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Abstract

Within this thesis, a new technique for natural product biosynthetic gene cluster (BGC)
cloning and expression was co-developed and extended by an easy, mRNA-independent
method to check for full gene transcription immediately during heterologous expression.
Direct Pathway Cloning (DiPaC) allows capturing of small- to mid-size gene clusters
straight into vectors utilizable for heterologous expression. Already during this process,
the respective DNA sequence can be modified, e.g., by adding, exchanging or deleting
genomic regulators such as promoters and terminators or by rearranging the order of
individual genes. The applicability of DiPaC to clone challenging secondary metabolite
BGCs was demonstrated on three examples.

The cyanobacterial, hexapeptidic anabaenopeptins are protease inhibitors, which are
biosynthesized in different variants by several distinct cyanobacteria. Nostoc punctiforme
PCC 73102 produces the two L-homophenylalanine (L-Hph) and L-homotyrosine (L-Hty)
containing variants anabaenopeptin NZ857 and nostamide A encoded on the 29.2 kb apt
gene cluster. The genes responsible for the homoamino acid biosynthesis are located up-
and downstream of the core nonribosomal peptide synthetase (NRPS) unit, which consists
of four genes necessary for sequential assembly and cyclization of the final products.
Utilizing DiPaC, the apt BGC was integrated into two different expression plasmids,
which allowed independent expression induction of the precursor synthesizing enzymes
and subsequently the NRPS assembly machinery. This strategy led to the first successful
production of anabaenopeptin NZ857 and nostamide A in the heterologous expression
host Fscherichia coli BAP1.

Sodorifen is a volatile organic compound (VOC) with so far unknown biological activity,
which is produced by various Serratia plymuthica strains. S. plymuthica WS3236 features
a potential 4.6 kb sodorifen producing cluster (sod), which was cloned with DiPaC. Its
predicted identity was subsequently confirmed by heterologous expression in E. coli BL21.
At the same time, a transcription reporter system based on the C-terminally attached
green fluorescent protein (GFP) was successfully employed. By altering the cultivation
conditions, the heterologous sodorifen production rate could be increased up to 26-fold
compared to the wild type strain, while the purity of the compound in raw extracts was
shown to be above 90%.
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Abstract

Ambigols are polychlorinated natural products synthesized by Fischerella ambigua 108b
that exhibit interesting antibacterial, antifungal and cytotoxic activities. So far, three
different derivatives, ambigol A-C, have been described. They are comprised of three
dichlorophenol (DCP) units, which are linked via biaryl- and biaryl-ether-bonds and ex-
hibit unusual bond connectivities. The two chlorine atoms on the central phenol unit of
ambigol A and B are located in relative meta position. In ambigol C the biaryl-ether-
bonds connecting the three phenols are found in meta position relative to the hydroxy
group of the central phenol. By now, there is no enzymatic mechanism known which
could explain either the biaryl bonds or the chlorine atoms in these positions. Therefore,
the ambigol biosynthesis was investigated on different levels within this work.

The previous bioinformatic identification of the potential 14.2 kb ambigol (ab) BGC in
F. ambigua was updated based on sequence alignments with the latest available genomic
data sets. The identity of the ab cluster was confirmed by heterologous expression in
the cyanobacterial host Synechococcus elongatus PCC 7942. This was only possible by
extending the method for natural cyanobacterial transformation, as integration of large
DNA fragments into the Synechococcus genome has not been described so far. By splitting
the ab cluster in half and subsequently integrating both parts into different chromosomal
neutral sites using DiPaC, double mutants expressing at least one ambigol molecule could
be generated.

The ab cluster harbors two cytochrome P450 enzymes, Ab2 and Ab3, which are believed
to introduce all biaryl- and biaryl-ether-bonds present in the ambigols. Their enzymatic
reactivities were characterized using multiple approaches. After heterologous expression
in E. coli BL21 and subsequent purification, in vitro assays were conducted with the
potential substrate 2,4-dichloropheol (2,4-DCP). The structures of the reaction products
were elucidated using chemically synthesized standards. Ab2 was found to catalyze the
formation of mainly one biaryl-ether coupled dimer, whereas Ab3 mainly formed a biaryl-
coupled dimer. Both observed products feature the newly formed bond only in the usually
permitted ortho position relative to the hydroxy group. These results were verified by
i vivo 2,4-DCP feeding assays using both heterologous E. coli and S. elongatus strains
expressing Ab2 and/or Ab3.

viil



Zusammenfassung

Im Rahmen dieser Arbeit wurde eine neue Technik zur Klonierung und Expression von
Naturstoff-Biosynthese-Genclustern (BGCs) mitentwickelt und um eine einfache, mRNA-
unabhangige Methode zur Kontrolle auf vollstandige Gentranskription direkt wahrend
der heterologen Expression erweitert. Direct Pathway Cloning (DiPaC) ermoglicht die
Integration kleiner bis mittelgrofler Gencluster direkt in fiir die heterologe Expression
geeignete Vektoren. Die entsprechende DNA-Sequenz kann schon wéhrend dieses Prozes-
ses modifiziert werden, beispielsweise durch Addition, Austausch oder Deletion genomis-
cher Regulatoren wie Promotoren und Terminatoren, oder durch das Vertauschen der
Reihenfolge einzelner Gene. Die Eignung von DiPaC zur Klonierung anspruchsvoller Se-
kundarmetabolit-BGCs wurde anhand dreier Beispiele demonstriert.

Die cyanobakteriellen, hexapeptidischen Anabaenopeptine sind Proteaseinhibitoren,
welche in verschiedenen Varianten von mehreren Cyanobakterien synthetisiert werden.
Nostoc punctiforme PCC 73102 stellt die beiden L-Homophenylalanin (L-Hph) und L-
Homotyrosin (L-Hty) enthaltenden Varianten Anabaenopeptin NZ857 und Nostamide
A her, welche auf dem 29,2 kb grofien apt Gencluster codiert sind. Die fiir die Ho-
moaminosaure-Biosynthese verantwortlichen Gene befinden sich up- und downstream der
zentralen nichtribosomalen Peptidsynthetase-(NRPS)Einheit, welche aus vier Genen bes-
teht und fiir den Aufbau und die Zyklisierung des finalen Produkts verantwortlich ist.
Unter Verwendung von DiPaC konnte das apt BGC aufgeteilt und in zwei verschiedene
Expressionsplasmide integriert werden. Dadurch war eine unabhangige Expressionsin-
duktion der Vorstufen-synthetisierenden Enzyme und anschliefend der assemblierenden
NRPS-Maschinerie moglich. Diese Strategie fiihrte zur ersten erfolgreichen Produktion
von Anabaenopeptin NZ857 und Nostamide A in dem hetererologen Expressionsstamm
FEscherichia coli BAP1.

Sodorifen ist eine volatile organische Verbindung (VOC) mit bisher unbekannter bi-
ologischer Aktivitat, welche von verschiedenen Serratia plymuthica Stammen produziert
wird. S. plymuthica WS3236 enthalt ein potentielles, 4,6 kb grofles Sodorifen-Cluster
(sod), welches mit DiPaC kloniert und anschlieBend durch heterologe Expression in E. coli
BL21 verifiziert wurde. Gleichzeitig wurde ein erfolgreiches Transkriptions-Reportersystem

entwickelt, welches auf dem C-terminal angefiigten, griin fluoreszierenden Protein (GFP)
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Zusammenfassung

basiert. Durch Variation der Kultivierungsbedingungen konnte eine 26-fach hohere, het-
erologe Sodorifenproduktion im Vergleich zum Wildtyp-Stamm erzielt werden, wobei die
Reinheit der Substanz im Rohextrakt bei iber 90% lag.

Ambigole sind polychlorierte Naturstoffe, welche von Fischerella ambigua 108b syn-
thetisiert werden. Sie weisen interessante antibakterielle, antimykotische und zytotoxische
Aktivitaten auf. Bisher wurden drei Derivate, Ambigol A-C, beschrieben. Sie bestehen
aus drei Dichlorphenol-Einheiten, welche tiber Biaryl- und Biaryletherbindung verkniipft
sind und weisen ungewohnliche Bindungskonnektivitaten auf. Die beiden Chloratome an
der zentralen Phenol-Einheit von Ambigol A und B befinden sich in relativer meta Posi-
tion. Bei Ambigol C liegen die Biaryletherbindungen, welche die drei Phenole miteinander
verbinden, in relativer meta Positionzur Hydroxygruppe des zentralen Phenols vor. Bisher
ist keine enzymatische Reaktion bekannt, welche entweder die Biarylbindungen oder die
Chloratome in diesen Positionen erkléaren konnte. Daher wurde die Ambigol-Biosynthese
im Rahmen dieser Arbeit auf mehreren Ebenen untersucht.

Die vorangegangene, bioinformatische Identifikation des potentiellen, 14,3 kb grofien
Ambigol (ab) BGCs in F. ambigua wurde auf Basis neuester genomischer Datenséitze
aktualisiert. Die Identitat des ab Clusters wurde durch heterologe Expression in dem
cyanobakteriellen Wirtssystem Synechococcus elongatus PCC 7942 bestatigt. Die zur
natiirlichen Transformation von Cyanobakterien verwendete Methode musste hierfiir weiter
entwickelt werden, da die Integration derart langer DNA Fragmente in das Genom von
Synechococcus bisher nicht beschrieben wurde. Unter Verwendung von DiPaC konnte,
durch das Halbieren des ab Clusters und die aufeinanderfolgende Integration beider Teile
in verschiedene neutrale Stellen innerhalb des Chromosoms von S. elongatus, erfolgreich
eine Doppelmutante erstellt werden, welche mindestens ein Ambigol-Derivat synthetisiert.

