formation at C-3 should be

investigated.
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Figure 3-3 Proposed biosynthesis of DIF B. A) BGC of DIF consisting of the nine genes difA-I. The six PKS genes difBCDEFG are shown in dark grey and putative tailoring enzymes
are depicted in light grey. B) Proposed biosynthesis of DIF. While the hydroxy group at C-6 is potentially introduced by DifA, the enzymes GT (glycosyltransferase) and AT (acyl
transferase) are responsible for acylation and glycosylation and are currently unknown. ACP = acyl carrier protein domain; AT = acyl transferase (domain); CYP = cytochrome
P450; DH = dehydrogenase domain; ER = enoyl reductase domain; GT = glycosyl transferase; KS = ketosynthetase domain; KR = ketoreductase domain; TE = thioesterase domain.
Figure adapted from Surup et al.!
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3.3 Material and methods

3.3.1 Maedia

All media used for liquid cultivations and agar plates were autoclaved for 20 minutes at

121°C before use and kept sterile.

Table 3-2 Media used in this work with the respective composition

Media Composition

Lysogeny Broth (LB) Tryptone 10.0 g/L, yeast extract 5.0 g/L, NaCl 5.0 g/L, agar (for solid media)
15.0g/L,dH201.0L

2xYT Tryptone 16.0 g/L, yeast extract 10 g/L, NaCl 5.0 g/L, dH.0 1.0 L

CTT Casitone 10.0 g/L, 1 M Tris-Cl pH 8.0 10.0 mL/L, 1 M K2HPO4 pH 7.6 1.0 mL/L,
1 M MgS04 8.0 mL/L, agar (for solid media) 15.0 g/L and for soft agar 7.5 g/L,
dH:01.0L

CYE Casitone 10.0 g/L, yeast extract 5.0 g/L, MgSOs 8.0 mM/L, Tris-HCI| pH 7.6

10.0 mM/L, dH20 1.0 L

3.3.2 Antibiotic stock solutions

Several antibiotics were used in liquid media or agar plates for the selection of genetically
altered E. coli and M. xanthus strains: Ampicillin® (Amp), Chloramphenicolf (Cm), Zeocin
(Zeo), Oxytetracycline (Otc), and Kanamycin (Kan). Table 3-3 depicts the antibiotic

concentrations used in this work.

Table 3-3 Antibiotics used in this work with their stock and working concentration.

Antibiotic Stock (1,000x) [mg/ml] Working conc. [pg/ml]®!
Ampicillin (Amp) 100 1gin 10 mL MQ-H20 100

Chloramphenicol (Cm) 25 0.25gin 10 mL 70 % abs. EtOH 25

Kanamycin (Kan) 50 0.5gin 10 mL MQ-H20 50

Zeocin (Zeo)™! 100 50

Oxytetracycline (Otc) 10 0.1gin 10 mL 70 % abs. EtOH 10
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2l Amp and Cm are not applicable in M. xanthus ! For high-copy vectors; low-copy
vectors % of normal working conc., [! Zeocin is purchased by ThermoFisher Scientific in pre-

made ready to use stocks.

Antibiotic stock solutions were stored at -20°C. Oxytetracycline and Zeocin are light

sensitive, thus the stock solutions were protected from light.

3.3.3 Reagents and buffer

Solutions were prepared with demineralized water (dH20) or ultrapure water (MQ-H20).

To obtain MQ-H;0, ‘Milli-Q Reference A+ System’ (Millipore, Merck) was used.

For agarose gel electrophoresis 50x TAE buffer containing TRIS 242 g/L, glacial acetic acid
57.1 mL/L, EDTA (500 mM in dH20 pH 8.0) 100 mL/L and dH20 ad 1 L was used. The TAE buffer
(50x) stock solution was diluted with dH.O to the 1x working concentration before use.
Agarose gel solution was prepared by adding 5 g agarose in 500 mL TAE buffer (1x) for 1%
solution. For separation of larger DNA fragments 0.8% agarose gel solution was used (4 g
agarose in 500 mL 1x TAE buffer). Agarose was dissolved by microwave heating. The solution

was stored at 55 °C to prevent solidification.

Orange G loading dye (10x) was used to stain DNA for visualization in agarose gels on a
Transilluminator. The solution contains orange G 10 mg, glycerin 3 mL and TE buffer 2 mL. TE
buffer consists of TRIS (0.5 M in dH,0) 20 mL, EDTA (0.5 M in dH;0, pH 8.0) 2 mL and dH;0 ad

1 L. The 10x loading dye was diluted to 1x in the DNA solution that had to be stained.

Buffers P1, P2, and P3 were used for alkaline lysis and plasmid DNA preparation. The

composition of each is shown in the table below.

Table 3-4 Composition of resuspension buffer P1, lysis buffer P2, and neutralization buffer P3. Buffers were used
for alkaline lysis and plasmid DNA preparation.

Resuspension buffer P1 TRIS (1 M in dH20) 2.5 mL, EDTA (0.1 M, pH 8.0) 5 mL,

Stored at 4° C Ribonuclease A 25 mg, MQ-H20 ad 50 mL

Lysis buffer P2 NaOH (1 M in dH20) 10 mL, SDS (20% in dH20)
2.5 mL, MQ-H20 ad 50 mL

Neutralization buffer P3 K-acetate 14.72 g, MQ-H20 ad 50 ml, pH 5.5
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3.3.4 Software

Geneious 10.1.3 (Biomatters) was used to analyze native biosynthetic gene clusters, to
design synthetic gene clusters, to design oligonucleotides for PCR experiments and
sequencing, and to design plasmid maps. Agarose gel pictures from the fluorescence chamber
were analyzed with FusionCapt Advance Software (Vilber Lourmat). ChemDraw Ultra 12.0
(CambridgeSoft) was used to create images and chemical formulae. LC chromatograms as well
as UV spectra and mass spectrograms were analyzed with DataAnalysis 4.4 (Bruker Daltonics,

Billerica, MA, USA).

3.3.5 E. coli cultivation

E. coli DH10PB, NEB 108 or HS996 were used for standard cloning procedures. Except for
electroporation for transformation of plasmids, working with E. coli was performed under
sterile conditions (HeraSafe, Heraeus). For storage at -80°C, 750 uL over-night culture was

combined with 750 uL 50 % glycerin (in MQ-H;0) and transferred into a cryo tube.

Cultivation took place in 2xYT or LB medium. Supplementation with antibiotics for
selection depended on the plasmid resistance marker. Antibiotic concentrations are shown in
Table 3-3. For clone selection, cultures were spread on LB agar (25 mL in a petri dish) after
transformation and incubated overnight at 37°C in an incubator. Liquid cultures (5 mLin glass
vial or 10-20% v/v liquid media in Erlenmeyer flasks) were incubated overnight at 37°C in a
rotary shaker (Multitron, Infors HT) at 200 rpm. Larger constructs of 30 kb size or longer, were

incubated at 30°C for a longer period of time (up to two days of incubation).

3.3.6 Preparation of E. coli electro competent cells

For preparation of electro competent E. coli cells, 5 mL LB medium were inoculated with
the respective strain directly from cryo stock and incubated at 37 °C and 200 rpm overnight.
2 mL of overnight culture were used to inoculate 200 mL LB. Cultivation was carried out under
the same conditions until an ODggo (Biophotometer plus, Eppendorf) between 0.4 and 0.6 was
reached. The cultures were cooled on ice for 30 min and afterwards transferred into four 50
mL Falcon tubes. All centrifugation steps were performed at 4,000 x g for 10 min at 4 °C
(Avanti J-26 XP Centrifuge, Beckman Coulter; Rotor: JLA 10.500), followed by discarding the
supernatant. First time, the cell pellets were resuspended in 100 mL (25 mL each) ice cold

HEPES (1 mM in dH,0; pH7.0), followed by centrifugation. Second time, the cell pellets were
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resuspended in 50 mL (12.5 mL each) ice cold HEPES (1 mM in dH,0; pH 7.0) and combined in
one falcon tube before centrifugation. Third time, the cell pellet was resuspended in 50 mL ice
cold 10 % glycerin in HEPES (1 mM in dH,0; pH 7.0), followed by centrifugation. Finally, the
cell pellet was resuspended in 2 mL 10 % glycerin in HEPES (1 mM in dH,0; pH7.0) and
portioned into 50 ul aliquots. Now the prepared cells were frozen in liquid N; and stored at

-80°C.

3.3.7 Cultivation of M. xanthus

M. xanthus strains were cultivated either for transformation of heterologous gene
constructs or for testing production titers of target compounds. All cultures were incubated
at 30° C, either in an incubator (plates) or on shakers at 200 rpm (Erlenmeyer flasks).
Production cultures were grown in 25 mL liquid media with corresponding selection marker
until sufficient cell density was reached. Subsequently, 5 mL of the culture was sub-cultured
into 50 mL liquid medium (10% inoculum). After 24h of incubation, vanillate was added to
induce the expression of heterologous genes, in case a vanillate promoter was used for
induction of a gene cluster. Further, XAD-16 was added to bind produced compounds. The cell
cultures were harvested after the culture broth took on a brown color (if not mentioned

otherwise).

3.3.8 Extraction and analysis of disciformycin

Culture was centrifuged for 20 min at 8000 rpm, supernatant discarded, and cell/XAD-16
pellet stored at -20°C for a couple of hours/until frozen and then lyophilized overnight. The
pellet was then extracted twice with 30 mL ethyl acetate for 20 minutes. After extraction the
liguid was filtered and the eluate caught in a round flask. The solvent was then evaporated at
a Rotavapor until the extract was completely dry. Now the extract was re-dissolved in 1 mL
MeOH and pipetted into a glass vial. Before analysis, sample was centrifuged for at least 10

min at 15000 rpm and 10 pl of the supernatant was 10 times diluted in MeOH.

For detection of compound UHPLC-hrMS analysis was performed on a Dionex UltiMate
3000 rapid separation liquid chromatography (RSLC) system (Thermo Fisher Scientific,
Waltham, MA, USA) coupled to a Bruker maXis 4G ultra-high-resolution quadrupole time-of-
flight (UHR-gTOF) MS equipped with a high-resolution electrospray ionization (HRESI) source
(Bruker Daltonics, Billerica, MA, USA). The separation of a 1 uL sample was achieved with a

linear 5-95% gradient of acetonitrile with 0.1% formic acid in ddH20 with 0.1% formic acid on
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an ACQUITY BEH C18 column (100 mm x 2.1 mm, 1.7 um dp) (Waters, Eschborn, Germany)
equipped with a Waters VanGuard BEH C18 1.7 um guard column at a flow rate of 0.6 mL/min
and 45 °C for 18 min with detection by a diode array detector at 200—600 nm. The LC flow was
split into 75 pL/min before entering the mass spectrometer. Mass spectrograms were
acquired in centroid mode ranging from 150—-2500 m/z at an acquisition rate of 2 Hz in positive
MS mode. Source parameters were set to 500 V end-plate offset; 4000 V capillary voltage; 1
bar nebulizer gas pressure; 5 L/min dry gas flow; and 200 °C dry gas temperature. lon transfer
and quadrupole parameters were set to 350 VPP funnel RF; 400 VPP multipole RF; 5 eV ion
energy; and 120 m/z low-mass cut-off. Collision cell was set to 5.0 eV and pre-pulse storage
was set to 5 us. Calibration was conducted automatically before every HPLC-MS run by the
injection of sodium formate and calibration on the respective clusters formed in the ESI
source. All MS analyses were acquired in the presence of the lock masses C12H19F12N306P3,
C18H19F24N306P3 and C24H19F36N306P3, which generate the [M + H]+ ions of 622.0289,
922.0098 and 1221.9906. The HPLC-MS system was operated by HyStar 5.1 (Bruker Daltonics,
Billerica, MA, USA), and LC chromatograms as well as UV spectra and mass spectrograms were

analyzed with DataAnalysis 4.4 (Bruker Daltonics, Billerica, MA, USA).

3.3.9 Plasmid DNA isolation from E. coli

3.3.9.1 “Mini prep”

For plasmid DNA isolation from E. coli, 2 mL overnight culture was centrifuged for 1 min
at 15000 rpm. After discarding the supernatant, the cell pellet was resuspended in 250 pl P1
buffer using a bench top shaker. Cell lysis occurred after adding 250 ul P2 buffer and inverting
the tubes seven times, and incubation for 3 min. By addition of 250 ul P3 buffer, 10 pl
chloroform and inverting seven times, the lysis was stopped. After centrifugation for 10 min
at 15000 rpm, the supernatant was transferred into a new 1.5 mL Eppendorf tube containing
500 plice cold isopropanol. Another centrifugation step for 5 min at 15000 rpm to precipitate
the plasmid DNA was followed by discarding the supernatant and adding 700 ul 70 % ethanol
(in MQ-H,0) for washing. Finally, after centrifugation for 1 min at 15000 rpm, the supernatant

was discarded and the pellet dried before resuspension in 50 - 100 pul MQ-H,0.

3.3.9.2 “Midi prep”
In case larger quantities of isolated plasmid were required for subsequent cloning

procedures, 200 mL of E. coli overnight culture were grown and harvested. The plasmid was
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then isolated from the cells using the Nucleo Bond PC100 (midi-prep) DNA purification kit by

Macherey-Nagel according to their protocol.

3.3.10 Polymerase chain reaction (PCR)
PCR protocols that were commonly used during this work are described below.
Depending on the experiment, template size or objective of the PCR, the protocols might

slightly differ from below mentioned parameters.

3.3.10.1 Phusion polymerase

Reaction mix: GC buffer 4.0 uL, dNTPs 5 mM (1.25 mM each) 4.0 pL, Phusion polymerase
(Thermo Fisher Scientific) 0.2 uL, primer forward (10 uM) 0.5 pL, primer reverse (10 uM)
0.5 pL, DNA template 2 pL*, MQ-H,0 8.8 pL, DMSO 1.0 pL.
*2 uL genomic DNA, for plasmid DNA 1 uL with a concentration of approximately 10 ng/uL
was used. Volume of MQ-H;0 had to be adapted accordingly.

Cycle protocol: Initial denaturation 5 min at 98°C; 34 cycles of denature (98°C 20 s), anneal
(temperature depends on primers, 25 s), and elongation (72°C 15-30 s/kb); finale elongation

at 72°C for 5 min.

3.3.10.2 Taq polymerase

Reaction mix: Taq buffer (NH4)2SO04 2.5 pL, dNTPs 5 mM (1.25 mM each) 4.0 pL, primer
forward (50 uM) 0.5 uL, primer reverse (50 uM) 0.5 plL, Tag polymerase (Thermo Fisher
Scientific) 0.2 uL, MgCl, (50 mM) 1 uL, DNA template 2 pL, glycerol 50% 4 uL, MQ-H,0 5.3 pL.

Cycle protocol: Initial denaturation 5 min at 95°C; 30 cycles of denature (95°C 30 s), anneal
(temperature depends on primers, 30 s), and elongation (72°C 1 min/kb); finale elongation at

72°C for 5 min.

3.3.10.3 Q5 Polymerase

Mix for two reactions: 5x Q5 buffer 10 uL, dNTPs 5mM (1.25 mM each) 2 pL, primer
forward (50 uM) 0.5 L, primer reverse (50 uM) 0.5 pL, DNA template 1 uL, Q5 polymerase
(New England BiolLabs) 0.5 pL, 5x GC buffer 10 uL, MQ-H;0 25.5 pL.

Cycle protocol: Initial denaturation 30 seconds at 98°C; 30 cycles of denature (98°C 10 s),
anneal (temperature depends on primers, 30 s), and elongation (72°C 20-30 seconds/kb);

finale elongation at 72°C for 2 min.
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3.3.11 DNA separation and purification

Agarose gel electrophoresis was used for separation of DNA fragments based on size. In
this work, agarose gel electrophoresis was performed in a Consort EV231 chamber
(Sigma-Aldrich). An 1% agarose gel was used with 10 ul Roti Safe Gel Stain per 100 mL gel and
TAE buffer (1x) as buffer system. After PCR experiments or hydrolyzations with restriction
enzymes, OrangeG loading dye (10x) was added to the DNA sample (1/10 of total volume) and
the gel was loaded immediately. GeneRuler 1 kb/1 kb plus/100 bp plus DNA ladder (Thermo
Fisher Scientific) were used as size standards. The voltage was set between 1 -5 V/cm until
DNA fragments were sufficiently separated. DNA detection took place in a Fusion FX chamber

with UV fluorescence detector (Vilber Lourmat).