Das ab Cluster enthalt die beiden Cytochrom P450 Enzyme Ab2 und Ab3, von welchen
anzunehmen ist, dass sie fiir die Installation aller Biaryl- und Biaryletherbindungen in
den Ambigolen verantwortlich sind. Die enzymatische Reaktivitat beider Proteine wur-
den mithilfe verschiedener Ansétze charakterisiert. Im Anschluss an die heterologe Ex-
pression in E. coli BL21 und die darauf folgende Reinigung wurden in vitro Assays mit
dem potentiellen Substrat 2,4-Dichlorphenol (2,4-DCP) durchgefiihrt. Die Strukturen
der Reaktionsprodukte wurden durch Vergleiche mit chemisch synthetisierten Standards
aufgeklart. Ab2 katalysiert die Bildung eines Biarylether-verkniipften Dimers, wahrend
Ab3 hauptsachlich ein Biaryl-verbriicktes Dimer bildet. Beide beobachteten Produkte
enthalten die neu gekniipften Bindungen in iiblicher ortho-Position relativ zur Hydroxy-
gruppe. Diese Ergebnisse wurden durch in vivo 2,4-DCP-Feedingassays mit Ab2 und/oder

Ab3-exprimierenden, heterologen E. coli und S. elongatus Stammen bestatigt.
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1 Introduction

1.1 Natural products as essential pharmaceutical

leads

Natural products - also termed secondary metabolites - are organic compounds synthe-
sized by living organisms such as bacteria, plants and fungi that are not essential for
their survival. They continuously evolved over thousands of years to generate a cer-
tain advantage for the producer, e.g., by repressing competitors in the same habitat,
repelling enemies or enabling ways of intra- and interspecies communication. Originat-
ing from standard metabolic intermediates such as acetyl- and propionyl-CoA, mevalonic
acid, methylerythritol-4-phosphate and various amino acids, these substrates can undergo
numerous modifications, finally leading to an almost infinite number of individual natural
products [1, 2]. Our main interest in secondary metabolites arises from their evolution-
based optimized biological functions, which can often be repurposed for pharmaceutical
interests.

Long before famous Sir Alexander Fleming discovered the first antibiotic penicillin in
1928 by serendipity [3], humankind started to use especially plant-based natural products
as a source of medication. We have knowledge about the application of more than 1000
plant-derived substances in Mesopotamia (2600 B.C.), including morphine (1)-containing
Papaver somniferum used as an analgesic and Cupressus sempervirens oil for colds, cough-
ing and bronchitis [4-7]. An ancient Egyptian papyrus dating back to circa 1500 B.C.
describes over 850 healing plants such as the anti-inflammatory Aloe vera harboring aloe
emodin (2) and aloin (3) and the labour stimulating Ricinus communis [8-10]. Records
of Chinese traditional medicine from around 1000 B.C. are rich sources of natural prod-
uct containing plants used for medical purposes, including Artemisia annua harboring
anti-malarian artemisinin (4) and the pain-killing tubers of Corydalis yanhusuo [11, 12].
The Indian Ayurvedic system evolved simultaneously and describes more than 800 phar-
maceutically active plants, e.g. the reserpine (5) containing Rauvolfia serpentina used to
treat snake bites or Withania somnifera exhibiting anti-inflamatory properties [4, 6, 13].

A structural overview on the so far mentioned natural products is given in Figure 1.
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Figure 1. Pharmaceutically active secondary metabolites found in healing
plants used by various ancient cultures. Pain-relieving morphine (1)
from Papaver somniferum used in Mesopotamia [4, 7, 14], aloe emodin (2)
and aloin (3) found in Aloe vera applied as anti-inflammatory drug in old
Egypt [15, 16], anti-malarial artemisinin (4) from Artemisia annua used in
traditional Chinese medicine [12, 17] and reserpine (5) contained in Rauvolfia
serpentina recommended to treat snake bites by the Indian Ayurvedic culture

(4, 18],

Historical knowledge of pharmaceutically active plants in the Western world is mainly
based on the Greek and Roman civilizations. Great natural scientists and physicians such
as the Greeks Theophrastus (300 B.C.), Dioscorides (100 A.D.) and Galen (200 A.D.) as
well as famous Roman Pliny the Elder (100 A.D.) gathered and preserved information
about the collection, storage and use of medicinal herbs to treat various diseases [19].
Within monasteries in England, France and Germany, this expertise was conserved during
the Dark and Middle Ages from the 5th to the 12th century. Beyond that, the Arabs did
not only retain this knowledge, but expanded it by including their own know-how, as well
as parts of the traditional Chinese and Indian experience, which were so far unknown in the
Greece and the Roman empires [6]. In the 10th century, the Arab and the Greco-Roman
knowledge met in the south of Italy, which is said to be the start of the famous Salerno
school of medicine, a sort of antecedent to our modern universities. The invention of the
letterpress by Johannes Gutenberg in the 15th century allowed the effective distribution
of this expertise throughout entire Europe, e.g., by books like “The Mainz Herbal” and
the “German Herbal”, both written in 1484 by Peter Schoffer, the “Herbarium Vivae
Eicones” written by Otto Brunfels in 1530 or the “Kretitter Buch” written in 1546 by
Hieronymus Bock [20].



1.1 Natural products as essential pharmaceutical leads

One of the most important milestones in natural product pharmaceutical research in
modern times was the isolation of pure 1 (see Figure 1) from the opium poppy plant in 1804
by the German apothecary assistant Friedrich Sertiirner [21]. Not only did he discover
a new class of drugs, the alkaloids, but his finding also led to a strong intensification of
attempts to isolate other biologically active molecules from medicinal plants described so
far. In the following, many more pharmaceutically utilizable compounds, mostly alkaloids,
were discovered. This includes quinine (6) from Cinchona calisaya to treat malaria [22],
cocaine (7) with stimulating and hunger-suppressing effects found in Erythrozylum coca
[23], and codeine (8) present in Papaver somnifernum, which is a pain reliever as well
as a coughing medicine [24] (see Figure 2). The apothecaries who isolated, purified and
investigated those substances can be seen as the ancestors of modern pharmaceutical
companies, of which H. E. Merck, who worked in Darmstadt, Germany, was in retrospect

amongst the most successful ones [25].

pll [ S
6 Cinchona calisaya 7 Erythroxylum coca 8

Figure 2. Structures of natural products isolated in their pure form for the
first time in the 19th century. Quinine (6) found in the bark of Cinchona
calisaya is active against the malaria-causing Plasmodium falciparum [22, 26].
The stimulating substance cocaine (7) was isolated from Erythroxylum coca
23, 27] and codeine (8), used to treat pain and coughing, was extracted from
Papaver somnifernum also harboring 1 [24].

However, with the upcoming field of chemical synthesis evolving more and more, iso-
lation of (new) secondary metabolites was later neglected by efforts focusing on fully
synthesizing already known compounds of natural origin in the laboratory. This seemed
to be a more promising way to increase production rates while improving the purity and
quality at lower costs [20]. In 1853, salicylic acid, one of the oldest and widest known
plant secondary metabolite to reduce pain and fever found in Saliz alba was synthesized
for the first time by Charles Gerhardt [28]. The probably most important breakthrough
in natural product related pharmaceutical science is owed to Alexander Fleming, who, as
mentioned before, discovered the antibiotic penicillin at the beginning of the 20th century.
The substance is produced by the filamentous fungus Penicillium notatum, which grew
as a contamination on a Staphylococcus culture of A. Fleming. He discovered that the

bacteria could no longer grow in close proximity to the fungus and subsequently, the first
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p-lactam antibiotic penicillin G (9) (see Figure 3) was assigned to be the cause of his
observation [3]. Within the wartimes of the 1940s, 9 became a broadly used drug saving
countless lives, which in 1945 led to awarding of the Nobel Prize in Physiology or Medicine
to Alexander Fleming, Ernst Boris Chain and Howard Walter Florey for “The discovery of
penicillin and its curative effect in various infectious diseases” [21]. This finding ushered
in the “golden age of natural product drug discovery”, which was dominated by intense

investigations to identify new biologically active agents from natural sources [29].

o NHCH3 >/—NH 0 OH O HOHO
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Figure 3. Important antibiotic substances discovered in the early 20th cen-
tury. Penicillin G (9) was isolated from the fungus Penicillium notatum in
1928 [3], followed by the discovery of antimicrobial compounds produced by
Streptomyces spp. such as streptomycin (10) from S. griseus and chlortetra-
cycline (11) from S. aureofaciens [30].

In contrast to early times, research now focussed strongly on microorganisms as a
new resource for the discovery of useful pharmaceutical substances [6]. In the following
years, other important antibiotics such as the aminoglycoside streptomycin (10) from
Streptomyces griseus (winning the Nobel prize in 1952) or chlortetracycline (11) from
Streptomyces aureofaciens were identified (see Figure 3). Natural product research was
now mainly fueled by pharmaceutical companies, which tremendously increased their
efforts to develop novel drug types especially based on microbial fermentation technologies
[30, 31]. The spectrum of identified biologically active secondary metabolites originating
from microorganisms quickly grew bigger and bigger as immunosuppressive agents such
as cyclosporin (12) from the fungus Tolypocladium inflatum and rapamycin (13) from
Streptomyces hygroscopicus, cholesterol lowering substances such as mevastatin (14) found
in Penicillium citrinum and lovastatin (15) produced by Aspergillus terreus as well as
the anti-parasitic avermectin (16) from Streptomyces avermitilis were discovered in the
1970s (see Figure 4) [32].

This successful period of natural product based antimicrobial substance discovery ended
in the 1990s and a period that is now called the “innovation gap” or “discovery void” in
antibiotic research began [33]. The development of various important pharmaceuticals
was still ongoing, e.g., fueled by the discovery of the anti-tumor agent paclitaxel in the

bark of Tazus brevifoliaor used to treat various types of cancer [31]. However, in the field



1.1 Natural products as essential pharmaceutical leads

of antibiotics, no major new compound classes were identified. The quick occurrence of
(multi)resistant bacteria all over the world became one of the biggest health problems
of modern medicine. It was and still is mainly caused by the evolutionary pressure on
the bacteria and a massive misuse of antimicrobial substances, combined with the lack of
novel, innovative drugs to fight those pathogens.

HasC CH,

HyC CH
OH ©O N CH3 o 3 CH,

HSCY o) CH3 GH, O ; ; “/OH
HeC' H,cO  CHy CH,
CHs
12 13
HO
o)
M OCHs
HsC
HaC.. CH3

14 15

Figure 4. Structures of important natural product pharmaceuticals discov-
ered in the 1970s. Cyclosporin (12) from Tolypocladium inflatum and ra-
pamycin (13) from Streptomyces hygroscopicus have immunosuppressive ac-
tivities, mevastatin (14) produced by Penicillium citrinum and lovastatin (15)
from Aspergillus terreus are cholesterol lowering agents and avermectin (16)
found in Streptomyces avermitilis exhibits anti-parasitic activities [32].

At the same time, many of the big pharmaceutical companies stopped their natural
product isolation efforts and shifted their focus to synthetic and combinatorial chemistry.
The continuous re-isolation of the same active compounds, the difficulties in obtaining
sufficient amounts of biological material for further testing and developing, as well as
their challenging structural complexity made the development of promising drug candi-
dates too time consuming and expensive for many companies [20, 21]. Therefore, in the
following two decades, classical natural product chemistry has mainly been replaced by
endeavors to generate and screen synthetic libraries based on molecular target assays [34].

This strategy provides one big advantage as all substances introduced into activity test-
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ing had previously been successfully synthesized. Thereby, all time and money invested
in (unsuccessful) attempts to synthesize a promising secondary metabolite could be cir-
cumvented. Despite all these efforts put into the development of so-called new chemical
entities (NCEs) as innovative pharmaceutical leads, only one de novo chemical drug was
successfully released by 2015, which is the kinase inhibitor sorafenib (17) (see Figure 5)
used for renal and liver cancer treatment. In contrast, about 65% of all small molecule
approved drugs currently on the market are based on natural products [35]. During the
late 1990s, synthetic chemists realized that the myriads of new substances they had made
so far were missing two important features compared to compounds of natural origin [36].
Secondary metabolites do not only possess an enormous structural and chemical diversity
so far unmatched by any chemical library [37], but they have also been evolutionarily
adapted to their target structures for thousands of years, finally leading to an optimal
biological function. The randomly synthesized NCEs, by contrast, only had an inciden-
tal chance of interacting with a specific target without affecting any other structure or

pathway within the human body.
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Figure 5. Modern drugs developed and approved within recent years. The
anti-cancer drug sorafenib (17) is the only approved drug solely originating
from de novo combinatory chemistry approaches. Ceftaroline fosamil (18) is
an antibiotic natural product derivative and the virostatic telaprevir (19) as
well as the anti-diabetic ipraglifiozin (20) are both based on optimization of
secondary metabolite core structures [35].

Since the end of the last century, new strategies in drug discovery have evolved, leading
to the development of novel pharmaceuticals such as the antibacterial natural product
derivate ceftaroline fosamil (18), the virostatic compound telaprevir (19) inhibiting hep-

atitis C, and the anti-diabetic ipragliflozin (20). The latter both are based on natural
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product core structures (see Figure 5). Synthetic approaches now are more closely orien-
tated on structural scaffolds of natural origin and the chemical derivatization of promis-
ing natural product lead structures [35]. High throughput in vivo and in vitro screening
methods have been significantly improved to give more reliable results within a short
period of time [38]. Additionally, great progress was made in cultivatingn of so far un-
cultivable microorganisms [39], in genome sequencing and bioinformatic identification of
natural product biosynthetic gene clusters (BGCs) [40] and in the heterologous expres-
sion of those clusters [41]. All these advances will continue to significantly contribute
to the discovery of new biologically active and pharmaceutically usable compounds of
natural origin. It is undisputed that secondary metabolites will continue to be essential
key sources for the development of novel, innovative therapeutics [38]. With about two
million different species of plants, animals, fungi and microorganisms living on this planet
and so far only less than 5% screened for bioactive compounds, an encouraging foresight

into the future of drug discovery and development is allowed [42].

1.2 Volatile natural products

Volatile organic compounds (VOCs) are a fascinating group of molecules, which play
an important role in the overall organization of life. They are produced by plants [43—
47], fungi [48], bacteria [49], animals [50-53] and humans [54] and are typically small
lipophilic molecules with low molecular mass (<300 Da), high vapor pressure and low
boiling point. Their physical properties enable evaporation and distribution over long
distances, thus facilitating intra- as well as inter-species communication. However, the
mentioned characteristics also greatly exacerbate the investigation of volatile substances,
especially when it comes to the elucidation of long distance interactions [55]. During the
last decades, VOC related research mainly focused on induced interactions between plants

and insects.

Plants constantly exchange information concerning their surrounding environment via
chemical signals (biogenic VOCs) above and below the ground, which can result in acti-
vation of specific survival strategies [56]. (Negative) influences, such as diseases caused
by fungi, parasitic plants or nematodes and environmental factors like light, oxygen, air
pollution, soil composition or agrochemicals lead to the release of characteristic VOCs
[57-59]. The first identified plant volatile was ethene (CyHy), which can regulate ripen-
ing, germination, elongation, senescence and responses against (a)biotic stresses [60, 61].
Due to its importance as a phytohormone, the mechanisms of action have been intensively

studied. Ethene binds to a cellular membrane receptor protein, thereby initiating a phos-
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phorylation cascade resulting in changes within the transcriptional regulation of certain
genes. To date, no other VOC recognition receptor has been identified in plants [60].

Microorganisms are able to produce and release a plethora of volatile natural products,
some of which are well known to humankind as aroma and odor compounds made by
bacteria during the production of cheese [62], wine [63] and other fermented goods [64].
Likewise, the unpleasant smells arising from rotting food that naturally warn us from
consuming them are usually of bacterial origin. This process is an intuitive example for
inter-species, VOC based communication [49]. The bacterial contributions to changes
in odor and aroma in the processes of food transformation, e.g., during cheese produc-
tion, have been thoroughly characterized [65-67]. In contrast, the general capability of
bacteria to synthesize VOCs, as well as their complex natural functions and mechanisms
of action, have not been investigated very deeply yet. One of the reasons for this are
difficulties with assigning a VOC detected in a non-laboratory environment to either the
producing or the receiving and reacting organism. Despite that, a number of interesting
studies on bacterial volatile natural product chemistry under defined artificial conditions
have been published. Some microorganisms can produce a great variety of VOCs simul-
taneously. Certain Streptomyces strains for example are capable of releasing up to 80
different compounds [68]. The purpose of most bacterial volatiles remains elusive so far,
although several biologically relevant functions like communication and defense have been
suggested [69, 70]. Bacterial VOCs with antifungal activity have for instance presumably
evolved in order to restrict fast growing fungi within contested habitats [71-74]. They can
also serve as attractants for various animals [75-77] or promote growth [78] and defense
of plants [79].

The metabolic origins of volatile bacterial natural products are quite diverse. Hydro-
carbons, aliphatic alcohols and ketones are most likely derived from fatty acid precursors.
9-Methyldecan-3-one (21) and (5)-9-methyldecan-3-ol (22) (see Figure 6) are released
by the myxobacterium Myzococcus xanthus. Both compounds arise from leucine and in
total three malonyl-CoA units, one of which harboring an additional methyl group [80].
Buibuilactone (23) is not only a scarab beetle pheromone [81], but is also produced by
marine a-proteobacteria. The latter additionally synthesize (Z)-dodec-6-en-4-olide (24)
differing from 23 only in the position of the double bond [82]. Interestingly, this molecule
is also found in secretions of two antelope species and is produced by the bacterium
Planococcus citreus living in the interdigital glands of these animals [83].

Many bacterial VOCs identified so far have been shown to be attractants for fruit
flies including the nitrogen containing compounds triethylamine (25), 1-pyrroline (26),
tetrahydropyridine (27), as well as methylated pyrazines (28) (see Figure 6) [75, 77, 84].
Pyrazines with longer side chains can be frequently found in flies, bees and ants and

are believed to be of bacterial origin [85]. Methoxylated pyrazines (29) are widespread
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in Nature and can be detected by humans even in very low concentrations due to their
characteristic odor. They are thought to act as warning signals emitted by toxic insects
[86], but are also responsible for the musty smell of wine corks [87] and act as attractants
to the pineapple beetle Carpophilus humeralis [88, 89]. The biosynthetic origin of pyrazine
containing VOCs has not yet been fully elucidated.
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Figure 6. Structures of bacterial volatile organic compounds (VOCs).
9-Methyldecan-3-one (21) and (S5)-9-methyldecan-3-ol (22) are synthesized
by Myzococcus zanthus [80]. Buibuilactine (23) and (Z)-dodec-6-en-4-olide
(24) are i.a. produced by marine a-proteobacteria [81, 82]. Nitrogen contain-
ing VOCs like triethylamine (25), 1-pyrroline (26), tetrahydropyridine (27)
and methylated pyrazines (28) are fruit fly attractants [75, 77, 84], whereas
methoxylated pyrazines (29) are found in various different contexts including
warning signals from toxic insects [86].