For DNA purification, agarose gel was placed on a blue light transilluminator, desired DNA
fragments were cut out of the agarose gel with a scalpel and transferred into an Eppendorf
tube. The proper DNA purification was done with the Macherey-Nagel NucleoSpin Gel and
PCR Clean-up Kit following the manufacturer information. Finally, purified DNA was eluted in

30 ul of MQ-H;0/elution buffer (from NucleoSpin Gel and PCR Clean-up Kit).

3.3.11.1 DNA precipitation

NaAcetate solution (pH 5.2) 15 uL was added to 100 pL digestion reaction and inverted
1-2 times. Then 300 pL of 100% ice cold ethanol was added and inverted 2-3 times. The
reaction was incubated at -20° C for 30-60 minutes and spun down at 4° C at 15.000 rpm for

20-30 minutes. The DNA was then washed with 70% ethanol and dried.

3.3.12 Determination of DNA concentration
NanoDrop 2000c (Thermo Fisher Scientific) was used for determination of DNA
concentrations of solutions. For that purpose, 1 ul of DNA solution was put on the pedestal

and measured at 260 - 280 nm wavelength. MQ-H;0 served as a reference (blank).

Furthermore, the sample DNA concentration was determined visually by loading 1 ul DNA
sample on an agarose gel and comparing the DNA band intensity with the intensity of a DNA
ladder band of similar size. 6 puL of the DNA ladder were loaded as standard (using

recommended standard concentrations).
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3.3.13 Molecular cloning

For conventional, preparative hydrolyzation/ligation reactions, both vector and insert
DNA were treated with type Il or type 1IS (Bsal) restriction endonucleases (REs). Thereby, DNA
is linearized, meaning that vector and insert DNA with matching overhangs can be ligated by
T4 DNA ligase. In the following sections, restrictive hydrolyzation of DNA will sometimes be
referred to as ‘digest’ of DNA, which is colloquial use in daily lab environment. All restriction

endonucleases, T4 DNA ligase, and FastAP were purchased from Thermo Fisher Scientific.

3.3.13.1 Standard protocol for preparative restrictive hydrolyzation of DNA

Preparative digest was used to hydrolyze sufficient amount of DNA for follow up ligation
of insert and vector.
Table 3-5 Composition of standard preparative restrictive hydrolyzation reactions for single digest (with one

enzyme) and double digest (with two enzymes, respectively). DNA solution was usually obtained by DNA isolation
(see section 3.3.9) or in some cases by PCR (see section 3.3.10).

25 pl plasmid DNA solution 24 pl plasmid DNA solution
3 plL 10x restriction endonuclease buffer 3 plL 10x restriction endonuclease buffer
2 uL restriction endonuclease 1.5 pl restriction endonuclease 1

1.5 uL restriction endonuclease 2
Reactions were incubated for several hours or overnight at the required temperature (for
most enzymes 37°C). To prevent vector religation, FastAP enzyme was added after t/ of the
reaction (1 pl in 30 pl reactions). This leads to dephosphorylation of the 5’ ends of the

linearized vector DNA and therefore improves the overall cloning efficacy.

3.3.13.2 Standard protocol for analytical restrictive hydrolyzation of plasmids containing
insert
Analytical digests were used to verify plasmid size and screen for clones harboring

plasmids with the right insert after a cloning process.
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Table 3-6 Composition of standard analytical restrictive hydrolyzation reactions for single digest (with one
enzyme) and double digest (with two enzymes, respectively). DNA solution was usually obtained by DNA isolation
(see section 3.3.9) or in some cases by PCR (see section 3.3.10).

8.5 pL plasmid DNA solution 8.0 pL plasmid DNA solution
1.0 pL 10x restriction endonuclease buffer 1.0 plL 10x restriction endonuclease buffer
0.5 L restriction endonuclease 0.5 pL restriction endonuclease 1

0.5 pl restriction endonuclease 2

Reactions were incubated for approximately 2 hours at the required temperature.

3.3.13.3 Standard ligation reaction

Standard ligation protocol was used to assemble prior linearized DNA fragments. T4 DNA
ligase catalyzes bond formation between a 5’ phosphate group and a 3’ hydroxy group and
thereby leads to the ligation of vector and insert DNA. The composition of ligation reaction

performed in this work is shown in Table 3-7.

Table 3-7 Composition of standard ligation reaction, used to assemble linearized DNA.

Vector DNA 0.5 -2.0[!
Insert DNA 6.5 —8.01
T4 DNA ligase buffer 1.0
T4 DNA ligase 0.5

[l yector and insert DNA volume depended on determined DNA concentration and varied between 0.5-2
pl for vector DNA solution and 6.5-8 pl for insert DNA solution. Total reaction volume was always 10 pl with a

vector/insert DNA molar ratio of around 1/10.

Ligation reaction was incubated for 5 h at room temperature or overnight at 16°C.

3.3.14 E. coli transformation

Transformation of E. coli was carried out by electroporation, which shortly increases cell
membrane permeability and enables the uptake of plasmid DNA. For electroporation, 50 pl
electrocompetent cells were mixed with 5 ul of ligation mix or 0.5 ul of gene synthesis
fragment DNA solution and transferred into an electroporation cuvette (electrode distance

1 mm). The electroporation was performed at 1,300 V/cm, 10 uF, and 600 Q (Eporator V1.01,
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Eppendorf). Thereafter, the cells were resuspended in 1 mL of LB medium and incubated at
37 °Cand 900 rpm (Titramax 1000, Heidolph) for 60 min. After centrifugation at 8000 rpm for
2 min, most of the supernatant was discarded and the cells were resuspended in the
remaining medium. In case of gene synthesis fragments, the centrifugation step was skipped
and 50 pl were directly used for the following step. The cell suspension was plated out on LB

agar with appropriate antibiotic for selection and incubated overnight at 37 °C.

3.3.15 M. xanthus DK1622 transformation

M. xanthus DK1622 was cultured overnight in 25 mL CTT medium until an appropriate
cell density was reached (ODeoo of 0.6). 2 mL of the culture was pipetted into an Eppendorf
tube and centrifuged for 2 min at 6000 rpm and room temperature. Supernatant was
discarded. The cell pellet was resuspended in 1 ml sterile MQ water and centrifuged again for
2 min at 6000 rpm, supernatant was again discarded using a pipette. This washing step was
repeated once with 800 pL. A small hole was poked into the lid using a needle, and 35 uL of
sterile MQ water plus plasmid DNA (5-10 uL DNA/plasmid with a concentration of 100-
500 ng/uL DNA) was added. Cell pellet was resuspended and the suspension was used for
electroporation at 650 V, 25 uF, and 400 Q (Bio Rad GenePulser Xcell). After electroporation,
the culture was resuspended in 1 mL CTT liquid medium and incubated on a shaker for 6 hours
at 30° C and 1000 rpm. A glass vial with foam plug was used to mix 3 mL of CTT soft agar and
the respective selection marker with the 1 mL transformation culture. The suspension was
thoroughly shaken and plated on a CTT agar plate containing the respective selection marker

as well. Plates were incubated on 30° C for several days until clones appeared.

3.3.16 Screening for E. coli colonies

To verify a successful transformation and isolate the constructed plasmid, 3 to 24 single
E. coli colonies were picked and used for inoculation of 5 mL LB medium with appropriate
antibiotic. Incubation took place at 37 °C and 200 rpm overnight. Plasmid DNA isolation from
E. coli was carried out by the protocol described in 3.3.9. Afterwards, an analytical digest was
performed (3.3.13.2) and the presence of correct DNA fragments was examined by agarose

gel electrophoresis according to 3.3.11.
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3.3.17 Red/ET - homology-based recombination

124 was performed according to following

Red/ET homology-based recombination
protocol: overnight culture of E. coli GBO5 with the according plasmid was cultured with the
respective selection marker. This overnight culture was then used to inoculate 12x2 mL
Eppendorf tubes with a hole in the lid and 1.4 mL LB medium containing the respective
selection marker (inoculum volume: 4x15 pL, 4x25uL and 4x30-100 uL). Those tubes were
incubated on a shaker at 30° C until an ODeoo of roughly 0.2 was reached (duration
approximately 2-3 hours). Three of the cultures that reached the desired ODgqo first were used
for the Red/ET recombination: First 40 pL of 10% L-Arabinose (dissolved in MQ-H»0 and sterile
filtered) were added to the cultures, which were then incubated at 37 °C for 45 minutes on a
shaker. Afterwards, cultures were centrifuged for 1 minute at 9000 rpm at 2°C and
supernatant was discarded using a pipette. All following steps had to be carried out on ice.
The cell pellet was resuspended in 1 mL ice cold sterile MQ-H,0O, centrifuged for 1 minute at
9000 rpm and the supernatant discarded with a pipette again. This step was repeated once,
except not all of the supernatant was discarded (20-50 uL leftover liquid). These tubes with
cell pellet were now used for transformation with 1 uL, 2 uL and 2.5 pL, respectively, of
template DNA. The transformation was carried by electroporation as described before (see
section 3.3.14). After the electroporation, the cultures were incubated for 75 minutes at 37° C
on a shaker. Subsequently, the whole mL of each culture was plated on a LB Agar plate with
the respective selection marker and incubated on 30° C. After 1-2 days, when colonies were
grown, the whole cell mass was harvested by pipetting 2x1 mL of MQ-H,0 onto the plate and
scraping it off, then pipetting the suspension into new Eppendorf tubes. The plasmids of these
cultures were then isolated by using the before described mini-prep protocol (see section
3.3.9.1) and the isolated plasmid was transformed into competent E. coli strains NEB 108,
HS996 or DH10P again to increase the chance of only having one plasmid per cell, i.e. no false

positive clones that contain a mixture of right and wrong plasmids after the Red/ET process.

3.3.18 Protein expression and in vitro assays

Expression and characterization of recombinant DifA: Cytochrome P450 gene difA was
cloned in expression plasmid pETM44 and expressed as MBP-tagged protein according to
protocols adapted for optimized heterologous expression of cytochromes. E. coli BL21
DE3/pETMA44 _difA was grown in 200 mL of TB medium supplemented with 50 mg/L
kanamycin. As the culture reached an ODego of 2.0, 5-amino-levulinic acid was added to a final
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concentration of 1 mM, FeCl; was added to 0.5 mM, and the culture was incubated for 30 min
at 25°C before addition of IPTG to 0.25 mM. The culture was then further incubated for 60 h
(25 °C, 200 rpm) until the pH of the culture was 7.1, then harvested and washed. Cleared E.
coli lysate was separated with the AKTA HPLC system using the MBP-Trap column. A one-step
elution with maltose buffer was applied according to the manufacturers protocol. All buffers
used contained 5 mM DTT to prevent oxidation of the protein. During the purification,
absorption was monitored at 280 and 430 nm. Fractions containing the absorption peak at
430 nm were pooled, concentrated, and cleaved with TEV-protease. The cleaved MBP-tag was
separated from DifA in a second chromatography step. After buffer exchange, the protein was
concentrated to 0.5 mL final volume. Protein concentration was determined 10 mg/mL using
Bradford measurement and 80 uM according to spectrometric analysis. SDS-PAGE of the
protein revealed a strong band at 40 kDa, with protein impurities at above 80 kDa. Recording
of CO-spectra and difference spectra with test substrates DIF294 and DIF268 was performed

according to standard protocols.

Native electron carrier proteins Fdx and FdR from P. fallax AndGT8 were cloned into
PETM44 as described for DifA. E. coli BL21 FdR/Fdx were grown in TB medium with 50 mg/L
kanamycin until the culture reached an ODggo of 1.0, then IPTG was added to a concentration
of 0.5 mM and cultivation was continued until the pH of the culture was 7.1. Cell harvest and

protein purification as with DifA.

RhFRED and RhFRED-fdx (ferredoxin-domain replaced with spinach-ferredoxin for less
stringent acceptor specificity) were expressed in TB-medium as Fdx and FdR. Protein was

isolated with HisTrap column using standard protocols. His-tag was not removed.

3.3.19 Reduction assay for DifA

8 uL DifA were used in a reaction volume of 800 pL (final concentration 0.8 uM). Fully
reduced DifA (DTT treatment for 5 minutes) was used (in both cuvettes) to obtain a baseline
blank, then the sample cuvette was treated with CO gas. The Absorption maximum at 450 nm
was 0D =0.074, extinction coefficient for P450 at 450 nm is € = 0.099, meaning that the actual
concentration of active P450 was calculated 0.8 uM. Different redox partners were then
tested with DifA in the molar ratio of CYP:Fdx:FdR = 1:10:3 for separate proteins, or 1:10 in
the case of fused Fdx-fdR systems, and in presence of 1 mM NADPH. For Fdx (8 uM) and FdR

(2.4 uM), 10% reduction of DifA were observed after 5 min incubation at room temperature.
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3.3.20 In vitro conversion assay with DifA and aglycon DIF294 as substrate

In vitro conversion was performed in 10 mM potassium phosphate buffer at pH 7.4 or 50
mM Tris/HCI buffer at pH 8.0 in 0.5 mL or 0.25 mL volumes. The following conditions were
used: 100 uM substrate (DIF294), 20 mM Fdx, 2 uM FdR, 0.5 uM DifA. All ingredients were
mixed on ice; the reaction was started by adding 1mM NADPH and incubated at 30°C for 2h.
The reaction was stopped by adding 500 uL of ethyl acetate and strong mixing. After brief
centrifugation, the organic phase was dried in vacuo, dissolved in MeOH and subjected to ESI-

MS for detection of the reaction products.

3.3.21 Generating plasmids TARGT1 and TARGT2

3.3.21.1 TARGT1

The two native mannosyltransferases from AndGT8 were obtained from plasmid TAR4 by
PCR with primer pair Dif_Pvan_fwd and Dif_GT_rev. After separation on an agarose gel and
purification, the 3.16 kb DNA fragment was cloned into a pJET plasmid with a subsequent
transformation into E. coli strain DH10p for replication of the plasmid. Clones harboring the
pJET::GT1 plasmid were sent for sequencing using primers GT TAR4 seq fwd, GT TAR4 seq rev,
GT TAR4 seq 3, pJET1.2_F and pJET1.2_R (the latter two are LGC primer). Clone 3 showed the
best sequencing results and was stored as glycerol stock at -80°C. Glycosyltransferase operon
GT1 was now inserted into plasmid TAR2 by hydrolyzing the pJET plasmid containing GT1 and
TAR2 with Swal and Acll and subsequent ligation. Resulting clones were analyzed by restrictive
hydrolyzation with BstEll and clones with the correct construct were sequenced for
verification, stored as glycerol stocks, and used for further work. Primers are listed in Sl Table

3-13.

3.3.21.2 TAR2GT2

The second glycosytransferase operon GT2 was obtained from genomic DNA of AndGTS8
via four separate PCR reactions. PCR 1 was performed with primer pair Dif_Pvan_fwd and
Dif Pvan_rev, and TAR4 as template to obtain the vanillate promoter. PCR 2 was performed
with primer pair Dif_MOX_fwd and Dif _MOX_rev, and genomic AndGT8 DNA as template, PCR
3 with Dif MT_ManT_fwd and Dif MT_ManT _rev and genomic DNA as template as well. The
primers were designed to introduce overlapping regions between PCR products 1 — 3. A fourth
PCR, combined the three overlapping fragments, using primer pair Dif Pvan_fwd and

Dif MT_ManT _rev. As described for plasmid TAR2GT1 the PCR product was cloned into a pJET
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plasmid for replication in E. coli and subsequent sequencing. The construct GT2 was ligated
into TAR2 via Swal and Acl/l. Primers Mod GT operon seq 1, Mod GT operon seq 2, Mod GT
operon seq 3, Mod GT operon seq4, pJET1.2F and pJET1.2R were used for sequencing. The
sequence of one plasmid was verified by sequencing and was stored as glycerol stock and used

for further work. Primers are listed in Sl Table 3-13.