Indole (30) (see Figure 7) is found in Enterobacter [90] and Klebsiella [91] and is the ma-
jor volatile compound produced by several Fscherichia coli strains, wherein it has been
shown to regulate biofilm formation [92-94]. Benzothiazole (31) is formed by diverse
Streptomyces [68], myxobacteria [80, 95] and cyanobacteria [96] and inhibits the develop-
ment of fungal sclerotia, thus probably promoting survival of the producers in contested
habitats [71]. Other sulfur containing VOCs contribute to the aroma of fermented foods
like the S-methyl thioesters (32-35) produced by Lactococcus and Lactobacillus during
cheese ripening processes [62, 97-103]. They are further believed to play a role in cloud
formation and climate regulation [104-106]. Most of these molecules are derived from L-
methionine catabolic pathways [49, 103] and are continuously released in large quantities
by marine (micro)organisms [107, 108].

Terpenoids are biosynthetically derived from the two universal building blocks dimethyl-
allyl pyrophosphate (DMAPP) and isopentenyl pyrophosphate (IPP), both arising either
from the mevalonate or the deoxyxylulose phosphate pathway. Typical terpene VOCs
show either a monoterpene (Cyo) or a sesquiterpene (Cys) core structure [49]. The most
prominent terpenoid volatiles of bacterial origin are geosmin (36) and 2-methylisoborneol

(37) (see Figure 7). Both compounds contribute to the characteristic odor commonly
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associated with musty soil and are produced by a variety of different microorganisms

including actinomycetes, mxyobacteria and cyanobacteria [109, 110].
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Figure 7. Further VOCs of bacterial origin. Indol (30) is the main volatile pro-
duced by E. coli [92, 93]. Benzothiazole (31) is synthesized by various dif-
ferent bacterial genera and has an inhibitory effect on fungal growth [71].
S-methyl thioesters (32-35) are associated with the ripening of cheese [62,
97-103] as well as with climate regulation processes [104-106]. Geosmin (36)
and 2-methylisoborneol (37) are highly abundant bacterial VOCs that are
responsible for the characteristic odor of soil [109, 110].

Sodorifen (38) is a methylated sesquiterpene (CygHgg) with an unusual bicyclo[3.2.1]-
octadiene structure (see Scheme 1) [111, 112] that is synthesized by various Serratia ply-
muthica strains. It originates from farnesyl pyrophosphate (FPP) (39), which is formed
within the deoxyxylulose phosphate pathway. Recent investigations on the involved
catalytical mechanisms revealed a surprising cyclization activity of the SAM-dependent
methyltransferase present in the sodorifen BGC. Hence, 39 is methylated and initially
cyclized by a single enzyme, leading to the intermediate pre-sodorifen (40), which is then
transformed into 38 by a terpene cyclase [113]. The amount of emitted 38 strongly varies
within different S. plymuthica strains [114] and can be upregulated upon co-cultivation
with the pathogenic fungus Fusarium culmorum [115]. The biosynthesis of 38 was further
shown to be under control of the carbon catabolite repression system [116]. The biological

role and function of 38 still remain elusive.

thyl HaC t O cH
methyl- erpene 5
CHsg CHsg CHsg transferase HsC Chs cyclase HsC CHj
4
HeC™ N N"Sopp T o e 4 o~ _OPP —— > HoC CHs
® CHy  CHy CHs
CH,
39 40 38

Scheme 1. Sodorifen biosynthesis. Starting from FPP (39), a methyltransferase in-
stalls one methyl group and the first cycle to form pre-sodorifen (40), which
is then cyclized to the final product sodorifen (38) by a terpene cyclase [113].
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1.3 Secondary metabolites of cyanobacterial origin

Another important part of VOC-centered research deals with volatiles emitted by the
human body. The focus is hereby set to detect abnormalities or changes that may harbor
valuable information for the diagnosis of various diseases. Volatile metabolites emitted in
body fluids and tissue can be non-invasively identified in the headspace area above the

human skin and in exhaled air, as well as in sweat, urine, blood and saliva [117-121].

1.3 Secondary metabolites of cyanobacterial origin

Cyanobacteria are an ancient linage of photosynthetic prokaryotes that can be found
all over the world [122]. They are probably best known as blue-green algae dwelling in
freshwater and coastal areas, but are also occuring in deep seas and even in terrestrial
habitats [123]. Cyanobacteria have always played an important role in the ecosystem.
They were responsible for the evolution of the early atmosphere [124] and still have a
significant ecological impact by providing oxygen through photosynthetic carbon fixation,
converting nitrogen into organic forms and providing a nutrition source for many other
organisms [125]. This phylum of photosynthetic bacteria is well known for the prolific pro-
duction of a range of highly diverse bioactive natural products including VOCs, potential
drug candidates and dangerous toxins [122, 126, 127]. Recently, some cyanobacteria re-
ceived increasing attention from biotechnologists due to their potential applications in
the ecofriendly production of important energy sources such as biodiesel and bioethanol
[128].

Secondary metabolites of cyanobacterial origin have been shown to exhibit promising
antibacterial [129], anticancerous [130, 131], antiplasmodial [132], antiviral [133] and im-
munosuppressive activities [134, 135]. The dragonamides, for example, are linear lipopep-
tides (see Figure 8) isolated from different Lyngbya strains. Dragonamide A (41) features
antiparasitic [136-138] and dragonamide C (42) anticarcinogenic [139] properties. Crypto-
phycin 1 (43) is a macrolidic depsipeptide that was first isolated from Nostoc sp. ATCC
53789 as an antifungal lead structure by Merck [140]. Undergoing further bioactivity
screenings, 43 was found to display potent cytotoxicity against various different types of
carcinoma cell lines by inhibition of the microtubule polymerization [141, 142]. To date,
more than 25 natural analogs of 43 have been isolated, which differ, e.g., in their chlorina-
tion pattern and the absolute configuration of the a-carbon of the tyrosine ring [143-145].
The semi-synthetic analog cryptophycin 52 (44) made it to phase II clinical trials, where
it was finally rejected due to severe side effects. However, encouraging data from other

derivatives exist, which support further evaluation of this compound class [146-148].
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Figure 8. Cyanobacterial natural products with high pharmacological poten-
tial. Dragonamide A (41) exhibits antiparasitic and dragonamide C (42)
anticarcinogenic activity. Both were isolated from Lyngbya sp. [136-139].
Cryptophycin 1 (43) was discovered as antifungal compound from Nostoc sp.
ATCC 53789, whereupon the semi-synthetic cryptophycin 52 (44) was devel-
oped for cancer treatment. The antibacterial scytoscalarol (45) produced by
Scytonema spp. is one of the few terpene secondary metabolites isolated from
cyanobacteria so far [149].

Terpenoides are a class of natural products that are not commonly found in cyanobac-
teria [150-152] and scytoscalarol (45) is the first identified cyanobacterial scalarane ses-
terterpene. It is synthesized by the terrestrial strain Scytonema spp. and shows antibiotic
activity against various dangerous bacteria including Bacillus anthracis and Mycobac-
terium tuberculosis. Its six-membered tetracyclic structure is connected to a guanidine
group that is crucial for the observed antimicrobial effect [149].

Besides their undoubtedly high potential for natural product based pharmaceutical
research, some cyanobacteria are responsible for one of the most demanding ecological
problems of our time. Given certain environmental conditions such as high nutrient loads,
low turbidity, warmth and sunlight, exponential growth of cyanobacteria can episodically
lead to harmful algal blooms (HABs) (see Figure 9). These blooms do not only affect the
color, taste and scent of the particular waterbody, but can also become a serious health
risk if the involved cyanobacteria are capable of synthesizing toxic secondary metabolites.
Those so-called “cyanotoxins” usually accumulate inside the cells and are released into
the water when cells are damaged or die. Therefore, they are often still detectable long
after the actual bloom has dissipated [123, 125, 153].

Cyanotoxins have been shown to exhibit hepatotoxic, neurotoxic and dermatoxic effects

on humans and animals [125, 154, 155]. Many of them have the potential to bioaccumulate
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in the tissue of plants and animals feeding on cyanobacteria and are thereby transferred
within the food chain until they eventually end up in the human body [156-158]. Among
the most dangerous cyanotoxins associated with HABs are the cyclic peptide microcystins
(MCYSTs) and the alkaloids anatoxin-a (46), lyngbyatoxin A (47) and saxitoxin (48)
(see Figure 9) [154, 155].

48

Figure 9. Cyanobacterial blooms are often enriched with toxic natural prod-
ucts. Blooms in the pelagic (left) and littoral area (middle) of Missisquoi
Bay at Lake Champlain near Quebec in Canada [159] and in the Klamath
River near Copco, California, in the USA (right). Typical cyanotoxins found
in hazardous blooms are the neurotoxic anatoxin-a (46), the dermatoxic lyn-
gbyatoxin A (47) and the neurotoxic saxitoxin (48) [155].

The MCYSTs are by far the most detected freshwater cyanotoxins worldwide and have
also been found to be produced by terrestrial cyanobacteria [160-164]. While chronic
intoxication with low amounts may lead to liver or colorectal cancer [165-167], contact
with larger amounts has been associated with lethal intoxication of wildlife, livestock and
humans [165, 168]. MCYSTs are mainly transported into the liver where their inhibition
of type 1 and 2A phosphatase causes tissue destructions finally leading to haemorrhagic
shocks and death [169-171]. The MCYSTs are cyclic heptapeptides (see Figure 12) syn-
thesized by a hybrid nonribosomal peptide synthetase (NRPS)/polyketide synthase (PKS)
pathway [172] with over 100 derivatives described so far [173].

Anatoxin-a (46), also known as “very fast death factor”, is a neurotoxic alkaloid pro-
duced by various genera of freshwater cyanobacteria, including Anabaena, Microcystis,
Planktothriz and Nostoc [174-179]. It irreversibly binds and inactivates nicotinic and
muscarinic acetylcholine receptors and thereby leads to paralysis and, in severe cases,

death via asphyxiation. Anatoxin-a (46) was firstly isolated in the 1970s in Canada in
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the course of investigations on unexplainable cattle fatalities [180]. Since then, many
more cases of animal intoxications especially affecting canines have been reported [181].
Compared to other cyanotoxins, 46 is a rather small bi-cyclic nonane including a sec-
ondary amine and an attached acetyl group (see Figure 9). So far, only three analogs
of 46 are known, which feature either a propionyl instead of an acetyl group [182] or a
reduction at the C7-C8 bond [180, 183]. The dermatoxic effect of 47 was first discovered
in 1979 when swimmers came in contact with a Moorea producens HAB in Hawaii and,
as a result, suffered from symptoms of seaweed dermatitis [184]. Further reports even
describe severe poisoning and death caused by consumption of contaminated turtle meat
[185, 186]. Lyngbyatoxin A (47) features an indolactam ring and a linalyl side group
attached at C-7. So far, seven natural derivatives of 47 have been isolated [184, 187-190].

Saxitoxin (48) and its derivatives are commonly known as “paralytic shellfish toxins” as
they are associated with paralytic shellfish poisoning. It is the most toxic natural product
of cyanobacterial origin and overall belongs to the deadliest known natural molecules by
now [191]. The neurotoxic tricyclic alkaloids (see Figure 9) are synthesized by several dif-
ferent freshwater cyanobacteria species including Cylindrospermum and Planktotriz [192,
193] as well as by marine eukaryotic dinoflagellates [194-196]. To date, more than 57 natu-
rally occurring derivatives of 48 have been isolated, all exposing different combinations of
functional groups including hydroxylation, carbamylation, sulphation or acetylation [197].
The toxic effect of 48 is mediated by its binding to voltage-gated ion channels, which can
cause weakness, nausea, paralysis and, in extreme cases, respiratory failure and death
[198-200]. Due to its lipophilicity, 48 bioaccumulates in resistant aquatic organisms such
as shellfish and thereby leads to intoxications of animals or humans consuming contami-
nated seafood [201-203]. Its occurrence is considered a global environmental and health
hazard.

However, not all toxic cyanobacterial secondary metabolites are associated with HABs.
Recently, the biosynthetic origin of polybrominated pyrrole- and phenol-based natural
products 49-52 (see Figure 10) found in the marine environment has been elucidated [204].
Polybrominated diphenyl ethers (PBDEs, 49, 50) were found to be synthesized by sponge-
associated Hormoscilla spongeliae cyanobacteria [205] and various y-proteobacteria. The
latter are additionally capable of synthesizing brominated bipyrrols, e.g., 51 as well as
phenol-pyrrole hybrid molecules like pentabromopseudilin (52) [204]. These toxic natural
products can be found in all tropic levels of marine life. They have strong bioaccumulative
potential and are detectable in plants [158], algae [206-208], animals [156, 209, 210] and
even human tissue [211-214]. Their potential to interfere with mammalian hormone medi-
ated signaling pathways and to further inhibit essential enzymatic reactions is responsible
for their high toxicity levels [214-218].
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Figure 10. Polybrominated aromatic compounds produced by marine (cyano-
)bacteria. Polybrominated diphenyl ethers (49, 50) are synthesized by
marine cyanobacteria and y-proteobacteria. The latter are additionally ca-
pable of producing bipyrroles (51) and phenol-pyrrole hybrid molecules such
as 52 [204, 205].

1.3.1 Anabaenopeptins

The anabaenopeptins are a group of hexapeptidic secondary metabolites often found in
HABs that are synthesized by several different cyanobacterial genera such as Planktothrix,
Microcystis, Anabaena and Nostoc [219-222]. Their nomenclature follows irregular prin-
ciples and is based on the producing organism, the strain source, the place of isolation
or their molecular weight [223]. So far, at least 104 different anabaenopeptin variants of
cyanobacterial origin are known [224]. Some of them exhibit impressively potent protein
inhibitory activities towards phosphatase 1 and 2A [223] and different types of exopep-
tidases including serine proteases and zinc-containing metallopeptidases (carboxypepti-
dases) [222, 225-230]. The active anabaenopeptin analogs are highly interesting com-
pounds for the treatment of cardiovascular diseases [231-234] and certain types of cancer
[235]. They usually occur in high intracellular concentrations in the producing organisms.
Additionally - taking the observed inhibitory effects on eukaryotic enzymes into consid-
eration - it is assumed that the anabaenopeptin synthesis is a chemical defense strategy
against predators like chytrid [236] and herbivorous fungi [237] and amoeba [238].
Anabaenopeptins, e.g., 53-55 are nonribosomally synthesized cyclic peptides featuring
a characteristic ureido motif that connects a conserved D-lysine from the macrocyclic
pentapeptide to an exocyclic amino acid (see Scheme 2A) [223, 239, 240]. The peptide
ring is formed by cyclization of the C-terminal carboxyl to the primary e-amine of the N-
terminal lysine. The amino acid composition of the different derivatives varies according
to a X;1-CO-[Lys-X3-X4-MeX;5-Xg] motif and includes proteinogenic and non-proteinogenic
amino acids [223, 241]. The anabaenopeptins are assembled by a modular NRPS enzyme
complex. Every module features substrate specific domains responsible for adenylation,
thiolation and, if necessary, epimerization or N-methylation of the single amino acids, as
well as for the elongation of the sequence by peptide bond formation (compare Scheme 2B).
Evolutionary events such as mutation and recombination of the adenylation domains,

which activate specific amino acids prior to the peptide assembly, are responsible for the
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Scheme 2. Selected anabaenopeptins containing the characteristic ureido mo-

tif (blue) and non-proteinogenic homoamino acids (green) and their
schematic NRPS assembly. A) Anabaenopeptin 679 (53) contains L-Hty
and is missing the exocyclic sixth amino acid [243], anabaenopeptin NZ857
(54) and nostamide A (55), both synthesized by N. punctiforme PCC 73102,
harbor either 2x L-Hty or 1x L-Hty and 1x L-Hph. B) Schematic representa-
tion of the structural organization and assembly line of the anabaenopeptin
(apt) BGC from N. punctiforme PCC 73102 [244].

Interestingly, the origin of the characteristic ureido bond remains elusive even almost

25 years after the structure of the first anabaenopeptin was solved [219]. However, it can
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be presumed that its formation must be encoded somewhere in the NRPS modules, as
no other suitable genes within the respective BGCs or in close proximity to them could
be identified so far [224, 244]. Recently, the truncated anabaenopeptin 679 (53), missing
the exocyclic amino acid and instead featuring the ureido bond in terminal position (see
Scheme 2A) was discovered and shown to still exhibit strong inhibitory activity against
carboxypeptidase A [243].

Nostoc punctiforme PCC 73102 produces the two homoamino acid containing deriva-
tives anabaenopeptin NZ857 (54) (2x L-Hty) and nostamide A (55) (1x L-Hty and 1x
L-Hph) (see Scheme 2A) [244, 245]. The biosynthesis of the incorporated non-proteinogenic
building blocks was elucidated in 2013 when the three responsible genes hphA, hphB and
hphCD were identified up- and downstream of the anabaenopeptin NRPS genes. Based on
homologous steps within the leucine biosynthesis, Koketsu et al. proposed a mechanism
for the transformation of L-phenylalanine to L-Hph. It includes addition of acetyl-CoA,
spontaneous hydrolization of the thioester and subsequent oxidation, decarboxylation and
transamination. Investigations on the specificity of the hph system revealed L-tyrosine
and fluorinated phenylalanine-derivatives as additional substrates for hphA-CD, thus also

explaining the appearance of L-Hty in some anabaenopeptin derivatives [246].

1.3.2 Natural products found in Fischerella ambigua

Cyanobacteria of subsection V, also called stigonematales, are truly branching, filamen-
tous microorganisms that are capable of forming a variety of morphologically advanced
structures such as heterocysts, akinetes and hormogonia (see Figure 11). Compared to
other cyanobacterial (sub)sections, they are currently rather underrepresented in studies

dealing with the identification and characterization of bioactive natural products.

Figure 11. Morphologic characteristics of subsection V cyanobacteria. A)
Branched Stigonema sp. CCM-UFV036 showing hormogonia (ht) [247], B)
branched Fischerella 52-1 [123], C) branched Fischerella thermalis PCC 7521
[248] and images of D) unicellular and E) filamentous Fischerella ambigua
108b cells [249].

Members of this ecologically diverse group can be found in a wide range of terrestrial
and freshwater habitats and are capable of producing a variety of interesting metabolites

relevant to both human and environmental health. The most prominent representatives of
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those compounds are the hapalindoles and related indole alkaloids, e.g., the ambiguines,
fischerindoles and welwitindolinones. The biosynthetic origin of their polycyclic carbon
skeleton has been proposed to trace back to condensation of a tryptophan derivative with
geranyl pyrophosphate [250-252]. All these substances must be considered pharmacolog-
ically as well as toxicologically relevant [123, 253].