3.3.22 Replacement of difH by tetR by Red/ET recombineering

DifH was replaced by a tetracycline resistance gene on plasmid TAR2 by Red/ET
homologous linear to circular recombination. TetR gene was obtained from plasmid pMYC24
(described in section 2.4.1.2) by PCR using primers DifHko fwd and DifHko rev. Both primers
contained 50 bp overhangs homologous to the direct adjacent flanking regions of difH. Red/ET
homologous recombination with tetR as donor DNA and TAR2 as receiving plasmid was
performed according to protocol described in section 3.3.17. Plasmids were analyzed after
Red/ET recombineering by restrictive hydrolysis and separation of the DNA fragments by gel

electrophoresis (see section 3.3.13.2 and 3.3.11).
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3.4 Results and discussion

3.4.1 Invitro analysis of the cytochrome P450 DifA

The hydroxylation of aglycons DIF294 and DIF268 by DifA was tested before in vitro by
Dr. Konrad Viehrig using recombinant Adrenodoxin 4-108 (Adx) and its native Adrenodoxin-
Reductase (AdR) as electron delivery system.'?2¢ However, UHPLC-HRMS analysis showed no
conversion of either of the two substrates. Since the structural integrity of the Adx/AdR
proteins was confirmed in a control reaction, it was assumed that Adx/AdR are probably no
suitable electron donors for DifA. Consequently, the other surrogate electron transport
proteins RhFRED and RhFRED-Fdx, a reductase domain of a naturally occurring P450-Fdx-FdR
fusion protein from Rhodococcus, as well as Pdx, a natural fused Fdx-FdR system from M.
xanthus, were tested. Furthermore, genome sequence analysis of the native Disciformycin
producer AndGT8 revealed one ferredoxin and two ferredoxin reductase genes, which were
consequently cloned. AndGT8-Fdx and one AndGT8-Reductase were successfully expressed in
E. coli BL21 and purified for investigation with CO difference spectrometry (detailed protocol

see section 3.3.19).

A Abs. DifA reduction by redox partners

0,08
0,06
0,04

®*  Pos. Control
0,02

*  Adx
0 ®* RhFRED
Pdx

*  Fdx AndGT8

0,02

-0,04

400 410 420 430 440 450 460 470 480 490 500 A[nm]

Figure 3-4 Reduction assay to test electron donors for DifA. Successful reduction of DifA is indicated by a peak at
450 nm. DTT was used as positive control. Reduction was successful using the native Fdx and FdR proteins from
AndGTS (red line).

As shown in Figure 3-4, the reduction of the recombinant cytochrome P450 enzyme DifA

was achieved only when using the recombinant Fdx/FdR enzymes from P. fallax AndGTS,
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indicated by the peak at 450 nm after CO-treatment, which only occurs when the iron cofactor

is reduced to Fe(ll).

Even though different reaction conditions using DifA, Fdx/FdR, NADPH and the potential
substrate aglycon DIF294 were evaluated, no conversion of DIF294 was observed in vitro. Co-
expression of DifA and AndGT8-fdx/fdR in the M. xanthus host with the PKS resulted in
production of the unmodified polyketide identical to expression of the PKS only. These
findings show that DIF294 is not the actual substrate of DifA. We hypothesize that the aglycon
might have to be glycosylated prior to hydroxylation by DifA, a mechanism similarly described
in the Pikromycin biosynthesis.'®3 Publications describing glycosylation with arabinofuranose
sugars point towards a sugar lipid as exclusive donor.'®* Since no glycosylated aglycon DIF294
is detectable in the wild type or mutant strains, the only option to obtain a suitable substrate
for DifA is a chemical glycosylation or the discovery of the responsible glycosyltransferase for
glycosylation of the aglycon. Co-expressing the glycosyltransferase involved in the DIF
biosynthesis with the PKS genes could lead to production of the glycosylated precursor

scaffold.

3.4.2 Investigation of two putative glycosyltransferase operons

Since no glycosyltransferase encoding genes are associated with the DIF BGC, we
conducted a bioinformatic analysis of the And GT8 genome in order to identify genes
potentially involved in the glycosylation reaction. Several potential glycosyltransferases were
discovered and tested in this work by arranging them into two operons and co-transforming
them separately into M. xanthus DK1622 hosts harboring the core PKS cluster. Operon one
(GT1) consists of two mannosyltransferases, and operon two (GT2) of a phospholipid
transferase, a monooxygenase, and a glycosyltransferase. We proposed that the phospholipid
transferase connects ribose to a dolichol chain. Afterwards, the monooxygenase catalyzes an
epimerization of the 2” OH group to form arabinofuranose, which is barely available as free-
standing molecule due to the chemical equilibrium with its isomers but is stable in complex
with dolichol.'®> Finally, the glycosyltransferase connects the arabinofuranose to the DIF

aglycon (see Figure 3-5).
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Figure 3-5 Proposed DIF glycosylation reaction pathway by the enzymes encoded by glycosyltransferase operon

2, discovered by Dr. Fabian Panter and examined in this work

All genes were amplified by PCR from genomic DNA of AndGT8 and combined by

overlapping extension PCR to form the two putative glycosyltransferase operons (detailed

cloning procedure described in section 3.3.21). The expression of both operons was regulated

using a vanillate-inducible promoter system.3° Each operon was cloned into plasmid pTAR2

which harbors difA, Fdx/FdR, as well as the putative tailoring enzymes difHIJ to form plasmids

pPTAR2GT1 and pTAR2GT2, respectively. The three plasmids pTAR2, pTAR2GT1 and pTAR2GT2

were transformed independently into M. xanthus DK1622::pMyxZeo_dif (which harbors the

PKS genes difBCDEFG) via electroporation and integrated into the genome via the Mx8

integrase system. The obtained strains are shown in Table 3-8.

Table 3-8 DK1622 mutants obtained and analyzed in this work to investigate the putative glycosyltransferases.
GT1 = Glycosyltransferase operon 1; GT2 = Glycosyltransferase operon 2

DK1622 wildtype

DK1622 pMyxZeo_dif

DK1622 pMyxZeo_dif pTAR2

DK1622 pMyxZeo_dif pTAR2GT1

DK1622 pMyxZeo_dif pTAR2GT2

No modification

PKS core cluster difB-difG

difB-difG + difH/difl/difl/difA
difB-difG + difH/difl/difl/difA + GT1

difB-difG + difH/difl/difl/difA + GT2
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After transformation, the obtained mutants were cultured and extracts analyzed as
described in material and methods sections 3.3.7 and 3.3.8 for their production of

disciformycin or its intermediates (see Table 3-9).
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Table 3-9 DIF production profile of the generated heterologous DIF producer strains containing the PKS core cluster and tailoring enzymes. Cultures of DK1622 wildtype (WT),
DK1622 pMyxZeo_dif (Dif_PKS), and the corresponding double mutants (with plasmid pTAR2, pTAR2GT1, and pTAR2GT2, respectively) were investigated for their production of
these intermediates. N.d. = not detected.

Aglycon DIF294 Aglycon Aglycon DIF308 Aglycon DIF292  Aglycon DIF292 Disciformycin Disciformycin Disciformycin B

DIF268 hydroxylated intermediate intermediate

Structure S S R £
(protonated) o oA © S o O
NS NS NS

OH OH OH
Retention 8.9 7.5 9.9 8.5 n.d. n.d. n.d. 9.8
time [min]
Mass [M+H]* 295.19 269.17 309.21 293.17 309.17 425.22 441.21 525.27
WT x x x x x x x x
Dif_PKS v v v x x x x x
Dif_PKS v v v v x x x x
pTAR2
Dif PKS v v v v x x x x
pTAR2GT1
Dif PKS 4 v v v x x x x
pTAR2GT2
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As seen in Table 3-9 the co-expression of the two putative glycosyltransferases together
with difA, difH, difl, and dif] in the DK1622 mutants containing the six DIF PKS genes did not
result in production of any hydroxylated or O-glycosylated intermediates. Aglycons DIF294,
DIF268, and DIF308 were produced in all mutants harboring the DIF PKS genes. The only
further intermediate that could be detected was the dehydrogenated aglycon DIF292 with a
double bond at position C-3, indicating that the dehydrogenation is catalyzed by one of the
tailoring enzymes expressed by difH, difl or difl. We currently assume, that the putative
glycosyltransferase candidate genes are either not involved in the glycosylation of DIF, or not
functional in the DK1622 host strain. Another potential approach to discover potential
candidate genes for the glycosylation (and/or the acylation) is a transcriptomics analysis
comparing DIF producing and non-producing AndGT8 cultures. We observed media-
dependent production of DIF in AndGT8. Thus, a transcriptomics analysis of the AndGT8 DIF
producer strain cultivated in different media, might give a hint about the glycosyltransferase
genes required for DIF formation. In another approach, cell-protein extracts could be loaded
on a column to which the core aglycon of DIF is bound for affinity chromatography. Proteins
that bind to the DIF core aglycon substrate are potential tailoring enzymes and should be

further analyzed to identify the corresponding genes.

3.4.3 Investigation of the putative tailoring enzyme DifH

The previous heterologous expression of the tailoring genes difA, difH, difl, and difJ
together with the DIF core PKS cluster showed that the DIF precursor with double bond at C-
3 (aglycon DIF292) is only produced in presence of these tailoring genes. DifA was already
analyzed in depths and confirmed to be a cytochrome P450.1%8 Bioinformatic analysis revealed
homology of difH to a Fe-S oxidoreductase while difl and dif/ showed homology to a CRP-like
DNA-binding protein, and a phosphotransferase, respectively. These findings made difH the
most promising candidate for a targeted gene deletion to investigate its involvement in the
dehydration at C-3 of the aglycon DIF292. Therefore, difH on plasmid pTAR2 was replaced with
a tetracycline resistance gene (tetR) by Red/ET recombineering'?* to form pTAR2AdIifH::tetR
(detailed description of the cloning process in section 3.3.22). After the Red/ET process,
correct constructs were transformed into DK1622::pMyxZeo_dif and integrated into the Mx8
attB site. Mutants were analyzed by colony PCR to verify successful integration of

pPTAR2AdIifH::tetR. Subsequently, mutants DK1622::pMyxZeo dif-Mx9_ pTAR2AdifH::tetR-
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Mx8 were cultured and the extracts analyzed using uHPLC-HRMS (according to protocol in
section 3.3.7 and 3.3.8).
Table 3-10 Strains obtained in this work including the DIF genes they harbor, tested for their production of

aglycon DIF292. All strains containing difH produced aglycon DIF292 while the strains lacking difH, including the
newly obtained difH deletion strain, showed no production thereof.

DK1622 wildtype No modification x
DK1622 pMyxZeo_dif PKS core cluster difB-difG x
DK1622 pMyxZeo_dif pTAR2 difB-difG + difH/difl/difl/difA v
DK1622 pMyxZeo_dif pTAR2GT1 difB-difG + difH/difl/difl/difA + GT1 v
DK1622 pMyxZeo_dif pTAR2GT2 difB-difG + difH/difl /difl/difA + GT2 v
DK1622 pMyxZeo_dif pTAR2AdifH tetR difB-difG + difl/dif}/difA x

The deletion of difH confirmed that DifH, a putative Fe-S oxidoreductase, is introducing
the C-C double bond at C-3. The function of difl and dif/ however are still unknown, but it
seems they are not involved in the biosynthesis of DIF. Theoretically, all three or two of the
genes difHJI could be required for the C-C double bond formation and deleting difH lead to
disruption of protein-protein interaction. To make sure that DifH is the only required enzyme,
it should be expressed alone together with the DIF PKS genes in future analysis. However, due
to the homologues of dif/ and difl found in bioinformatic analysis, this is considered very
unlikely. Revealing DifH as responsible enzyme to form the double bond in the DIF molecule
was a further important step in elucidating the biosynthesis of DIF and only leaves the

glycosylation and acylation of the core structure to be uncovered.
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3.5 Conclusion and outlook

In the here described work the biosynthesis of DIF was investigated. The core PKS cluster
difBCDEFG was shown before by Dr. Konrad Viehrig to be responsible for the synthesis of the
DIF precursor aglycon DIF294, identified by heterologous expression in M. xanthus DK1622.128
In vitro analysis of DifA confirmed its functionality and identified the native Fdx/FdR enzymes
from P. fallax AndGT8 as electron donors. However, no hydroxylation of aglycon DIF294 as
substrate for DifA was found, leading to the hypothesis that the glycosylated intermediate is
the actual substrate. Further analysis of the tailoring genes adjacent to the PKS core cluster
with the heterologous expression system exposed the putative Fe-S oxidoreductase DifH as
enzyme introducing the double bond at C-3, leading to precursor aglycon DIF292.
Unfortunately, the herein examined potential glycosyltransferases did not lead to a
glycosylation of the DIF aglycon. The search for the required enzymes responsible for the
glycosylation, as well as the involved acyltransferase, is the main objective of future studies
connected to this project. An RNA sequencing approach or pull-down experiment, as
described in section 3.4.2, are the most promising approaches to find putative candidate
enzymes at this point. A semi-synthetic attempt to bind the a-arabinofuranose to aglycon
DIF294 or DIF292 could also be considered to test the glycosylated intermediate as substrate
for DifA. In case of successful hydroxylation at position C-6, the acylation at this position with
the isovaleric acid unit could also be performed synthetically. A successful heterologous
expression of DIF, and understanding of the biosynthesis, would be essential to improve the
production yield and to enable structure engineering. Targeted engineering of the DIF BGC in
the heterologous expression platform could lead to production of novel DIF derivatives with
improved activities. An overview of successful generation of novel analogs by biosynthetic
engineering and/or combinatorinal biosynthesis of heterologously expressed biosynthetic
pathways is reviewed by Huo, Hug et al.?” These examples show, that it is highly desirable to

put efforts in the further investigation of the biosynthesis.
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3.6 Supporting information

3.6.1 List of plasmids and strains generated in this study

Table 3-11 List of strains generated or used in this study.

E. coliDH10B F, mcrA, A(mrr-hsdRMS-mcrBC), ®80/acZAM15, AlacX74, recAl, Invitrogen
araD139, A(ara-leu)7697, galU, galK, rpsL (Str?), endAl, nupG, X

E. coli HS996 F, mcrA, A(mrr-hsdRMS-mcrBC), ®80/acZAM15, AlacX74, recAl, Invitrogen
araD139, A(ara-leu)7697, galU, galK, rpsL (Strf), endAl, nupG,
fhuA::1S2

E. coli NEB 108 mcrA, spoT1lA(mrr-hsdRMS-mcrBC), ®80d(/acZAM15)recAl, New England

relAl, AlacX74, recAl, araD139, A(ara-leu)7697, galK16, galE15, Biolabs
rpsL (StrR), endAl, nupG, fhuA

E. coli GBO5-red F, mcrA, A(mrr-hsdRMS-mcrBC), ®80/acZAM15, AlacX74, recAl, Gene Bridges
araD139, A(ara-leu)7697, galU, galK, rpsL (Str?), endA1, nupG,
, AfhuA, Peap-gbaA AybcC, ArecET19

E. coli DH10$ pTAR1 E. coli DH10B pTAR1, Kan® Dr. Konrad
Viehrig

E. coli DH10$ pTAR2 E. coli DH10B pTAR2, Kan® Dr. Konrad
Viehrig

E. coli DH10$ pTAR4 E. coli DH10B pTAR4, Kan® Dr. Konrad
Viehrig

E. coli DH10B E. coli DH10B pJETGTTAR4, Amp® This work

pJETGTTAR4

E. coliDH10B pTAR2GT1 E. coli DH10B pTAR2GT1, Kan® This work

E. coli DH10B E. coli DH10B pJETMGO(GT2), AmpR This work

pPJETMGO(GT2)

E. coliDH10B pTAR2GT2 E. coli DH10B pTAR2GT2, Kan® This work

E. coli GBO5-red pTAR2  E. coli GBO5-red pTAR2, Kan® This work

E. coli GBO5-red E. coli GBO5-red pTAR2difHko, Kan®, Tet® This work

pTAR2difHko

E. coli NEB 10B E. coli NEB 10B pTAR2difHko, KanF, Tet? This work

pTAR2difHko
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M. xanthus DK1622
pMyxZeo_dif

M. xanthus DK1622
pMyxZeo_dif pTAR2

M. xanthus DK1622
pMyxZeo_dif
pTAR2GT1

M. xanthus DK1622
pMyxZeo_dif
pTAR2GT2

M. xanthus DK1622
pMyxZeo_dif
pTAR2AdifH

M. xanthus DK1622 pMyxZeo_dif, AmpR, Zeo®

M. xanthus DK1622 pMyxZeo_dif pTAR2, ZeoR, Kan®

M. xanthus DK1622 pMyxZeo_dif pTAR2GT1, Zeo®, Kan®

M. xanthus DK1622 pMyxZeo_dif pTAR2GT2, ZeoF, Kanf

M. xanthus DK1622 pMyxZeo_dif pTAR2AdIifH, Zeo®, KanR, Tet®

Table 3-12 List of plasmids generated or used in this study.

pTAR1

pTAR2

pTAR4

pJET1.2

pJETGTTARA

pJETMGO(GT2)

pTAR2GT1

pTAR2GT2
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CENG6/ARS4, LEU2, p15A ori, Pvan, vanR, difHlJ, Mx8
integrase from Myxococcus phage Mx8, Kan®

CENG6/ARS4, LEU2, p15A ori, Pvan, vanR, difAHLJ, Fdx-
Fdr system, Mx8 integrase from Myxococcus phage
Mx8, Kan®

CEN6/ARS4, LEU2, p15A ori, Pvan, vanR, orf13535
gene and orf11077 gene (both glycosyltransferases
from P. fallax AndGT8), Mx8 integrase from
Myxococcus phage Mx8, Kan®

pUC ori and rep from pMB1, Piacuvs-ecod7I
(endonuclease)/T7 promoter-MCS, bla (AmpF)

pJET1.2, two glycosyltransferases from TAR4
introduced

pJET1.2, putative glycosyltransferase genes of
operon 2 (section 3.3.21.2) introduced

pPTAR2 including glycosyltransferase operon 1
(glycosyltransferases from TAR4)

pPTAR2 including glycosyltransferase operon 2
(obtained from pJETMGO(GT2))

Dr. Konrad
Viehrig

This work

This work

This work

This work

Dr. Konrad
Viehrig

Dr. Konrad

Viehrig

Dr. Konrad
Viehrig

Thermo Fisher

Scientific

This work

This work

This work

This work
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pTAR2difHko pTAR2, difH replaced by Tet? This work
pMyxZeo_dif Ori rep (pMB1), AmpR, Zeo®, Mx9 integrase from Dr. Konrad
Myxococcus phage Mx9, Pvan, vanR, difBCDEFG Viehrig

3.6.2 Primers used in this work

Table 3-13 List of additional primers used in this work

Dif_Pvan_fwd ATTTAAATGGCTGGACTCTAGCCGACCGACTGAGACG

Dif_Pvan_rev GCAATATCCCTGACCCGGTTGATTTCCGTTCATATGCGTTTCCTCGCATCGTGGTTCGG

Dif_GT_rev GCAATTCACGGAAGCCGCCACGCG

Dif_MOX_fwd CCGAACCACGATGCGAGGAAACGCATATGAACGGAAATCAACCGGGTCAGGGATATT
GC

Dif_MOX_rev CGGTCGCCTGAGTCATTTCTGGGGCTTCAGCTCAGCTTCCGGAGGTGGGCC

Dif_MT_ManT_fwd GGCCCACCTCCGGAAGCTGAGCTGAAGCCCCAGAAATGACTCAGGCGACCG

Dif_MT_ManT_rev AACGTTGCAAGAACAGGGAGGCGGAGCTGAGG

Mod GT operon seq 1 TGTCAAAGGCAATCATCG

Mod GT operon seq 2 GCGAGGAACGGAATGC

Mod GT operon seq 3 GACGTTGTCCTTGTATTCATCC

Mod GT operon seq 4 GAACGTGTCGAGTGAGTTCG

GT TAR4 seq fwd GGAGCGACCTTTTGAGGTGTCC

GT TAR4 seq rev GGACACCTCAAAAGGTCGCTCC

GT TAR4 seq 3 CCTGCTCATCGTCAACG

DifHko fwd GGCTCTTCACGCAGAACCTCGCCGCGCGCGTGCGGGCCCTGAGCACCTGAATTAATTC
TCATGTTTGACA

DifHko rev ACTCTGCCTTGGGCCACTGTGCCGTGTCGCGCTCGACAAGCGCGGCCGTCTCAGGTCG
AGGTGGCCCGGC

113






Chapter 4 — Towards the heterologous expression of a synthetic maracen/maracin gene
cluster

4 Towards the heterologous expression of a synthetic
maracen/maracin gene cluster

4.1 Abstract

Maracen A and Maracin A, first described in 1998 by Herrmann et al.,%3 show promising
activity against two Pseudomonas aeruginosa indicator strains (personal communication with
Dr. Jennifer Herrmann). Unfortunately, the elucidation of the biosynthesis is only hypothetical
to this date and leaves important questions open.'%® Slow growth and natural resistance
against almost all antibiotics of the native S. cellulosum producer strains, combined with low
genetic amenability, throve the desire for a heterologous expression platform for the
maracen/maracin BGC. Previous attempts for a heterologous expression of the native BGC
were not successful, however.16%167 The objective of this work was to design a new version of
a synthetic maracen/maracin gene cluster, reorganized in regulated operons inducible by
vanillate and exempted from native promoter and terminator sequences, for the heterologous
expression in the well-established host strain M. xanthus DK1622. Therefore, the 18 genes
mrc1 to mrc18 of native BGC were reorganized into three operons regulated by a vanillate
promoter and tD1 terminator.3%%8 Intergenic regions potentially containing native promoter
and terminator sequences were deleted to prevent interference with the new regulation
system. Subsequently, the newly designed BGC was synthesized in five fragments and
assembled by stepwise restrictive hydrolyzation and ligation. Since the proposed precursor
for maracen/maracin biosynthesis is the PUFA derived EPA, the assembled gene construct was
transformed into the PUFA gene cluster containing host strain DK1622::pHybPfal-Mx9.2 via
the Mx8 integrase. Cultivation of the host strain prior to integration of the new
maracen/maracin gene construct revealed sufficient production of the putative precursor
EPA. However, after the transformation of the synthetic BGC, no production of maracen A or
maracin A was detectable to this date. Future experiments should further investigate the
successful integration of the complete construct, re-evaluate the design and restructuring of

the mrc genes, as well as considering alternative heterologous hosts.

115



Chapter 4 — Towards the heterologous expression of a synthetic maracen/maracin gene
cluster

4.2 Introduction

Maracen A and maracin A, two lipophilic carboxylic acids precipitating as colorless oils,
are new types of a-chloro divinyl ether and ethynyl vinyl ether Antibiotics, respectively. They
were discovered during a screening program against the nonpathogenic Mycobacterium phlei
in the two strains Sorangium cellulosum Soce1128 and Soce880 in 1998.% Hermann et al.
elucidated the structure of maracin A and maracen A by NMR, revealing that the latter differs

from maracin only by the presence of an a-chorovinyl instead of the alkynyl group.

X
™ P XN N OMO
Cl OH

Maracen A

// \/\/Y

NN = AN OH
Maracin A

Figure 4-1 Structures of maracen A and maracin A.
In vitro activity against the tuberculosis causing pathogen showed an ICqg of < 12.5ug/mL.
At the same time, a low in vitro activity against the mouse fibroblast line L929 indicates a low
cytotoxicity.®®> More recent data revealed a promising activity against the two P. aeruginosa
strains PAO1 (MIC 5.4 ug/mL), and PA14 (MIC 4 ug/mL), respectively (personal communication

with Dr. Jennifer Herrmann).

Dr. Katrin Jungmann elaborated a biosynthesis hypothesis in her dissertation based on in
silico analysis of the 18 mrc genes located up- and downstream of the pfa gene cluster in the
maracen/maracin producer strain Sorangium sp. SBS0026.1%¢ The native cluster of SBS0026 is

shown in Figure 4-2 in comparison to native producer strain Soce1128.
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0 kb 10 kb 20 kb 30 kb 40 kb 44 kb
I I I

| | |

Sorangium cellulosum Soce1128

Sorangium cellulosum 5B50026

- Putative maracen/maracin genes Cytochrome P450 gene

PUFA genes - Aminooxidase, PUFA isomerase genes

- Patatin-like phospholipase genes

Figure 4-2 The two putative maracen/maracin gene clusters from producer strains Soce1128 and SBS0026. Genes mrc1 — mrc15, mrc18, and the two PUFA genes pfa2_2 and
pfa2_3 are identical in both clusters. The major difference lies in the absence of mrc16 in the Soce1128 cluster, as well as the length of mrc17, which is significantly shorter in

Socell28.
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The proposed biosynthesis postulates, that maracen and maracin are derived from the
PUFA (polyunsaturated fatty acid) precursor EPA (eicosapentaenoic acid). The hypothetical
biosynthesis starts with the release of EPA. This reaction is catalyzed by phospholipases, which
could potentially be performed by one of the four patatin-like phospholipases encoded in the
putative maracen/maracin BGC (mrc7, 9, 12, and 16). In the transition from EPA to
maracen/maracin, the fatty acid undergoes several steps of isomerization, which are likely to
be catalyzed by one of the two putative isomerases encoded by mrc17 and mrc18. Further
steps include oxidization to a 6-hydroperoxide by Mrc14 followed by conversion to an epoxy
fatty acid and subsequent transformation into the corresponding divinyl-ether (both by a
putative cytochrome P450 encoded by mrc13). A later a-oxidation of the fatty acid and
subsequent elimination of the terminal CO, moiety are suggested to be catalyzed by the zinc-
dependent alcohol dehydrogenase Mrc5 and two candidate genes of unknown function mrc4
and mrc11, respectively. The final steps of the proposed maracen and maracin biosynthesis
include a double bond formation at the w-1 position of the fatty acid intermediate, which is
suggested to be catalyzed by Mrc3, and the triple bond formation at C6-C7 by Mrcl. The
halogenation of the triple bond by chlorine might be catalyzed by one of the enzymes encoded
by mrc2 or mrcl0, two candidate genes whose functions are still unknown. Recent
bioinformatic analysis of mrc2 and mrcl0 using HHpred!®® indicates similarities to
membrane/transport proteins, which would contradict the current biosynthetis hypothesis.
The detailed postulated biosynthesis for maracen and maracin is described in the dissertation
of Dr. Katrin Jungmann.®® A figure summarizing the biosynthesis (Figure 4-3) and a table with
the putative genes of the maracen/maracin BGC (Table 4-1) are shown below.

Table 4-1 Putative genes involved in the formation of maracen/maracin. The table shows length, proposed

function of the homologous protein, source of the homologous protein, identity and similarity as well as the
accession number in GenBank. Table adapted from Dr. Katrin Jungmann.

mrc0 1656/552 protein kinase Sorangium 83/85 WP_015351249
cellulosum

mrcl 960/320 delta(12)-fatty acid  Sorangium 39/60 WP_044969276
dehydrogenase cellulosum
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Figure 4-3 Hypothetical maracen/maracin biosynthesis as proposed by Dr. Katrin Jungmann. Interestingly, gene
mrc0 was not considered to be involved in the biosynthesis. Figure created by Dr. Katrin Jungmann.16®

Although the hypothetical biosynthesis seems conclusive, there are some inconsistencies
described by Dr. Katrin Jungmann between predicted gene functions and the supposed
catalyzed reaction, e.g., the a-hydroxylation step. Furthermore, several genes are encoded
multiple times in the BGC and/or highly identical like the patatin-like phospholipases and the
PUFA isomerases. It remains to be investigated if all genes are required for the biosynthesis
or whether they can replace each other, e.g., the patatin-like phospholipase domain-

containing protein mrcl6, which is present in producer strain SBS0026 but missing in
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Socel128. For the purpose of further elucidating the biosynthesis and confirming the
proposed pathway for maracen/maracin formation, a heterologous expression of the putative
maracen/maracin BGC is highly desirable. Two attempts to express a synthetic
maracen/maracin gene cluster in the host strains M. xanthus DK1622 and S. cellulosum strains
Socel525, Socel0, and SoceGT47 failed before.®61%7 Transformation attempts into S.
cellulosum strains were not successful, and heterologous expression in M. xanthus DK1622
did not yield production of maracen or maracin. In a new approach, the objective was to
reorganize the native cluster to enable the regulation of the genes by the established inducible
vanillate promoter and tD1 terminator, a system that was shown to be successful several
times before.”>17? Deletion of all native promoters and terminators and encoding the genes in
regulated operons increase the chance of a successful mrc gene expression, as it is not known
whether the native promoters of the maracen/maracin BGC function in the M. xanthus

DK1622 host.
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4.3 Material and methods

4.3.1 Media

All media used for liquid cultivations and agar plates were autoclaved for 20 minutes at

121°C before use and kept sterile.

Table 4-2 Media used in this work with the respective composition

Media Composition

Lysogeny Broth (LB) Tryptone 10.0 g/L, yeast extract 5.0 g/L, NaCl 5.0 g/L, agar (for solid media)
15.0g/L,dH201.0L

2xYT Tryptone 16.0 g/L, yeast extract 10 g/L, NaCl 5.0 g/L, dH.0 1.0 L

CTT Casitone 10.0 g/L, 1 M Tris-Cl pH 8.0 10.0 mL/L, 1 M K2HPO4 pH 7.6 1.0 mL/L,
1 M MgS04 8.0 mL/L, agar (for solid media) 15.0 g/L and for soft agar 7.5 g/L,
dH:01.0L

M7/s4 Soy flour 5.0 g/L, corn starch 5.0 g/L, glucose 2.0 g/L, MgSO4 x 7H20 1.0 g/L,

CaCl2 x 2 H20 1.0 g/L, HEPES 10 g/L, vitamin B12 0.1 mg/L*, FeCls 5 mg/L*

Adjust pH to 7.4 with NaOH

4.3.2 Antibiotic stock solutions

Several antibiotics were used in liquid media or agar plates for the selection of genetically
altered E. coli and M. xanthus strains: Ampicillin® (Amp), Chloramphenicolf® (Cm), Zeocin
(Zeo), Oxytetracycline (Otc), and Kanamycin (Kan). Table 4-3 depicts the antibiotic

concentrations used in this work.

Table 4-3 Antibiotics used in this work with their stock and working concentration.

Antibiotic Stock (1,000x) [mg/ml] Working conc. [ug/ml]™®!

Ampicillin (Amp) 100 1gin 10 mL MQ-H20 100
Chloramphenicol (Cm) 25 0.25gin 10 mL 70 % abs. EtOH 25
Kanamycin (Kan) 50 0.5gin 10 mL MQ-H.0 50
Oxytetracycline (Otc) 10 0.1gin 10 mL 70 % abs. EtOH 10

2l Amp and Cm are not applicable in M. xanthus ! For high-copy vectors; low-copy

vectors % of normal working conc.
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Antibiotic stock solutions were stored at -20°C. Oxytetracycline is light sensitive, thus the

stock solution was protected from light.

4.3.3 Reagents and buffer

Solutions were prepared with demineralized water (dH20) or ultrapure water (MQ-H20).

To obtain MQ-H;0, ‘Milli-Q Reference A+ System’ (Millipore, Merck) was used.

For agarose gel electrophoresis 50x TAE buffer containing TRIS 242 g/L, glacial acetic acid
57.1 mL/L, EDTA (500 mM in dH20 pH 8.0) 100 mL/L and dH20 ad 1 L was used. The TAE buffer
(50x) stock solution was diluted with dH,O to the 1x working concentration before use.
Agarose gel solution was prepared by adding 5 g agarose in 500 mL TAE buffer (1x) for 1%
solution. For separation of larger DNA fragments 0.8% agarose gel solution was used (4 g
agarose in 500 mL 1x TAE buffer). Agarose was dissolved by microwave heating. The solution

was stored at 55 °C to prevent solidification.