The genus Fischerella has been intensively investigated due to its production of diverse
natural products, including hepatotoxic MCYST derivatives, e.g., microcystin-LR (56)
[254, 255] and photosynthesis inhibiting fischerellins, e.g., fischerellin A (57) [256, 257]
(see Figure 12). F. ambigua species in particular were shown to produce a variety of
biologically active secondary metabolites such as the ambiguine isonitriles, e.g., ambiguine
K isonitrile (58) which exhibits promising antimicrobial as well as cytotoxic effects [258—
262] and the related fischambiguines [261]. The latter can be isolated in non-chlorinated
(fischambiguine A 59) and chlorinated form (fischambiguine B 60). Only the chlorinated
version that also contains an additional epoxy feature instead of a terminal double bond

exhibits antimicrobial activity [261].
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Figure 12. Secondary metabolites isolated from the genus Fischerella. Hepa-
totoxic microcystin-LR (56) produced by Fischerella sp. strain CENA161
[254], allelochemical fischerellin A (57) isolated from F. muscicola UTEX
1829 [256] as well as antimicrobial ambiguine K isonitrile (58), inactive fisch-
ambiguine A (59) and antibiotic fischambiguine B (60) all synthesized by
F. ambigua UTEX 1903 [260, 261].
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The strain F. ambigua 108b (= Nig. Gomont, see Figure 11D and E) produces further
chlorinated secondary metabolites, one of which is tjipanazole D (61) (see Figure 13).
It consists of an indolocarbazole scaffold which most likely originates from tryptophan
chlorinated at the C5-position of the indole ring [263, 264]. Various biological screenings
did not detect any significant activity of 61 [265, 266]. In contrast, the polychlorinated
triphenols ambigol A (62), B (63) and C (64), also synthesized by F. ambigua 108b,
exhibit varying biological activities including antimicrobial, cytotoxic and virostatic effects
[263, 265-267]. All ambigols are formally comprised of three dichlorophenol units that
are linked by biaryl- and biaryl-ether-bridges, thereby leading to a total of six chlorine

atoms present in each derivative.
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Figure 13. Chlorinated natural products synthesized by F. ambigua 108b.
Tjipanazole D (61) shows no relevant biological activity whereas ambigol

A (62), B (63) and C (64) exhibit antimicrobial, cytotoxic and virostatic
effects in varying intensities [265, 267].

Ambigol A (62) shows strong antibiotic, antifungal and virostatic activity plus mod-
erate cytotoxicity, whereas 64 only exhibits activities against gram positive bacteria and
some fungi and 63 shows no significantly promising biological effects [265, 267]. The
ambigols are structurally related to the previously mentioned polybrominated diphenyl
ethers (PBDEs) (49, 50) and therefore might as well have bioaccumulative potential,
possibly including toxic effects on animals and humans. Besides the fact that they fea-
ture one additional phenol unit and are chlorinated instead of brominated, 62- 64 exhibit
a substantial structural difference when compared to the common PBDEs described so
far. The halogens attached to the central phenol unit of 62 and 63 and the two biaryl-
ether-linkages of 64 are located in relative meta position to the hydroxy group, whereas
both halogens and biaryl-(ether-)bridges present in the PBDEs are located in ortho or
para position of the biosynthetic 2,4-dihalophenol precursor. It is important to remember

that enzymatic formation of biaryl- and biaryl-ether-linkages and halogenation of phenols
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usually follows a common principle. Firstly, an oxygen radical is generated by abstraction
of a proton and an electron from the hydroxy group by an oxidative enzyme, e.g., a cy-
tochrome P450 (CYP P450). This radical is mesomerically stabilized and can move into
the relative ortho and para positions of the phenol ring, thus enabling bond formations
at these locations, whereas the meta position remains inaccessible (see Scheme 3) [268].
It is therefore evident that the catalytic mechanism underlying the ambigol biosynthesis
not only significantly differs from the ones described for the PBDEs but must also include

some unprecedented enzymatic reactions.

accessible positions for oxidative coupling or halogenation
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Scheme 3. Accessible reactive positions in radical mediated enzymatic oxida-
tive coupling and halogenation. After enzymatic abstraction of a proton
and an electron, the resulting radical is mesomerically stabilized in relative
ortho and para position on the phenol [268].
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2 Aims of this thesis

The first part of this work is devoted to the development of a new cloning technique to
capture natural product BGCs, the Direct Pathway Cloning (DiPaC). DiPaC is solely
based on standard in vitro methods such as polymerase chain reaction (PCR) and Gib-
son Assembly or Sequence and Ligation Independent Cloning (SLIC) and is suited for
capturing small- to mid-size gene clusters. The applicability of DiPaC for the cloning
of challenging BGCs should be evaluated exemplarily for two model clusters. The 29.2
kb mid-size cyanobacterial anabaenopeptin (apt) cluster from Nostoc punctiforme PCC
73102 contains eight genes and required rearranging of certain genes prior to heterologous
expression. The 4.6kb small sodorifen (sod) cluster from Serratia plymuthica WS3236 con-
sists of only four genes and produces a VOC. Both clusters should be cloned and heterol-
ogously expressed in the host organism FEscherichia coli. A simple, mRNA-independent
reporter system allowing for direct verification of full gene transcription during heterolo-

gous expression should additionally be developed.

Elucidating individual steps of the ambigol biosynthesis was the aim of the second part
of this work. Three ambigol derivatives 62-64 are produced by the terrestrial cyanobac-
terium Fischerella ambigua 108b. The compounds are comprised of three dichlorophenol
units, that are linked via biaryl- and biaryl-ether-bridges. All three ambigols 62-64 ex-
hibit unusual connectivity in meta position on the central phenol unit: ambigol A (62)
and B (63) exhibit chlorine atoms and ambigol C (64) shows biaryl-ether-bridges in rela-
tive 3- and 5-position to the hydroxy group. To date, no enzymatically catalyzed reactions
have been described that could explain the biosynthesis of such structures. Therefore, the
14.2 kb ambigol (ab) BGC should be bioinformatically characterized and subsequently
heterologously expressed in the cyanobacterial host Synechococcus elongatus PCC 7942.
The natural transformation method for introduction of foreign DNA into S. elongatus
needed further development, as no technique for the integration of such long sequences into
cyanobacterial host systems has been described so far. In addition, the two cytochrome
P450 enzymes found within the cluster, Ab2 and Ab3, should be further investigated in
vitro and in vivo to characterize their reactivity, as they are believed to introduce all

necessary biaryl-(ether-)bonds present in the structurally diverging ambigols.
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3 Results and Discussion

3.1 Direct Pathway Cloning (DiPaC) to unlock

natural product biosynthetic potential

Based on: C. Greunke*, E. R. Duell*, P. M. D’Agostino*, A. Glockle, K. Lamm, T.
A. M. Gulder: Direct Pathway Cloning (DiPaC) to unlock natural product biosynthetic
potential. Met. Eng. 2018, 47, 334-345, DOI 10.1016/j.ymben.2018.03.010

*equally contributing authors

In recent years, natural product research has been revolutionized by cheaper and more
efficient whole-genome sequencing techniques combined with the development of bioinfor-
matic tools to identify interesting BGCs in silico. To capture clusters of interest, in vivo
methods have been developed to clone and heterologously express BGCs, including large-
insert genomic DNA libraries as well as recombineering [269-274] based methods such as
liner-linear homologous recombineering (LLHR) [275], linear-circular homologous recom-
bineering (LCHR) [276], transformation-associated recombination (TAR) [277-280], ex-
onuclease combined recombineering (ExoCET) [281] and Cas9-assisted targeting of chro-
mosome segments (CATCH) [282]. These techniques are supplemented by PCR based in
vitro methods such as circular polymerase extension cloning (CPEC) [283] and assembly
of fragment ends after PCR (AFEAP) [284]. However, they all require specialized meth-
ods and can be very time consuming, particularly when the BGC needs further refactoring
for successful heterologous expression. To overcome these restrictions, a complimentary
in vitro cluster capturing method termed DiPaC was developed as part of this thesis.
DiPaC is a synthetic biology cloning method for capturing small- to mid-sized BGCs
directly into any expression vector. It is based on long-range PCR and in vitro DNA
assembly techniques such as Gibson assembly or SLIC and allows for cluster refactoring
directly during the capturing process, including promoter exchange, terminator deletion
or reorganization of open-reading frames.

Cyanobacteria in general are a rich source for interesting bioactive secondary metabo-

lites, but are hardly genetically tractable and often show slow growth under laboratory
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3 Results and Discussion

conditions. Utilizing DiPaC, the 29.2 kb anabaenopeptin apt gene cluster from Nostoc
punctiforme PCC 73102 was successfully cloned and heterologously expressed in FE. coli
BAP1 as part of this dissertation. The anabaenopeptins are a family of NRPS-derived
cyclic hexapeptidic protease inhibitors produced by a variety of cyanobacteria that all
harbor a preserved terminal ureido-bond [226, 285]. The two variants anabaenopeptin
NZ857 (54) and nostamide A (55) produced by N. punctiforme PCC 73102 contain the
homoamino acids L-Hph and L-Hty, whose biosynthesis is also encoded in the apt cluster
(see Scheme 4) [244, 246].

D) — T D) IR B B —

hphB hphCD hphA aptF
phB hp p Jfphd ap \_/

1 4 H3C CHj

pET28b-ptetO::apt-NRPS Pr7 HC  —NH 7
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o BAP1 gz O O HN o (@]
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pETDuet-2::apt-hph+aptF 3
[11.4 kb]

Scheme 4. DiPaC strategy for heterologous production of anabaenopeptin
NZ857 (54) and nostamide A (55) from N. punctiforme in E. coli
BAP1. The homoamino acid synthesis genes hphA-CD (green) and the
transporter aptF (blue) were integrated into a pETDuet plasmid contain-
ing two IPTG inducible T7 promoters, whereas the NRPS genes aptA-D
(red) were cloned into pET28b-ptetO under the control of the tetracycline
inducible promoter PtetO. Subsequent activation of first T7 and then PtetO
led to the successful heterologous expression of 54 and 55 in F. coli BAP1
double transformants.