Orange G loading dye (10x) was used to stain DNA for visualization in agarose gels on a
Transilluminator. The solution contains orange G 10 mg, glycerin 3 mL and TE buffer 2 mL. TE
buffer consists of TRIS (0.5 M in dH20) 20 mL, EDTA (0.5 M in dH,0, pH 8.0) 2 mL and dH,0 ad
1 L. The 10x loading dye was diluted to 1x in the DNA solution that had to be stained.

Buffers P1, P2, and P3 were used for alkaline lysis and plasmid DNA preparation. The

composition of each is shown in the table below.

Table 4-4 Composition of resuspension buffer P1, lysis buffer P2, and neutralization buffer P3. Buffers were used
for alkaline lysis and plasmid DNA preparation.

Resuspension buffer P1 TRIS (1 Min dH20) 2.5 mL, EDTA (0.1 M, pH 8.0) 5 mL,

Stored at 4° C Ribonuclease A 25 mg, MQ-H20 ad 50 mL

Lysis buffer P2 NaOH (1 M in dH20) 10 mL, SDS (20 % in dH20)
2.5 mL, MQ-H20 ad 50 mL

Neutralization buffer P3 K-acetate 14.72 g, MQ-H20 ad 50 ml, pH 5.5

4.3.4 Software

Geneious 10.1.3 (Biomatters) was used to analyze native biosynthetic gene clusters, to
design synthetic gene clusters, to design oligonucleotides for PCR experiments and
sequencing, and to design plasmid maps. Agarose gel pictures from the fluorescence chamber
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were analyzed with FusionCapt Advance Software (Vilber Lourmat). ChemDraw Ultra 12.0
(CambridgeSoft) was used to create images and chemical formulae. LC chromatograms as well
as UV spectra and mass spectrograms were analyzed with DataAnalysis 4.4 (Bruker Daltonics,

Billerica, MA, USA).

4.3.5 E. coli cultivation

E. coli DH10B, NEB 108 or HS996 were used for standard cloning procedures. Except for
electroporation for transformation of plasmids, working with E. coli was performed under
sterile conditions (HeraSafe, Heraeus). For storage at -80°C, 750 uL over-night culture was

combined with 750 pL 50 % glycerin (in MQ-H,0) and transferred into a cryo tube.

Cultivation took place in 2xYT or LB medium. Supplementation with antibiotics for
selection depended on the plasmid resistance marker. Antibiotic concentrations are shown in
Table 4-3. For clone selection, cultures were spread on LB agar (25 mL in a petri dish) after
transformation and incubated overnight at 37°C in an incubator. Liquid cultures (5 mL in glass
vial or 10-20% v/v liquid media in Erlenmeyer flasks) were incubated overnight at 37°C in a
rotary shaker (Multitron, Infors HT) at 200 rpm. Larger constructs of 30 kb size or longer, were

incubated at 30°C for a longer period of time (up to two days of incubation).

4.3.6 Preparation of E. coli electro competent cells

For preparation of electro competent E. coli cells, 5 mL LB medium were inoculated with
the respective strain directly from cryo stock and incubated at 37 °C and 200 rpm overnight.
2 mL of overnight culture were used to inoculate 200 mL LB. Cultivation was carried out under
the same conditions until an ODsoo (Biophotometer plus, Eppendorf) between 0.4 and 0.6 was
reached. The cultures were cooled on ice for 30 min and afterwards transferred into four 50
mL Falcon tubes. All centrifugation steps were performed at 4,000 x g for 10 min at 4 °C
(Avanti J-26 XP Centrifuge, Beckman Coulter; Rotor: JLA 10.500), followed by discarding the
supernatant. First time, the cell pellets were resuspended in 100 mL (25 mL each) ice cold
HEPES (1 mM in dH;0; pH7.0), followed by centrifugation. Second time, the cell pellets were
resuspended in 50 mL (12.5 mL each) ice cold HEPES (1 mM in dH;0; pH 7.0) and combined in
one falcon tube before centrifugation. Third time, the cell pellet was resuspended in 50 mL ice
cold 10 % glycerin in HEPES (1 mM in dH,0; pH 7.0), followed by centrifugation. Finally, the
cell pellet was resuspended in 2 mL 10 % glycerin in HEPES (1 mM in dH,0; pH7.0) and
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portioned into 50 ul aliquots. Now the prepared cells were frozen in liquid N; and stored at

-80°C.

4.3.7 Cultivation of M. xanthus

M. xanthus strains were cultivated either for transformation of heterologous gene
constructs or for testing production titers of target compounds. All cultures were incubated
at 30° C, either in an incubator (plates) or on shakers at 200 rpm (Erlenmeyer flasks).
Production cultures were grown in 25 mL liquid media with corresponding selection marker
until sufficient cell density was reached. Subsequently, 5 mL of the culture was sub-cultured
into 50 mL liquid medium (10% inoculum). After 24h of incubation, vanillate was added to
induce the expression of heterologous genes, in case a vanillate promoter was used for
induction of a gene cluster. The cell cultures were harvested after the culture broth took on a

brown color (if not mentioned otherwise).

4.3.8 Extraction and analysis of maracen/maracin

Cultures were extracted twice with 30 mL ethyl acetate for 20 minutes. After extraction,
the liquid was centrifuged for 10 minutes and 100 uL were transferred to an Eppendorf tube.
Before analysis, samples were centrifuged for at least 10 min at 15000 rpm and 50 L of the

supernatant were pipetted into a LC-MS vial and submitted for analysis.

For detection of compound UHPLC-hrMS analysis was performed on a Dionex UltiMate
3000 rapid separation liquid chromatography (RSLC) system (Thermo Fisher Scientific,
Waltham, MA, USA) coupled to a Bruker maXis 4G ultra-high-resolution quadrupole time-of-
flight (UHR-gTOF) MS equipped with a high-resolution electrospray ionization (HRESI) source
(Bruker Daltonics, Billerica, MA, USA). The separation of a 1 pL sample was achieved with a
linear 5-95% gradient of acetonitrile with 0.1% formic acid in ddH>0 with 0.1% formic acid on
an ACQUITY BEH C18 column (100 mm x 2.1 mm, 1.7 um dp) (Waters, Eschborn, Germany)
equipped with a Waters VanGuard BEH C18 1.7 um guard column at a flow rate of 0.6 mL/min
and 45 °C for 18 min with detection by a diode array detector at 200-600 nm. The LC flow was
split into 75 pL/min before entering the mass spectrometer. Mass spectrograms were
acquired in centroid mode ranging from 150—-2500 m/z at an acquisition rate of 2 Hz in positive
MS mode. Source parameters were set to 500 V end-plate offset; 4000 V capillary voltage; 1
bar nebulizer gas pressure; 5 L/min dry gas flow; and 200 °C dry gas temperature. lon transfer

and quadrupole parameters were set to 350 VPP funnel RF; 400 VPP multipole RF; 5 eV ion
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energy; and 120 m/z low-mass cut-off. Collision cell was set to 5.0 eV and pre-pulse storage
was set to 5 us. Calibration was conducted automatically before every HPLC-MS run by the
injection of sodium formate and calibration on the respective clusters formed in the ESI
source. All MS analyses were acquired in the presence of the lock masses C12H19F12N306P3,
C18H19F24N306P3 and C24H19F36N306P3, which generate the [M + H]+ ions of 622.0289,
922.0098 and 1221.9906. The HPLC-MS system was operated by HyStar 5.1 (Bruker Daltonics,
Billerica, MA, USA), and LC chromatograms as well as UV spectra and mass spectrograms were

analyzed with DataAnalysis 4.4 (Bruker Daltonics, Billerica, MA, USA).
4.3.9 Plasmid DNA isolation from E. coli

4.3.9.1 “Mini prep”

For plasmid DNA isolation from E. coli, 2 mL overnight culture was centrifuged for 1 min
at 15000 rpm. After discarding the supernatant, the cell pellet was resuspended in 250 pl P1
buffer using a bench top shaker. Cell lysis occurred after adding 250 ul P2 buffer and inverting
the tubes seven times, and incubation for 3 min. By addition of 250 ul P3 buffer, 10 pl
chloroform and inverting seven times, the lysis was stopped. After centrifugation for 10 min
at 15000 rpm, the supernatant was transferred into a new 1.5 mL Eppendorf tube containing
500 ul ice cold isopropanol. Another centrifugation step for 5 min at 15000 rpm to precipitate
the plasmid DNA was followed by discarding the supernatant and adding 700 pl 70 % ethanol
(in MQ-H0) for washing. Finally, after centrifugation for 1 min at 15000 rpm, the supernatant

was discarded and the pellet dried before resuspension in 50 - 100 pul MQ-H,0.

4.3.9.2 “Midi prep”

In case larger quantities of isolated plasmid were required for subsequent cloning
procedures, 200 mL of E. coli overnight culture were grown and harvested. The plasmid was
then isolated from the cells using the Nucleo Bond PC100 (midi-prep) DNA purification kit by

Macherey-Nagel according to their protocol.

4.3.10 Polymerase chain reaction (PCR)

PCR protocols that were commonly used during this work are described below.
Depending on the experiment, template size or objective of the PCR, the protocols might

slightly differ from below mentioned parameters.
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4.3.10.1 Phusion polymerase

Reaction mix: GC buffer 4.0 uL, dNTPs 5 mM (1.25 mM each) 4.0 pL, Phusion polymerase
(Thermo Fisher Scientific) 0.2 uL, primer forward (10 uM) 0.5 pL, primer reverse (10 uM)
0.5 pL, DNA template 2 pL*, MQ-H,0 8.8 pL, DMSO 1.0 pL.
*2 uL genomic DNA, for plasmid DNA 1 pL with a concentration of approximately 10 ng/uL
was used. Volume of MQ-H,0 had to be adapted accordingly.

Cycle protocol: Initial denaturation 5 min at 98°C; 34 cycles of denature (98°C 20 s), anneal
(temperature depends on primers, 25 s), and elongation (72°C 15-30 s/kb); finale elongation

at 72°C for 5 min.

4.3.10.2 Taq polymerase

Reaction mix: Taq buffer (NH4)2SO04 2.5 pL, dNTPs 5 mM (1.25 mM each) 4.0 pL, primer
forward (50 uM) 0.5 uL, primer reverse (50 uM) 0.5 pylL, Tag polymerase (Thermo Fisher
Scientific) 0.2 pL, MgCl, (50 mM) 1 uL, DNA template 2 pL, glycerol 50% 4 uL, MQ-H,0 5.3 pL.

Cycle protocol: Initial denaturation 5 min at 95°C; 30 cycles of denature (95°C 30 s), anneal
(temperature depends on primers, 30 s), and elongation (72°C 1 min/kb); finale elongation at

72°C for 5 min.

4.3.11 DNA separation and purification

Agarose gel electrophoresis was used for separation of DNA fragments based on size. In
this work, agarose gel electrophoresis was performed in a Consort EV231 chamber
(Sigma-Aldrich). An 1% agarose gel was used with 10 pl Roti Safe Gel Stain per 100 mL gel and
TAE buffer (1x) as buffer system. After PCR experiments or hydrolyzations with restriction
enzymes, OrangeG loading dye (10x) was added to the DNA sample (1/10 of total volume) and
the gel was loaded immediately. GeneRuler 1 kb/1 kb plus/100 bp plus DNA ladder (Thermo
Fisher Scientific) were used as size standards. The voltage was set between 1 -5 V/cm until
DNA fragments were sufficiently separated. DNA detection took place in a Fusion FX chamber

with UV fluorescence detector (Vilber Lourmat).

For DNA purification, agarose gel was placed on a blue light transilluminator, desired DNA
fragments were cut out of the agarose gel with a scalpel and transferred into an Eppendorf

tube. The proper DNA purification was done with the Macherey-Nagel NucleoSpin Gel and
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PCR Clean-up Kit following the manufacturer information. Finally, purified DNA was eluted in

30 ul of MQ-H;,0/elution buffer (from NucleoSpin Gel and PCR Clean-up Kit).

4.3.12 Determination of DNA concentration
NanoDrop 2000c (Thermo Fisher Scientific) was used for determination of DNA
concentrations of solutions. For that purpose, 1 ul of DNA solution was put on the pedestal

and measured at 260 - 280 nm wavelength. MQ-H0 served as a reference (blank).

Furthermore, the sample DNA concentration was determined visually by loading 1 ul DNA
sample on an agarose gel and comparing the DNA band intensity with the intensity of a DNA
ladder band of similar size. 6 puL of the DNA ladder were loaded as standard (using

recommended standard concentrations).

4.3.13 Molecular cloning

For conventional, preparative hydrolyzation/ligation reactions, both vector and insert
DNA were treated with type Il or type IIS (Bsal) restriction endonucleases (REs). Thereby, DNA
is linearized, meaning that vector and insert DNA with matching overhangs can be ligated by
T4 DNA ligase. In the following sections, restrictive hydrolyzation of DNA will sometimes be
referred to as ‘digest’ of DNA, which is colloquial use in daily lab environment. All restriction

endonucleases, T4 DNA ligase, and FastAP were purchased from Thermo Fisher Scientific.

4.3.13.1 Standard protocol for preparative restrictive hydrolyzation of DNA

Preparative digest was used to hydrolyze sufficient amount of DNA for follow up ligation
of insert and vector.
Table 4-5 Composition of standard preparative restrictive hydrolyzation reactions for single digest (with one

enzyme) and double digest (with two enzymes, respectively). DNA solution was usually obtained by DNA isolation
(see section 4.3.9) or in some cases by PCR (see section 4.3.10).

25 pL plasmid DNA solution 24 pl plasmid DNA solution
3 plL 10x restriction endonuclease buffer 3 plL 10x restriction endonuclease buffer
2 uL restriction endonuclease 1.5 pl restriction endonuclease 1

1.5 pl restriction endonuclease 2
Reactions were incubated for several hours or overnight at the required temperature (for
most enzymes 37°C). To prevent vector religation, FastAP enzyme was added after t/ of the
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reaction (1 pl in 30 pl reactions). This leads to dephosphorylation of the 5’ ends of the

linearized vector DNA and therefore improves the overall cloning efficacy.

4.3.13.2 Standard protocol for analytical restrictive hydrolyzation of plasmids containing
insert
Analytical digests were used to verify plasmid size and screen for clones harboring
plasmids with the right insert after a cloning process.
Table 4-6 Composition of standard analytical restrictive hydrolyzation reactions for single digest (with one

enzyme) and double digest (with two enzymes, respectively). DNA solution was usually obtained by DNA isolation
(see section 4.3.9) or in some cases by PCR (see section 4.3.10).

8.5 pL plasmid DNA solution 8.0 pL plasmid DNA solution
1.0 pL 10x restriction endonuclease buffer 1.0 plL 10x restriction endonuclease buffer
0.5 pL restriction endonuclease 0.5 pL restriction endonuclease 1

0.5 L restriction endonuclease 2

Reactions were incubated for approximately 2 hours at the required temperature.

4.3.13.3 Standard ligation reaction

Standard ligation protocol was used to assemble prior linearized DNA fragments. T4 DNA
ligase catalyzes bond formation between a 5’ phosphate group and a 3’ hydroxy group and
thereby leads to the ligation of vector and insert DNA. The composition of ligation reaction

performed in this work is shown in Table 4-7.

Table 4-7 Composition of standard ligation reaction, used to assemble linearized DNA.

Vector DNA 0.5-2.01
Insert DNA 6.5 —8.01
T4 DNA ligase buffer 1.0
T4 DNA ligase 0.5

[l yector and insert DNA volume depended on determined DNA concentration and varied between 0.5-2
ul for vector DNA solution and 6.5-8 pl for insert DNA solution. Total reaction volume was always 10 pl with a

vector/insert DNA molar ratio of around 1/10.
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Ligation reaction was incubated for 5 h at room temperature or overnight at 16°C.

4.3.14 E. coli transformation

Transformation of E. coli was carried out by electroporation, which shortly increases cell
membrane permeability and enables the uptake of plasmid DNA. For electroporation, 50 pl
electrocompetent cells were mixed with 5 pl of ligation mix or 0.5 ul of gene synthesis
fragment DNA solution and transferred into an electroporation cuvette (electrode distance
1 mm). The electroporation was performed at 1,300 V/cm, 10 uF, and 600 Q (Eporator V1.01,
Eppendorf). Thereafter, the cells were resuspended in 1 mL of LB medium and incubated at
37 °Cand 900 rpm (Titramax 1000, Heidolph) for 60 min. After centrifugation at 8000 rpm for
2 min, most of the supernatant was discarded and the cells were resuspended in the
remaining medium. In case of gene synthesis fragments, the centrifugation step was skipped
and 50 pl were directly used for the following step. The cell suspension was plated out on LB

agar with appropriate antibiotic for selection and incubated overnight at 37 °C.

4.3.15 M. xanthus DK1622 transformation

M. xanthus DK1622 was cultured overnight in 25 mL CTT medium until an appropriate
cell density was reached (ODeoo of 0.6). 2 mL of the culture was pipetted into an Eppendorf
tube and centrifuged for 2 min at 6000 rpm and room temperature. Supernatant was
discarded. The cell pellet was resuspended in 1 ml sterile MQ water and centrifuged again for
2 min at 6000 rpm, supernatant was again discarded using a pipette. This washing step was
repeated once with 800 pL. A small hole was poked into the lid using a needle, and 35 pL of
sterile MQ water plus plasmid DNA (5-10 uL DNA/plasmid with a concentration of 100-
500 ng/uL DNA) was added. Cell pellet was resuspended and the suspension was used for
electroporation at 650 V, 25 uF, and 400 Q (Bio Rad GenePulser Xcell). After electroporation,
the culture was resuspended in 1 mL CTT liquid medium and incubated on a shaker for 6 hours
at 30° C and 1000 rpm. A glass vial with foam plug was used to mix 3 mL of CTT soft agar and
the respective selection marker with the 1 mL transformation culture. The suspension was
thoroughly shaken and plated on a CTT agar plate containing the respective selection marker

as well. Plates were incubated on 30° C for several days until clones appeared.
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4.3.16 Screening for E. coli colonies

To verify a successful transformation and isolate the constructed plasmid, 3 to 24 single
E. coli colonies were picked and used for inoculation of 5 mL LB medium with appropriate
antibiotic. Incubation took place at 37 °C and 200 rpm overnight. Plasmid DNA isolation from
E. coli was carried out by the protocol described in 4.3.9. Afterwards, an analytical digest was
performed (4.3.13.2) and the presence of correct DNA fragments was examined by agarose

gel electrophoresis according to 4.3.11.

4.3.17 Gibson Assembly

Gibson assembly!?! reaction mix (New England BiolLabs) was set up with 1 pL of vector
(approx. 40-60ng/uL), 0.2 pL of insert (approx. 100 ng/uL), 1.3 pL of MQ-H,0, and 2.5 uL of
NEBuilder® HiFi DNA Aseembly Master Mix (New England BiolLabs). Subsequently, the Gibson
reaction mix was incubated in the PCR cycler for 15 minutes at 60°C and transformed into E.

coli HS996 competent cells to screen for right plasmids.
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4.4 Results and discussion

4.4.1 Design of the synthetic maracen/maracin gene cluster

The design of the synthetic maracen/maracin gene cluster was based on the native BGCs
of the two producer strains Soce1128 and SBS0026.53'’! The proposed native gene cluster
consists of the genes mrc1 — mrc18 as well as the two polyunsaturated fatty acid metabolism
involved genes pfa2_2 and pfa2_3 and can be seen in Figure 4-2. While mrc16 was used from

producer strain SBS0026, all other genes were based on Soce1128.

The two gene clusters are almost identical. They only differ in the presence of gene
mrc16, a putative patatin-like phospholipase domain-containing protein, which is not present
in strain Soce1128, as well as the length of mrc17 which is significantly shorter in Soce1128.
Since the necessity of mrc16 is not known yet, two versions of the gene cluster were designed.
Therefore, the synthetic cluster was split into three operons with the goal to change as little
as possible from the native coding sequence. Each operon is regulated by a vanillate promoter
and tD1 terminator.3>'8 Qperon 1 contains mrc1 — mrc6 and operon 2 contains genes mrc7
— mrc15, both operons are identical for both BGC versions. Two versions of operon 3 were
designed to enable an analysis of the necessity and function of mrc16. Operon 3 Socel1128
contains genes mrcl6 from SBS0026 and genes mrcl7 and mrcl18 from Socell28, while
operon 3 $SBS0026 contains genes mrcl6 — mrc18 from SBS0026. Furthermore, gene mrcl16
was flanked by unique RE recognition sites to enable removal at a later time point.
Reorganizing the genes in this way into the three operons ensured as little change in the native
organization as possible. For operon 1 only the direction of mrc4 had to be inverted and for
operon 2 only the CDS of genes mrc13 — mrcl15 as one unit. The organization of the two

synthetic maracen/maracin BGC versions is shown in Figure 4-4 below.
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Figure 4-4 Overview of the five synthetic fragments and the assembling strategy. Each operon is regulated by a
vanillate promoter and a tD1 terminator, the vanillate repressor unit is only present in operon 1. Operon 2 was
split into two fragments because of the size. Each fragment is flanked by unique RE recognition sites for assembly
in the pMYCJ vector, as well as by 20 bp long homology arms (homA — homE) for alternative Gibson assembly.
Pvan = vanillate promoter; tD1 = terminator.

While reorganizing genes from the native BGC, intergenic regions that putatively contain
native promoters and/or terminators were deleted to prevent interaction with Pyan and tD1.
In most cases, those intergenic regions were deleted and replaced by a synthetic RBS
(ribosomal binding site) which was used before in the argyrin synthetic genes cluster and
designed by Dr. Domen Pogorevc.'’? Only the 5’UTRs (untranslated regions) upstream of the
two genes mrc2 and mrcl13 were kept native as they had a clear RBS and were short enough
to exclude the possibility of the presence of potential terminators or promoters. In case the
intergenic regions including native promoters and terminators are deleted, it is vital to identify
the exact starts of the respective genes to avoid accidentally truncating or elongating them,
which would potentially result in the expression of non-functional proteins. Each gene was
first analyzed with FramePlot 4.0beta to find potential gene starts. The translated sequence

from the longest version from start to stop codon was then analyzed with XtalPred for the
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secondary structure.'’3 Disordered regions are likely not included in the amino acid sequence,
while helices and strands are probably included. The amino acid sequence was further
analyzed with Pfam.’# This protein analysis tool can indicate if the analyzed protein shows
truncations compared to related proteins in the data bank, which would mean that the
analyzed sequence might be too short. In cases of uncertainty about the gene lengths, the
amino acid sequence was further searched in the data bank of HHpred.'° This tool shows a
list of highly related proteins. In case the most related proteins show similar lengths, the
analyzed amino acid sequence is more likely to be correct compared to when all related

proteins are much shorter/longer.

After replacing intergenic regions with a synthetic RBS, and reorganizing the genes into
three operons, Bsal RE recognition sites were removed from the maracen/maracin BGC to
enable scarless Red/ET*?* engineering. Therefore, silent point mutations in the Bsal RE
recognition sequences were introduced using a codon of the same amino acid with a similar
percentage of codon usage. In this way, a change in the translation rate of the protein and
therefore risking negative effects on the protein expression should be prevented.
Furthermore, the sequence of every start codon after a vanillate promoter was changed to
ATG to form a Ndel RE recognition site enabling the insertion of genes downstream of the

promoter after cluster assembly (see also section 2.4.1.2).

A new backbone pMYCJ was designed containing a tetracycline resistance gene, a p15A
ori, and an Mx8 integrase for integration into a M. xanthus strain containing the PUFA genes

in the Mx9 site.

The synthetic maracen/maracin cluster was divided into six fragments between 4.3 kbp
and 7.5 kbp length for synthesis. They were synthesized by GenScript and delivered in pUC57
plasmids for storage and recovery. Each fragment was flanked by RE recognition sites for the
release of the pUC57 plasmid and assembly. The RE recognition sites enabled either a one-pot
golden gate assembly or a step-by-step assembly, both by restrictive hydrolysis and ligation.
Further, release with the blunt end RE Pmel enables homology-based Gibson assembly.
Operon 2 was split into two fragments for synthesis due to its size. A detailed table about the
synthesized fragments including their size, organization, and flanking RE recognition sites for
the different assembling strategies is shown in Sl section 4.6.2 Table 4-10. Further, Figure 4-4

shows an overview of the synthetic fragments as well as the general assembly strategy.
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4.4.2 Assembly of the synthetic maracen/maracin gene cluster

The assembly of the synthetic maracen/maracin cluster succeeded with the stepwise
cloning procedure according to protocols described in section4.3.13, 4.3.14, and 4.3.16
(molecular cloning, transformation in E. coli, and screening for clones). The detailed assembly
process can be seen in Figure 4-1 and Sl section 4.6.2. Due to the relatively small size of the
gene cluster of 30 kbp, the stepwise assembly process was very efficient. Correct constructs
were found after each cloning step and therefore the one-pot assembly, i.e., attempting to
assemble all synthetic fragments in one step, was not tried since the chance to succeed might
be rather small. Gibson assembly of the synthetic gene cluster was installed as a backup
assembly plan in case the cloning would be unsuccessful. This method for assembly of the
cluster was tried in parallel to the stepwise cloning two times, but the assembly failed. The
two acquired plasmid constructs harboring the two versions of the maracen/maracin
synthetic gene cluster pMYCJ_Mrc_Full_Socell128 and pMYCJ_Mrc_Full_SBS0026,
respectively, were sequenced by Illumina. Illlumina sequencing confirmed the correct and
mutation-free sequence of pMYCJ_Mrc_Full_SBS0026, while the construct with the Soce1128
version of the gene cluster shows mutations in parts of the cluster and a very low coverage of
sequence readouts. It was speculated, that there might be a mix of plasmids harboring
different constructs (right and wrong versions) in the screened E. coli host. Most likely, the
last cloning step of pMYCJ_Mrc_Full_Socel128 has to be repeated and sent for Illumina
sequencing again, to get the correct final construct of this version. Therefore, the following
described integration into M. xanthus DK1622 and production testing was performed with the

correct SBSo0026 construct version.

4.4.3 Analysis of the heterologous maracen/maracin production with the

synthetic gene cluster in the host M. xanthus DK1622::pHybPfal-Mx9.2

The synthetic maracen/maracin gene construct pMYCJ_Mrc_Full SBS0026 was
transformed into the M. xanthus host containing the PUFA genes DK1622::pHybPfal-Mx9.2.
Colony PCR analysis with Mx8 primers showed positive clones. Mutants were cultured in CTT
medium adding vanillate for induction. After a few days of cultivation, when the cultures
turned brownish, they were extracted with ethyl acetate and extracts analyzed on LC-MS.
However, in the extracts no signals indicative of maracen or maracin where found (see Figure

4-5). To verify the integration of the whole gene construct, multiple primer pairs were
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designed spanning the whole gene cluster (primer details in S| section 4.6.3). The colony PCR
results could not confirm the successful integration. In most cases, no bands appeared for the
used primer pairs for all mutants that showed positive integration with the Mx8 primers. In
some cases, no band was visible for the plasmid control while sometimes a band appeared for
the WT control. At this point, it cannot be confirmed whether the integration did not work, or
the PCR itself is problematic. Possibly some primer pairs are not binding correctly to the target
sequence. Further reasons could be insufficient optimized PCR conditions or unspecific primer
binding, which would explain bands appearing for the WT control. In many cases several weak
bands appeared for the mutants, which also indicates unspecific primer binding. Either way,
in future efforts the PCR conditions and primers used have to be revised, and the colony PCR
repeated to confirm the right integration. Only after confirming the right integration of the
whole gene cluster, further troubleshooting regarding the functionality of the gene cluster or
the validity of the extraction and analysis method can be attempted. One could speculate that
the gene cluster is not complete, e.g., important genes are missing, or that mistakes in the re-
organization of the genes were made, e.g., truncation of crucial proteins. Further, the host
could be unable to produce the maracens/maracins. However, at this point, the most relevant
suggestion is that the full integration was not successful. The genes mrc9 and mrc12 are
almost identical, which could lead to homologous recombination and deletions during the
integration process (as described in the MXV chapter section 2.4.2.1, dotplot visualization

showing the repetitive genes mrc9 and mrc12 in Sl section 4.6.3).
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Figure 4-5 UHPLC-hrMS analysis of mutants M. xanthus DK1622::pHybPfal-Mx9.2::pMYCJ_MrcFull_SBS0026,
harboring the PUFA genes and putative maracen/maracin gene cluster. The left three chromatograms show a
EPA standard and the EPA peaks found in the mutant cultures. The right four chromatograms show a maracen A
and maracin A standard, and the two mutant extracts in comparison.
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4.5 Conclusion and outlook

In the here described project, a synthetic maracen/maracin gene cluster was designed
based on the BGCs from the native producer strains S. cellulosum Soce1128 and SBS0026. The
direction of the coding sequence of some genes were inverted to form three operons, all
regulated by the inducible vanillate promoter system and tD1 terminators. Intergenic regions
that potentially contain native promoter and terminator sequences were deleted and
replaced by a synthetic RBS. Due to the uncertainty about the necessity of mrc16, two versions
of the synthetic BGC were designed. Operons 1 and 2 are both identical and contain genes
mrcl — mrc15 from Socell28, operon 3 version SBS0026 contains mrc16 — mrcl8 from
S$BS0026, while operon 3 version Socel128 contains mrc16 from SBS0026 and mrc17 and

mrc18 from Socel1128.

Stepwise assembly of the synthesized fragments for the SBS0026 version was successful,
while the final construct of version Socel1128 showed some inconsistencies in the lllumina
sequencing results. The final construct version pMYCJ_Mrc_Full SBS0026, however, showed
a mutation-free sequence by lllumina sequencing and was transformed into the PUFA gene
cluster containing M. xanthus host DK1622::pHybPfal-Mx9.2, which is able to produce a
sufficient amount of the putative maracen/maracin precursor EPA. Unfortunately, no
production of maracen A or maracin A was detected for all obtained mutants. The reasons
why the heterologous production did not work can only be speculated to this point. One
possible reason could be an incomplete integration of the construct into the host strain. This
phenomenon was seen before in the MXV heterologous expression (see section 2.4.2.1).
Analysis of the mutants using colony PCR and multiple primer pairs spanning the whole
synthetic BGC was inconclusive to this date. In order to confirm the complete integration of
the synthetic maracen/maracin construct, the used primers as well as the PCR conditions have
to be revised, or genomic DNA of the mutants can be isolated to use as template for the PCR.
Once the successful and complete integration is confirmed, but still no compound is produced,
further investigations on the design of the gene cluster as well as on the involved genes can
be conducted. In future attempts, it is also worth thinking about codon optimization of the
gene cluster for optimized expression in the heterologous M. xanthus DK1622 host, as well as
attempting to integrate the synthetic gene cluster in phylogenetically closer Sorangium
cellulosum hosts, which however is difficult since no well-established surrogate host of this
species is available. Another reason which cannot be ruled out is the genetic completeness of
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the biosynthetic pathway. The whole maracen/maracin biosynthetic pathway is currently
completely hypothetical without any experimental confirmation, a risk with regards to the
plausibility of the biosynthesis model. Notably, the biosynthesis is not module-based so it does

not adhere to co-linearity rules, making it difficult to interpret the potential genes.
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4.6 Supporting information

4.6.1 List of plasmids and strains generated or used in this study

Table 4-8 List of strains generated or used in this study.