By utilizing DiPaC, it was possible to amplify a 22 kb fragment of the apt BGC con-
taining the four NRPS genes aptA-D responsible for anabaenopeptin assembly without
mutation. The sequence was subsequently incorporated into a tetracycline inducible ex-
pression plasmid. The three genes catalyzing the formation of L-Hph and L-Hty, hphA,
hphB and hphCD are located up- and downstream of aptA-D and therefore have been
amplified and integrated separately into an IPTG inducible expression plasmid also har-
boring the transporter aptF (see Scheme 4). Formation of 54 and 55 in the E. coli-based
heterologous expression system could be observed after the expression of the precursor
synthesis genes and the transporter was induced ahead of the NRPS transcription. With
this set of experiments, an easy access to secondary metabolites produced by slow-growing

and hard to handle microorganisms such as cyanobacteria could be developed.
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Specialized metabolites from bacteria are an important source of inspiration for drug development. The genes
required for the biosynthesis of such metabolites in bacteria are usually organized in so-called biosynthetic gene
clusters (BGCs). Using modern bioinformatic tools, the wealth of genomic data can be scanned for such BGCs and
the expected products can often structurally be predicted in silico. This facilitates the directed discovery of
putatively novel bacterial metabolites. However, the production of these molecules often requires genetic ma-
nipulation of the BGC for activation or the expression of the pathway in a heterologous host. The latter ne-
cessitates the transplantation of the BGC into a suitable expression system. To achieve this goal, powerful cloning
strategies based on in vivo homologous recombination have recently been developed. This includes LCHR and
LLHR in E. coli as well as TAR cloning in yeast. Here, we present Direct Pathway Cloning (DiPaC) as an efficient
complementary BGC capturing strategy that relies on long-amplicon PCR and in vitro DNA assembly. This
straightforward approach facilitates full pathway assembly, BGC refactoring and direct transfer into any vector
backbone in vitro. The broad applicability and efficiency of DiPaC is demonstrated by the discovery of a new
phenazine from Serratia fonticola, the first heterologous production of anabaenopeptins from Nostoc punctiforme
and the transfer of the native erythromycin BGC from Saccharopolyspora erythraea into Streptomyces. Due to its
simplicity, we envisage DiPaC to become an essential method for BGC cloning and metabolic pathways con-
struction with significant applications in metabolic engineering, synthetic biology and biotechnology.

1. Introduction

With the discovery of the antibiotic penicillins from filamentous
fungi and streptomycin from bacteria, bioprospecting microorganisms
came into focus of academic and industrial research in the middle of the
20th century. After a few decades of the resulting golden age of anti-
biotic discovery, the challenges in natural product isolation and struc-
ture elucidation combined with increasingly high rediscovery rates re-
sulted in severe cutbacks of pharmaceutical and agrochemical
investments into natural product discovery projects in favor of (auto-
mated) synthetic compound libraries. Nevertheless, molecules derived
from Nature continue to have significantly higher hit rates in biological
screenings (Li and Vederas, 2009). It is thus not surprising that natural
products and natural product-derived small molecules are still the most
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important source and inspiration of modern chemotherapeutics
(Newman and Cragg, 2016).

The field of bacterial natural product chemistry regained significant
momentum after the publication of the genome sequences of
Streptomyces coelicolor (Bentley et al., 2002) and Streptomyces avermitilis
(Ikeda et al., 2003). While decades of previous intense natural product
research on these model strains had only led to the discovery of a
handful of specialized metabolites, these contributions revealed the
presence of an about 10-fold higher number of biosynthetic gene
clusters (BGCs) encoding unknown small molecules. Most of these
pathways were simply not active (silent or orphan pathways) under the
laboratory conditions used thus far, a phenomenon that holds true for
most bacterial natural product producers. This notion has not only led
to the directed discovery of a tremendous amount of novel chemistry
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from both these model organisms (Challis, 2014; Ikeda et al., 2014), but
also laid the foundation for an entirely new field of novel natural
product discovery, i.e., by the bioinformatic screening of genomic data,
a process now denominated as genome mining (Bachmann et al., 2014;
Ziemert et al., 2016). Reduced costs and improved NGS (next-genera-
tion sequencing) techniques (van Dijk et al., 2014) have since led to a
massive increase of publicly available bacterial DNA sequence data
(Land et al., 2015; Schorn et al., 2016). Genome mining of such data
has been facilitated by the development of easy to use online bioin-
formatic tools, among them antiSMASH (Blin et al., 2017a, 2017b) and
PRISM (Skinnider et al., 2015), that enable a fast and automated initial
assessment of any genomic data. Ultimately, successful expression of
the in silico predicted silent/orphan BGCs is necessary before the en-
coded natural product can be isolated for characterization (Rutledge
and Challis, 2015). This can be achieved by pleiotropic methods such as
screening of diverse cultivation conditions following the OSMAC (one
strain / many compounds) approach (Bode et al., 2002), by using small
molecule elicitors (Okada and Seyedsayamdost, 2017; Pettit, 2011), by
studying metabolite production in the context of inter species interac-
tions (Adnani et al., 2017), or by pathway specific methods such as the
direct genetic manipulation of the BGC of interest in the natural strain
or a suitable heterologous host (Rebets et al., 2014; Ren et al., 2017;
Zhang, 2016). The latter requires reliable tools for the interception,
mobilization and functional expression of the pathway of interest in the
host organism of choice (Kim et al., 2015; Luo et al., 2016; Ongley
et al., 2013).

Historically, the method of choice for DNA capturing has been the
construction of large-insert genomic libraries, for which randomly
sheared or partially digested genomic DNA is packaged into either
cosmid-/fosmid- or BAC-based (bacterial artificial chromosomes) clone
libraries, with each individual clone harboring ca. 35 or > 100kb,
respectively, of the target genome sequence. To reliably cover a typical
Streptomyces genome, however, approximately 1000-2000 cosmid li-
brary clones need to be generated, individually picked, cultured, and
tediously screened for the presence of the target BGC. In addition, the
entire BGC of interest is rarely located on a single library insert, thus
requiring downstream stitching to reassemble the complete pathway on
a single construct for heterologous expression. This can be achieved by
in vivo homologous recombination using the Red/ET system, consisting
of Redafy from coliphage | and RecET from the Rac prophage (Muyrers
et al., 1999; Sharan et al., 2009; Yu et al., 2000; Zhang et al., 1998,
2000). This technology was established for the assembly of the myx-
ochromide BGC (43 kb) from two cosmids (Wenzel et al., 2005) and has
meanwhile been applied to a large range of other pathways from dif-
ferent organisms (Ongley et al., 2013). Recombination thereby is
achieved between linear (target vector) DNA and circular, replicating
DNA (e.g., cosmid/fosmid), known as linear plus circular homologous
recombination (LCHR). To overcome the dependence on genome li-
braries and significantly streamline the BGC capturing procedure, a
mechanistically different homologous recombination method utilizing
the full length RecE and RecT solely using linear DNA, termed linear
plus linear homologous recombination (LLHR), was recently developed
(Fu et al., 2012). This method has been used to directly intercept
pathways of up to ca. 52 kb in size (Duchaud et al., 2003). Larger BGCs
can be cloned by capturing several pieces by LLHR, followed by sub-
sequent other recombination steps for full cluster assembly, as recently
achieved for the 106 kb salinomycin BGC (Yin et al., 2015). The latter
cluster was recently also cloned in one piece following the ExoCET
methodology, i.e., by applying CRISPR/Cas9 mediated DNA cleavage in
vitro, thereby also overcoming the previous dependence on unique re-
striction sites that had to be present in proximity to the target BGC
borders to linearize and digest the DNA to a suitable size prior to
homologous recombination (Wang et al., 2017). In addition to LLHR,
transformation-associated recombination (TAR), which takes advantage
of the natural recombination ability of Saccharomyces cerevisiae
(Kouprina and Larionov, 2006, 2008), has recently emerged as a tool in
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biomolecular natural product research. This methodology can be used
for the assembly of complete clusters from clone libraries, as well as for
the interception of full pathways directly from genomic DNA (gDNA),
e.g., the 56 kb colibactin pathway (Kim et al., 2010), or the so far lar-
gest TAR-cloned 73 kb taromycin BGC (Yamanaka et al., 2014).

LLHR and TAR are extremely powerful tools facilitating the mobi-
lization of BGCs for heterologous expression experiments that will
continue to have a tremendous impact on modern genome mining and
natural product discovery. However, repetitive DNA sequences, as fre-
quently observed in natural product BGCs, can negatively interfere with
the desired homologous recombination event. In particular for TAR, the
generation of highly transformation-efficient yeast spheroplasts, as well
as the re-isolation of the fully assembled expression vector from yeast
can be challenging for researchers without much experience in ex-
perimental work with yeast. Novel powerful methods such as Cas9-as-
sisted targeting of chromosome segments (CATCH) utilize the CRISPR/
Cas9 system to precisely digest gDNA for subsequent ligation into de-
signated matching vectors using Gibson assembly and thereby facilitate
capturing of fragments of up to 100kb (Jiang and Zhu, 2016). This
approach necessitates knowledge on the design and application of
suitable CRISPR/Cas9 systems. LLHR, TAR and CATCH require highly
specialized capturing vectors equipped with sequence homology arms
to the target BGC and relatively large quantities of genomic DNA of the
target organism for efficient recombination.

To further simplify capturing of BGCs, a broadly applicable, easy to
use methodology for the fast cloning and refactoring of natural product
biosynthetic pathways into any desirable vector system would thus be
an excellent complementary tool for natural product chemistry la-
boratories. Herein, we describe Direct Pathway Cloning (DiPaC), a new
strategy utilizing long-amplicon PCR and homology-based assembly for
the in vitro construction of vector systems suitable for downstream
heterologous expression of BGCs.