E. coliDH10B F, mcrA, A(mrr-hsdRMS-mcrBC), ®80/acZAM15, Invitrogen
AlacX74, recAl, araD139, A(ara-leu)7697, galU,
galK, rpsL (Str?), endA1l, nupG, A

E. coli HS996 F, mcrA, A(mrr-hsdRMS-mcrBC), ®80/acZAM15, Invitrogen
AlacX74, recAl, araD139, A(ara-leu)7697, galU,
galK, rpsL (StrR), endAl, nupG, fhuA::IS2

E. coli NEB 108 mcrA, spoT1A(mrr-hsdRMS-mcrBC), New England
®80d(laczAM15)recAl, relAl, AlacX74, recAl, Biolabs
araD139, A(ara-leu)7697, galK16, galE1l5, rpsL
(Str?), endAl, nupG, fhuA

E. coli NEB10B::pUC57_Operonl E. coli NEB 10B pUC57_Operonl, AmpR This work
E. coli NEB10B::pUC57_Operon2-1  E. coli NEB 108 pUC57_Operon2-1, AmpF This work
E. coli NEB10B::pUC57_Operon2-2  E. coli NEB 10B pUC57_Operon2-2, AmpF This work

E. coli NEB10B::pUC57_Operon3 E. coli NEB10B pUC57_Operon3 Soce1128, AmpR This work
Socel128

E. coli NEB10B::pUC57_Operon3 E. coli NEB10B pUC57_Operon3 SBS0026, AmpF This work
SBS0026

E. coli NEB10B::pMYCJ E. coli NEB10B pMYCJ, Tet® This work
E. coli NEB10B::pMYCJ _Op1 E. coli NEB10B pMYCJ_Operoni, Tet® This work

E. coli NEB10B::pMYCJ _Op1_2-1 E. coli NEB10B pMYCJ_Operonl and Operon 2-1, This work
Tet?

E. coli NEB10B::pMYCJ _Op1_2 E. coli NEB10B pMYCJ_Operonl and Operon 2-1 + This work
Operon 2-2 (complete Operon 2), Tet?

E. coli NEB10B::pMYCJ E. coli NEB10B pMYCJ_MrcFull (Mrc Operon 1, 2, This work
_MrcFull_Soce1128 and 3 Soce1128 version), Tet®

E. coli NEB10B::pMYCJ E. coli NEB10B pMYCJ_MrcFull (Mrc Operon 1, 2, This work
_MrcFull_SBS0026 and 3 SBS0026 version), Tet®?

M. xanthus DK1622 HIPS/MINS
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M. xanthus
DK1622::pHybPfaMx9.2

M. xanthus
DK1622::pHybPfaMx9.2::pMYCJ_
MrcFullSoce1128

M. xanthus
DK1622::pHybPfaMx9.2::pMYCJ_
MrcFullSBS0026

M. xanthus DK1622 pHybPfaMx9.2 (PUFA genes),
ZeoR, Kan®

M. xanthus DK1622 pHybPfaMx9.2
PMYCJ_MrcFull_Soce1128 Mx8, Zeo®, KanR, TetR

M. xanthus DK1622 pHybPfaMx9.2
pMYCJ_MrcFull_SBS0026 Mx8, Zeo®, KanR, TetR

Table 4-9 List of plasmids generated or used in this work.

pMYCJ

pMYCJ _Op1l

pMYCJ _Op1_2-1

pMYCJ _Op1_2

pMYCJ _MrcFull_Soce1128

pMYCJ _MrcFull_SBS0026

p15A ori, Mx8 integrase from Myxococcus phage Mx8,
tetR (Otck)

Operon 1 synthetic fragment cloned into pMYCJ

Operon 2-1 synthetic fragment (first part of Operon 2)
cloned into pMYCJ_Op1

Operon 2-2 synthetic fragment (second part of Operon
2) cloned into pMYCJ_Op1_2-1

Operon 3 version Soce1128 synthetic fragment cloned
into pMYCJ_Op1_2, complete synthetic BGC

Operon 3 version SBS0026 synthetic fragment cloned
into pMYCJ_Op1_2, complete synthetic BGC

cluster

Dr. Katja
Gemperlein

This work

This work

This work

This work

This work

This work

This work

This work

4.6.2 Design and assembly of the synthetic maracen/maracin gene cluster

The synthesized fragments of the synthetic maracen/maracin gene cluster, including their

contained genes, regulatory elements, and the flanking RE recognition sites for the release of

synthesis vector and assembly are shown in Table 4-10 below.
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Table 4-10 Organization of the maracen/maracin synthetic gene cluster fragments including genes, regulatory
elements, and RE sites for release and assembly.

Operon (size in kbp) Genes and regulatory elements Flanking RE recognition sites

Operon 1 (6.9) mrc1-6 (Socel128), vanR, Pvan, tD1 Stepwise: Pacl, XmalJl

Gibson: Pmel (5’ and 3’)

Operon 2-1 (6.2) mrc7-11 (Socel128), first part mrcl2 Stepwise: BspTl, XmalJl

(Soce1128), Puan Gibson: Pmel 57, EcoRI 3’

Operon 2-2 (7.5) Second part mrc12 (Socel128), mrc 13-15 Stepwise: EcoRl, Xmall

(Soce1128), tD1 Gibson: Bsal 5’, Pmel 3’

Operon 3 $BS0026 (5.2) mrc16-18 (SBS0026), Pvan, tD1 Stepwise: Mph1103I, XmaJl

Gibson: Pmel (5’ and 3’)

Operon 3 Socel128 (4.7) mrcl6 (SBS0026), mrc17-18 (Socel128), Stepwise: Mph1103Il, XmaJl

Pvan, tD1 Gibson: Pmel (5’ and 3’)

pMYClJ (4.3) tetR, p15A, Mx8 integrase Stepwise: Pacl, XmalJl

Gibson: Pmel (5’ and 3’)

The assembling strategy of the synthetic gene cluster by stepwise restrictive hydrolysis

and ligation is shown in Table 4-11 below.

Table 4-11 Assembling strategy by stepwise restrictive hydrolysis and ligation. The table lists the vector and insert
for each step, the RE recognition sites for insertion and the formed plasmid.

Vector Insert REs Formed plasmid
pMYCJ) Operon 1 Xmall, Pacl pMYCJ)_Opl
pMYCJ_Opl Operon 2-1 Xmall, BspTI pMYCJ)_Opl_2-1
pMYCJ_Opl1_2-1 Operon 2-2 XmaJl, EcoRl pMYCJ_Op1l-2
pMYCJ_Op1-2 Operon 3 (5B50026) XmalJl, Mph1103I pMYCJ_Full_SBS0026
pMYCJ_Op1-2 Operon 3 (Soce1128) Xmall, Mph1103I pMYCJ_Full_Soce1128
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4.6.3 Analysis of the integration of the synthetic maracen/maracin gene

cluster via Mx8 integrase

Table 4-12 Primers used to analyze the integration of the maracen/maracin gene cluster by colony PCR.

Primer name

Primer sequence 5’ — 3’

Mrc6 fwd GCTCATCGACCTGGGGTATT

Mrcb6 rev GCTTCAGGAGCTTCGAGAGG
Mrc2-3 fwd CGATGTACCGGTCCTGCTAT

Mrc2-3 rev CCAGGAACAAGGCGCAGGTC

Mrc9 fwd GCTGATGACCACCGAGGACGCGCAG
Mrc9 rev CGTGTCGTCTTGTGTGCGTGCTGCC
Mrc10-11 fwd GGTCGCTCCGGGCGGATTTC
Mrc10-11 rev CCTCGATGTACCGGGCGAGC

Mrc12 fwd CCGCGGAAGAGGTGCAAAGGCTCC
Mrcl2 rev GCGAGATAGACGAGCCCGACGCC
Mrc13-14 fwd GGAGCTCTGCGACCTTGTCA
Mrc13-14 rev GGTGCTTCGCCATGTACGAG
Mrc16 fwd GCGGAACACGAGCTCGGTGC
Mrc16 rev CGATCTCCGGGACGATCGCC
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The figure below shows the two repetitive sequences in the maracen/maracin gene cluster

caused by the almost identical genes mrc9 and mrci12.

phYC)_Full_5B50026
1 pLitiiil FLIT

10,000

Full_SBSo026

pMYC]

20,000

Figure 4-6 Dotplot alignment of the gene construct pMYCJ_Full_SBS0026 against itself visualized by Geneious.
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5 Discussion

This thesis focused on aspects of myxobacterial natural product (NP) research, with an
emphasis on heterologous production of bioactive myxobacterial secondary metabolites and
the elucidation of their biosynthesis. The projects of this thesis are split in three chapters. The
second chapter describes the in silico design of a synthetic myxovalargin (MXV) gene cluster
and its heterologous expression in the surrogate host Myxococcus xanthus DK1622. The
successful heterologous expression initiated in-depth analysis of the MXV biosynthesis by
biosynthetic pathway engineering of the expression construct as well as efforts to increase
the production vyield. The third chapter deals with the macrolide-glycoside antibiotic
disciformycin (DIF), isolated from the myxobacterium Pyxidicoccus fallax AndGT8 and
exhibiting strong activity against methicillin- and vancomycin-resistant Staphylococcus aureus
(MRSA/VRSA) strains.®! The a-chloro divinyl ether and ethynyl vinyl ether antibiotics
maracen/maracin, discovered in the two strains Sorangium cellulosum Socell28 and
Soce880,% are described in the fourth chapter. Both chapters focus on the investigation of the
biosynthesis and efforts to discover all involved genes by heterologous expression of the PKS
machinery and putative tailoring enzymes (DIF), as well as an in silico designed synthetic gene

cluster (maracen/maracin), in the heterologous host M. xanthus DK1622.

5.1 The importance of myxobacterial NPs and sufficient supply

thereof

NPs produced by microorganisms are promising candidates for pharmaceutical
applications regarding their bioactivity. Through optimization of secondary metabolites over
millions of years of evolution to utilize them for their advantage over competitors, those
microbial NPs obtained fascinating activities for a large selection of targets.'> Considering
those properties, NP discovery gained increasing attention and importance to harvest those
bioactive secondary metabolites for pharmaceutical applications.*> NPs with antibacterial
activity received a special interest during the last decades due to the increasing threat of
antimicrobial resistance. Myxobacteria became a promising source for drug discovery and
novel lead structure development*®4 with more than 100 discovered unique core structures
exhibiting fascinating bioactivities and modes of action.>>>317> However, the journey from the
discovery of a NP to the entrance in the market for pharmaceutical application is long,

expensive, and requires extensive research such as bioactivity studies, structure analysis,
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pharmacokinetic studies, in vivo models etc.. In order to conduct these studies a large supply
of the desired NP is required, which is in many cases not given by the native producer strain
that only produces trace amounts thereof. For this reason, it is necessary to improve the
production yield of the desired NP, which is often one of the first objectives after discovery of
the compound. Unfortunately, such native strains are often difficult to cultivate under

laboratory conditions, which leads to low yields of the associated NP.

5.2 The importance of heterologous expression of NP biosynthetic

gene clusters (BGC)

The previous section described the importance of having a reliable supply and sufficient
amount of NPs with intriguing bioactivity for in-depth research thereof. Traditional methods
like optimization of media and culture conditions can significantly increase the yield of the
desired NP. These methods, however, are unspecific regarding targeted yield improvement
and can be time consuming with little to no success. More recent and more specific methods
applied to improve the supply of NPs are metabolic engineering or heterologous expression
of their BGCs. Metabolic engineering can lead to a targeted increase of precursor supply by
changing the metabolic pathway of primary and secondary metabolism in favor of the desired
NP. Further methods applied in native producers include e.g., induction of spontaneous
mutations,’®1’7 insertion of more suitable promoters,}’817° overexpression of positive
regulators,t'418% or disruption of negative regulators.!'>113181 On the downside, these
methods require knowledge about the metabolism and amenability for genetic manipulation.
This can be a difficult requirement to meet, especially for myxobacteria, for which only a few
studies are available on the investigation of secondary metabolism4%1°0182 3nd many native
producers are not genetically amendable. In this regard, the heterologous expression of NP
BGCs in well-established and investigated surrogate hosts can be very beneficial. Such
heterologous expression platforms can not only be utilized to optimize the medium
composition and cultivation conditions, e.g., optimization of media for the heterologous
production of the myxopyronins (MXN) and corallopyronins (COR) in M. xanthus DK1622
resulted in a 41-fold increased production titer of MXN A, and a 25-fold increased production
of COR A, respectively, compared to the standard CTT medium.83 The production yield can
further be improved by deleting competing BGCs in the host genome that share precursors

with the desired NP,®* or by improving the self-resistance of the host to the NP by
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overexpression of the resistance genes. The additional co-expression of the two ABC
transporter protein encoding genes mxvl and mxvK in the mutants M. xanthus
DK1622::pBeloBacMXV harboring the MXV BGC led to an increased MIC from 32 to >256 mg/L
in those producer strains, as described in section 2.4.2.3. Toxicity of bioactive NPs can
significantly hamper the production as reaching the MIC limit of the heterologous host will
lead to cell death. Furthermore, enabling regulated expression of the target BGCs by inducible
or constitutive promoters can lead to improvement of the production,’®> and more
importantly, inducible regulation can be very beneficial for production of antibacterial
compounds toxic to the surrogate host. Beside applications to increase the production yield
of desired NPs, heterologous expression is also an important tool for investigation of the
biosynthesis by targeted and seamless deletions, and for the generation of novel derivatives.
The latter can be realized by e.g., precursor feeding, mutasynthesis, deletion/insertion of
tailoring enzymes or deletion or swapping of modules or domains of the NRPS/PKS
megasynthetases and megasynthases. However, to conduct engineering towards production
of novel derivatives, it is crucial to understand the biosynthesis of the compound.
Furthermore, heterologous expression is pivotal for the emerging field of metagenomics.
Functional metagenomics aims to discover NPs of uncultured bacteria by extracting DNA
directly from soil samples, clone it into well-established heterologous hosts and screen the
mutants for novel chemicals.'®® A significant number of novel compounds has already been
discovered by this metagenomics approach, of which a selection are reviewed by Huo, Hug et
al.*Y” For the reasons discussed above, heterologous expression is an indispensable tool for

NP discovery and research with potential for future applications.

5.3 Investigation of the biosynthesis of myxobacterial secondary

metabolites by heterologous expression

As discussed above, heterologous expression of NP BGCs can be a helpful tool to e.g.,
elucidate the NP biosynthesis, engineer the structure, or to improve the production yield
thereof. These points were the main objectives of the research conducted described in
chapter 2—4 of this thesis. The second chapter deals with the heterologous expression of the
myxovalargins in the surrogate host M. xanthus DK1622. A synthetic BGC was designed based
on the native producer strain Myxococcus fulvus Mx f65. Genetic disruption experiments in

this native strain were previously performed to elucidate the borders of the gene cluster and
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narrow down the MXV BGC to a 66 kbp area including five NRPS and six adjacent genes.?’

Although these knockout experiments located the BGC responsible for the MXV production,
the biosynthesis was still hypothetical as additional tailoring enzymes might be involved
expressed at distant loci. The successful heterologous expression of the synthetic BGC in this
work confirmed the assigned correlation of these genes with the production of MXV and
enabled further investigations on the biosynthesis, as not all gene functions could be
elucidated previously due to hampered genetic amenability in the native producer strain. As
described in section 2.4.3, first efforts were taken into action to investigate the functions of a
putative B-hydroxylase expressed by the gene mxvH and a single PCP domain expressed by
mxvB, which features putative portions of an A domain. Previous attempts to investigate mxvH
and mxvB in the native strain provided limited results or were unsuccessful.'?’ The terminal
agmatine moiety is another intriguing step of the biosynthesis, which can be investigated with
the heterologous expression platform. It is currently suggested to be incorporated by the
terminal C domain and thereby releasing MXV. The cyanobacterial peptide aeruginoside 126B
is the only other known compound with a terminal agmatine moiety and the NRPS assembly
line harbors a terminal C and PCP domain.'3> Usually the growing polypeptide is released by a
thioeserase | (TE) domain at the C-terminus of a NRPS assembly line. However, many PK and
NRP biosynthetic pathways feature a different chain release mechanism, which has been
recently reviewed by Little and Hertweck.'®” For example, chain release by condensation-like
Cr domains located at the C-terminus (like TE | domains) via macrolactamisation, amidation,
Dieckmann condensation, hydrolysis, transesterification, or lactonisation have been
described.’®” One noteworthy example is the terminal Cr-domain-catalyzed chain release in
the biosynthesis of wortmanamide B via amidation by the achiral amino acids 5-
aminopentanoic acid (5PA) or B-alanine.'® A similar chain release mechanism via amidation
with agmatine at the terminal C domain could be catalyzed in the MXV biosynthesis. Future
approaches should aim to investigate the chain release and incorporation of agmatine by e.g.,
inactivation of the terminal C domain or replacing it with a TE | domain. Elucidating and
understanding the biosynthesis is of great importance for attempts to optimize the structure
of MXV to e.g., decrease the cytotoxicity or to improve the pharmacokinetic properties of the
molecule. Current approaches aim to investigate the substitution of the terminal agmatine

unit by structurally related moieties (personal communication with Dr. Kamaleddin Tehrani).
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Figure 5-1 Investigations on the biosynthesis of MXV A by biosynthetic pathway engineering, initiated in this
work. 1) Inactivation of mxvB by single point mutation to confirm its function for supply of the isovaleric acid
starter unit. 2) Deletion of mxvH to analyze its involvement in the formation of a, B-dehydrovaline and —
isoleucine and B-hydroxyvaline. Dotted rectangle: The incorporation of the agmatine unit is an intriguing step of
the biosynthesis that should be investigated in future experiments. The conducted experiments are discussed in
detail in sections 2.4.3.1 and 2.4.3.2.

The completeness of the BGC is crucial for the heterologous expression in a surrogate
host. On the other hand, heterologous expression can be used to find the genes involved in
the biosynthesis of a target compound, which was the primary goal of the chapters 3 and 4
described in this thesis. The proposed biosynthesis of DIF is based on a PKS cluster found in
the native producer Pyxidicoccus fallax AndGT8.5% Heterologous expression of the
hypothetical BGC did not deliver production of DIF, it did however produce the DIF core
aglycon produced by the PKS genes difBCDEFG.1%2 The established heterologous expression
platform in M. xanthus DK1622 was further utilized to search for the additional required
tailoring enzymes to form the final DIF structure. Earlier, Dr. Konrad Viehrig had revealed the
functionality of DifA as a P450 monooxygenase, consistent with its predicted role in
hydroxylation at C-6.1%2 In this work, we were able to identify a putative Fe-S oxidoreductase
expressed by difH which most likely catalyzes the double-bond formation at C-3 of the aglycon
(see section 3.4.3). The DIF biosynthesis further requires a glycosylation and acylation, for
which the heterologous expression platform should be used for further efforts to discover the
responsible tailoring enzymes. Heterologous expression of the complete DIF scaffold would

be highly desirable to conduct further research, as this compound shows strong activity

149




Chapter 5 — Discussion

against several Gram-positive and Gram-negative pathogens, including MRSA/VRSA indicator

strains.t!

difA difB difc difD difE difF difG difH digl
—————

utative substrate for DifA ? Glycosyltransferase

? Acyltransferase

difB — difG = PKS genes

difA = P450 monooxygenase

difH = Fe-S oxidoreductase

difl = CRP-like DNA-binding protein

Figure 5-2 Overview of the involved genes in the DIF biosynthesis and the parts of the molecule they form. The
PKS assembly line expressed by difBCDEFG forms the core scaffold (grey) and DifH the double bond at C-3 (blue).
DifA is assumed to introduce the hydroxygroup at C-6 (dark yellow) while the glycosylated core scaffold (light
yellow) is suggested to be the substrate of DifA at this point. A glycosyltransferase and acyltransferase are still
missing for the hypothetical biosynthesis (light and dark red), while difl does not seem to be involved.

Problems on a different stage of biosynthesis elucidation and heterologous production
were encountered in the attempt to heterologously express the maracen/maracin gene
cluster. The biosynthetic pathway is only hypothetical to this point and the heterologous
expression of an in silico designed and de novo synthetized maracen/maracin BGC containing
the putative genes mrc1-18 in M. xanthus DK1622 did not yield any production of target
molecules. There are several reasons for the unsuccessful heterologous expression, which are
discussed in detail in section 4.4.3. One cause could be an incomplete BGC missing important
genes or including wrong genes. This reason would be particularly difficult to investigate, since

the native producer strains are not amenable to genetic manipulation.

A juxtaposition of the three chapters of this work again underlines the importance of a
heterologous production of NPs in well-established surrogate hosts. The possibilities enabled
in the MXV project with the successful heterologous expression platform stand in strong
contrast to the limitations that were faced in the DIF and maracen/maracin projects.
Biosynthesis elucidation, structure optimization by e.g., BGC engineering, and production
yield improvement are important constituents in the development of a NP towards its
applications as a new drug. Further efforts and troubleshooting in the DIF and

maracen/maracin heterologous expressions are therefore highly recommended.
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5.4 Considerations towards heterologous production of

myxobacterial secondary metabolites

Several aspects need to be considered before designing a heterologous expression
platform. They include evaluation of a suitable surrogate host, adaption of the regulatory
system of the target BGC to suite the new host, as well as an efficient cloning system to

mobilize the BGC from the native strain and transfer it to the heterologous host.

The chosen surrogate host should be well-established regarding laboratory cultivation
and techniques for genetic manipulation. Methods for a stable genome integration or
maintenance of plasmid constructs harboring the non-native BGC, and a suitable regulatory
system for the gene expression have to be available. For the expression of myxobacterial
BGCs, especially polyketides, M. xanthus currently seems to be the best heterologous host.&
Pseudomonas putida was also shown before to be a suitable surrogate host for NPs, e.g., for
the production of myxochromide S and pretubulysin.'®®1%2 For actinomycete-derived BGCs on
the other hand, engineered streptomycetes such as S. coelicolor'®3, S. avermitilis*®*, S.
lividans'®, or S. albus 11074'%%, have been revealed as advantageous hosts. Several other
surrogate hosts such as E. coli*®® or Bacillus subtilis*®” have been shown to successfully express
BGCs of various descends. However, the model host M. xanthus is still the best choice for
myxobacterial secondary metabolites. BGCs from the myxobacterial suborder Sorangineae
are less likely to be expressed successfully in M. xanthus.'*® It is generally assumed that
heterologous expression in closely related hosts is more efficient than in phylogenetically
distant hosts because the functionality of transcriptional elements of a BGC such as promoters
and ribosomal binding sites is more likely, as well as a similar codon usage renders the
translation more efficient.1® As discussed in section 4.4.3, this could also be a reason for the
yet unsuccessful heterologous expression of the Sorangium cellulosum descendant
maracen/maracin BGC in M. xanthus DK1622. Unfortunately, no well-developed Sorangium
cellulosum host for heterologous expression was established to date, although some strains
of that suborder are accessible to genetic manipulation.’*® The establishment of a S.
cellulosum surrogate host is highly desirable for expression of phylogenetically related
Sorangineae BGCs. It could be crucial for a successful heterologous expression of the
maracen/maracin BGC and enable elucidation of the biosynthesis thereof. However, since no

such host is available at the moment, codon optimization of the synthetic BGC for an adaption
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of the translation rate in the M. xanthus DK1622 host could be a viable attempt to make the
heterologous expression work. The regulatory system was already adapted for expression in
M. xanthus by utilizing a vanillate inducible promoter and a tD1 terminator.3%168 This system
was shown to be successful in M. xanthus multiple times before, as just recently shown in the
here described heterologous expression of a synthetic MXV BGC. To ensure no interference
of native promoters and terminators with the Pvan/tD1 system, intergenic regions were

deleted when designing the synthetic maracen/maracin BGC.

Besides deciding for a suitable surrogate host, the desired BGC has to be mobilized into
vectors for transformation, integration, and heterologous expression. Traditionally, the BGCs
of interest were often obtained from the native producer strain by cosmid, fosmid or bacterial
artificial chromosome (BAC) libraries. Recent developments in genome accessibility and
genetic engineering enabled to bypass construction and screening of genomic libraries.*t’
Multiple methods emerged that showed successful mobilization of NP BGCs into vectors for
cloning and heterologous expression, e.g., Gibson assembly*?!, transformation-associated
recombination (TAR)®%2%0 linear plus linear homologous recombination (LLHR)?°%292, gnd
Cas9-assisted targeting of chromosome segments (CATCH)'?! among others. The ExoCET
method (Exonuclease Combined with RecET recombination), which combines in vitro
exonuclease with LLHR enabled direct cloning of the 106 kbp salinomycin BGC into a BAC
vector.?® Methods that enable mobilization of large myxobacterial BGCs are of great

importance, as these BGCs typically range from 10 to 120 kbp!'’ (e.g., MXV comprises a 66
kbp BGC).

The recently emerged de novo synthesis of DNA in combination with in silico design of
BGCs comes along with the possibility to completely re-organize the BGCs regarding operon
structure, regulatory system, and strategy for assembly and cloning. The cloning strategy,
however, should be chosen carefully as assembly of such large BGCs containing
megasynthetases and megasynthases is not trivial. Some problems that can appear are
described in the MXV chapter (sections 2.4.1.3 and 2.4.2). Since the MXV NRPS assembly line
contains two large repetitive sequences, likely caused by the incorporation of repeating amino
acid building blocks, homologous-based assembly techniques were excluded as possible
strategy. TAR cloning for example, based on recombination of homologous regions, could lead

to recombination of the said repetitive sequences and cause deletions of essential cluster
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parts in between. The classical digestion and ligation approach was chosen to bypass this
issue. This strategy however turned out to be very time-consuming, especially since
transformation efficiency drastically decreases with increasing size of the inserted BGC'**> and
multiple transformation steps in E. coli were required for the cloning process. For small BGCs
on the other hand, this strategy can be reliable and efficient. The ~30 kbp maracen/maracin
BGC was assembled with this technique within five weeks. Additionally, the repetitive
sequences seemed to have impeded the transformation and genome-integration process.
Several mutants were lacking parts of the cluster between those repetitive sequences that
were likely deleted during the integration into the genome (discussed in detail in section
2.4.2.1). Adaptions on the M. xanthus transformation protocol seemed to have a positive
impact on the integration efficiency, or increasing the chance of integration without deletions,
respectively. The same issue was exhibited before in the heterologous expression of the
argyrins (personal communication with Dr. Domen Pogorevc) and could have happened in the
transformation and integration process of the synthetic maracen/maracin BGC, as this gene
cluster contains two genes with almost identical sequences. Further investigations with PCR
analysis or sequencing of genomic DNA have to be conducted in the future to confirm the
complete integration of the maracen/maracin BGC. Nevertheless, for future approaches to
clone BGCs with similar properties as the MXV gene cluster, Gibson assembly could be
considered as an alternative cloning strategy. The homologous recombination is based on
small regions (~20 bp) on the 5’ and 3’ ends of the DNA fragments that are processed with
exonucleases. Larger repetitive sequences within the DNA fragments should in theory not be
problematic. For example, Li et al. were able to assemble the 67 kbp long GC-rich
pristinamycin Il biosynthetic gene cluster from Streptomyces pristinaespiralis with a modified

Gibson assembly strategy.?%*

5.5 Semi-synthesis of NPs as complement to heterologous

expression

The total synthesis of microbial NPs can be a viable alternative to the heterologous

expression in some cases and is often pursuit in parallel. A significant number of NPs was

205 207

already successfully synthesized, e.g., griselimycin?>, chloromyxamid?®, and bottromycin?®’,
amongst others. Chu et al. were even able to manufacture novel antibiotics active against

MRSA strains by total synthesis based on bioinformatic prediction of primary sequences,
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completely bypassing the need for bacterial cultivation, and gene expression?%, underlining
the benefit total synthesis combined with genome mining can accomplish. However, total
synthesis of NPs also features some drawbacks. The large and complex structures of many PKS
or NRPS derived NPs require multiple synthesis steps leading to minimal product yields and
the presence of stereo centers in the molecules often significantly hamper the synthesis.
Moreover, the optimization of the compound by modifying the structure to obtain novel
analogues can be difficult to achieve. Heterologous expression of NP BGCs on the other hand,
if successful, can lead to superior yields compared to total synthesis and production titers can
further be optimized or scaled-up to large fermentation volumes. Additionally, structure
optimization by genetic engineering of the BGC can lead to novel analogues with improved
bioactivities. Biosynthetic pathway engineering in the darobactin heterologous expression
platform resulted in the production of 13 new ‘non-natural’ and four previously hypothetical
natural darobactin derivatives.?® One of the new ‘non-natural’ derivatives exhibited

significantly improved activities compared to darobactin A.

Total synthesis of MXV was only recently accomplished!3® (submitted manuscript) after
significant efforts over years of a whole dissertation project.?'° Total synthesis of the large
NRP MXV containing 14 amino acids (including unusual dehydro- and hydroxy amino acids) is
a time consuming and difficult process. Although the heterologous expression of the synthetic
MXV BGC was time consuming and difficult as well, the established heterologous expression
platform with reasonable yields in this case is superior to the total synthesis considering MXV

production and possible structure engineering approaches.

The total synthesis of DIF, which was achieved before by Waser et al. and Kwon et
al., %2211 is to date the only possibility to produce DIF aside from cultivation of the native
producer. However, the total synthesis could potentially be beneficial for biosynthesis
elucidation by analyzing hydroxylation by DifA of a synthetically glycosylated DIF aglycon. This
so-called semi-synthetic approach is an advantageous combination of heterologous
expression and chemical synthesis. Since the core aglycon of DIF including the C-C double-
bond can be produced heterologously in M. xanthus DK1622, the missing glycosylation,
hydroxylation, and acylation could be catalyzed synthetically, which would bypass multiple
synthesis steps. A semi-synthetic approach can also be applied for structure optimization of

MXV. Currently, the terminal agmatine unit prevents linkage of moieties to the MXV structure
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since no terminal carboxylic group is available. The heterologous expression platform,
however, enabled pathway engineering approaches to delete one or multiple terminal
modules of the NRPS assembly line. A premature release of truncated myxovalargin
derivatives lacking the agmatine unit (or multiple peptides), would amount to a free terminal
carboxylic group, enabling linkage of different peptides. These new analogues can be
examined for potentially improved physico-chemical properties or antibacterial activity. A
popular example is the semi-synthesis of the anti-cancer drug Paclitaxel from the precursor
10-deacetyl baccatin I11.212 Further, the semi-synthesis of the novel tetracycline class
antibiotics like doxycycline and tigecycline from NP antibiotic scaffolds obtained by

fermentation are noteworthy.?!3:214
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Figure 5-3 Deletion of terminal NRPS modules to enforce the premature release of truncated MXV derivatives.
Truncated MXV with a free terminal carboxylic group can serve as template for semi-synthetic modification
reactions in order to produce derivatives with improved physico-chemical properties and antibacterial activity
profile.

The here discussed comparison of total synthesis and heterologous expression of

myxobacterial NPs again underline the benefits of a functioning heterologous expression
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platform. However, combining the advantages of both methods in semi-synthetic approaches

can be beneficial to obtain novel analogues or to complete an inchoate or partial biosynthesis.

5.6 Final conclusion

This thesis focused on the heterologous expression and biosynthesis elucidation of the
peptide antibiotic MXV, the macrolide-glycoside antibiotic DIF, and the a-chloro divinyl ether
and ethynyl vinyl ether antibiotics maracen/maracin. The in silico designed MXV BGC lead to
a successful heterologous expression with promising production yields, opening possibilities
for biosynthetic pathway engineering and analysis of important biosynthetic steps. Initial
investigations described in this work deal with the putative B-hydroxylase MxvH and the single
PCP domain MxvB, and future experiments should confirm their hypothetic functions.
Furthermore, the intensive troubleshooting efforts and cloning and transformation protocol
adaptions should be beneficial for future projects attempting to mobilize and express large NP
BGCs with similar features in the surrogate host M. xanthus DK1622. The attempt to fully
elucidate the biosynthesis of DIF with a heterologous expression platform in M. xanthus
DK1622 was only partly successful. In addition to the DIF core scaffold produced by the core
PKS genes difBCDEFG achieved before, the double-bond formation by a putative Fe-S
oxidoreductace expressed by difH was revealed. Nevertheless, these are important findings
as basis for future attempts to discover the missing tailoring enzymes for the glycosylation and
acylation. In silico design and heterologous expression of a putative maracen/maracin gene
cluster in M. xanthus DK1622 did ultimately not result in production of the desired compound
or derivatives thereof. Several troubleshooting trials, including lessons learned from the MXV
project, as well as efforts like establishing a Sorangium cellulosum surrogate host or optimize
the codon usage, are some of the aspects highly recommended for future approaches to
successfully produce the maracens/maracins heterologously. The efforts of this thesis
provided new insights to establish unprecedented heterologous production systems in
myxobacteria and can be seen as a compass for future engineering and heterologous

expression endeavors.
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