2. Materials and methods
2.1. General materials and methods

2.1.1. Bacterial strains and plasmids

Bacterial strains and plasmids used and generated in this study are
listed in Tables S2 and S3 in the supporting information. Selection
antibiotics were applied as follows: ampicillin sodium salt (Amp) at
100 pg/mL; kanamycin sulfate (Kan) at 50 pg/mL; chloramphenicol
(Cam) at 12.5 pg/ml; nalidixic acid (NA) at 25 ng/mL.

2.1.2. DiPaC in silico simulations

For the development of cloning strategies and primer design,
SnapGene (GSL Biotech; Version 4.0.4) or the Geneious (Kearse et al.,
2012) software package (Version 8.1.9) and the NEBuilder assembly
web tool (New England Biolabs; http://nebuilder.neb.com) were used.
Maps of plasmids were constructed using the SnapGene software. The
sequenced genomes of Serratia fonticola DSM 4576 (phenazines; ehp
gene cluster), Nostoc punctiforme PCC 73102 (anabaenopeptins; apt gene
cluster) (Rouhiainen et al., 2010) and Saccharopolyspora erythraea
NRRL 2338/DSM 40517 (erythromycin A; ery gene cluster) (Oliynyk
et al., 2007) were downloaded from the NCBI database using the ac-
cession numbers NZ_CP011254, NC_010628 and NC_009142, respec-
tively.

2.1.3. Primer design and PCR

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

A standard 25 pL PCR reaction batch for long-amplicon cycling re-
actions consisted of: 1 X Q5 reaction buffer, 100-200 uM deox-
ynucleotide triphosphates, 500nM of forward and reverse primer,
HighGC Enhancer (only for ery gene cluster), DNA template and
0.01-0.02 U/uL Q5 High-Fidelity DNA polymerase (NEB). Template
DNA amounts were 50 ng for S. fonticola, 15 ng for N. punctiforme and
100 ng for S. erythraea. Cycling was conducted using a T100 Thermal
Cycler (Biorad) or a LifeECO Thermal Cycler (Biozym) as follows: 1.)
Initial denaturation, 98 °C for 1 min; 2.) Denaturation, 98 °C for 10 s; 3.)
Annealing, T, for 20 s; 4.) Extension, 72 °C for tgy; Steps 2.) to 4.) were
repeated in total for 30 cycles; 5.) Final extension, 72 °C for tgy, and 6.)
End phase, 16 °C. T was estimated using NEBs Tm Calculator tool
(http://tmcalculator.neb.com) for the initial binding parts of the pri-
mers and tgy Was approximately determined as 30 s per 1000 bp for low
GC organisms or 45 s per 1000 bp for high GC organisms.

Colony screening PCRs were performed using Tag DNA polymerase
(NEB). Clones were picked and resuspended in 40 pL of pure water and
examined in a 25 pL PCR batch composed as follows: Taq buffer (10 mM
Tris-HCI, 1.5mM MgCl,, 50mM KCl, pH 8.3 at 25°C), 4% DMSO,
100 pM deoxynucleotide triphosphates, 200 nM of forward and reverse
primer, 5pL DNA template (bacterial suspension in water) and Tag
DNA polymerase (0.025 U/uL, NEB). Optimal cycling parameters were
set as follows: 1.) Initial denaturation, 95 °C for 5 min; 2.) Denaturation,
95 °C for 45 s; 3.) Annealing, T, for 30 s; 4.) Extension, 72 °C for tgy;
steps 2.) to 4.) were repeated in total 34 times; 5.) Final extension, 72 °C
for tgy, at least 2 min, and 6.) End phase, 16 °C. T, was estimated using
NEBs Tm Calculator tool and a minimal T, of 47 °C at least. tg,, was
calculated as 1 min per 1000 bp.

2.1.4. Cloning reagents

Q5 High-Fidelity DNA polymerase, deoxynucleotide triphosphates,
NEBuilder HiFi DNA assembly master mix, various restriction en-
donucleases, if possible as High-Fidelity (HF) versions, and Antarctic
phosphatase (AnP) were purchased from NEB. T4 DNA ligase was
purchased from Jena Bioscience. Oligonucleotides were from Sigma
Aldrich, synthesis option “deprotected and desalted”, resuspended at a
stock concentration of 100 uM in pure water and stored on ice for im-
mediate use or at —20 °C for long term storage. The peqGOLD Plasmid
Miniprep Kit I (C-Line) from VWR was used to isolate plasmids from E.
coli LB overnight cultures. For DNA extractions from agarose gels, the
Monarch DNA Gel Extraction Kit (NEB) was applied. PCR products or
linearized vector backbones were purified using the PCR Purification
Kit from Jena Bioscience. Agarose was purchased from Sigma-Aldrich.
SERVA DNA Stain Clear G (Serva) was applied according to the man-
ufacturers' instructions in prestained agarose gels. Rotiphorese TAE
buffer was used for agarose gel electrophoresis and was purchased from
Carl Roth as a 50-fold concentrate.

2.1.5. Setup of HiFi DNA assembly reactions

The HiFi DNA assemblies were composed as recommended by the
NEB guidelines: For a two-fragment assembly, at least 0.02 pmol of
prepared vector backbone together with a one- to two-fold amount of
insert were used in a total reaction batch of 20 uL. For three-fragment
assemblies, DNA components were applied in equimolar ratios in the
range of 0.03-0.2 pmol. In all cases, the isothermal reaction was per-
formed at 50 °C for one hour.

2.1.6. Sanger sequencing of plasmid samples

Sanger sequencing was performed at GATC Biotech (Konstanz,
Germany). Results were retrieved as abl-type files and were analyzed
using Geneious software. Sequence alignments to the related reference
sequences were performed using Geneious Alignment with default
settings.
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2.1.7. Compound analysis by HPLC-MS, MS? and HR-MS

HPLC-ESI-MS and MS? experiments were conducted on an UltiMate
3000 LC System coupled to a LCQ Fleet Ion Trap Mass Spectrometer
(Thermo Scientific). The chromatographic HPLC separation was carried
out on a Hypersil Gold aQ C18 column (150 X 2.1 mm, 3 um particle
size). The following liquid chromatography methods were applied with
water (A) and acetonitrile (B) as the eluents, both supplemented with
0.1% formic acid. For fast extract screening, the gradient was set as
follows (method 1): Preconditioning 5% B (2.5 min); 5% B (0 min) —
95% B (8 min) — 100% B (8.4 min) — 100% B (10.8 min) — 5% B
(11.2 min) — 5% B (12 min), at a constant flow rate of 0.7 mL/min. For
a better peak separation of components, the gradient was set as follows
(method 2): Preconditioning 5% B (4 min); 5% B (0 min) — 50% B
(20 min) — 100% B (20.5 min) — 100% B (24.5 min) — 5% B (25 min)
— 5% B (26 min), at a constant flow rate of 0.7 mL/min. Mass detection
was performed in positive ionization mode. In the MS? measurements,
35% normalized collision energy (cid) was applied to fragment the
mass m/z = 858.4 + 3.0Da (anabaenopeptin NZ857),
m/z = 842.4 + 3.0Da (nostamide A), and m/z = 734.5 = 3.0Da
with SRM adjusted to fragment m/z = 576.22 + 2.0 Da (erythromycin
A).

HPLC-ESI-HR-MS analysis was performed on a Thermo Finnigan
LTQ FT-ICR equipped with a Dionex Ultimate 3000 separation module
eluting on a Waters Xbridge C18 column (4.6 X 100 mm, 3.5 um par-
ticle size). The column temperature was maintained at 30 °C. The gra-
dient was set as follows: Preconditioning 20% B — 30% B (2 min), 30%
B (7 min); 30% B — 100% B (37 min) — 100% B (42 min) — 100% B —
20% B (42.5min) — 20% B (47 min) at a constant flow rate of 1.1
mL/min. Interpretation of all recorded MS data was performed using
the Thermo Xcalibur Qual Browser 2.2 SP1.48 software.

2.1.8. Structure elucidation using NMR

NMR spectra were recorded on a Bruker AVHD500 and a Bruker
AV500-cryo spectrometer. The chemical shifts § are listed as parts per
million [ppm] and refer to §(TMS) = 0. The spectra were calibrated
using residual undeuterated solvent as an internal reference (&(acetone)
= 2.05ppm for 'H NMR; S(acetone) = 29.8 ppm for '3C NMR). The
following abbreviations (or combinations thereof) are used to explain
the multiplicities: s = singlet, d = doublet, dd = doublet of doublets,
t = triplet, m = multiplet, b = broad.

2.2. Cluster specific materials and methods

2.2.1. Phenazines

2.2.1.1. Bioinformatic analysis. Genome mining of the S. fonticola DSM
4576 genome was performed using an initial preliminary analysis with
the AntiSMASH software package (Version 3.0) (Weber et al., 2015). All
nucleotide sequences were maintained and visualized within the
Geneious software packages (Version 8.1.9).

2.2.1.2. Bacterial culturing and gDNA isolation. S. fonticola DSM 4576
was purchased from the Leibniz Institute DSMZ. S. fonticola was grown
in Nutrient Broth (Carl Roth, Germany) at 28°C and shaking at
200rpm. A total of 2mL of cells were collected by centrifugation
followed by gDNA extraction using the Bacterial DNA Preparation Kit
(Jena Bioscience, Germany) as described in the manufacturers'
protocol. The gDNA was stored in TE buffer (1 mM Tris, 0.1 mM
EDTA, [pH 8.0]) at —20 °C until use.

2.2.1.3. DiPaC strategy for ehp. Linear fragments for DiPaC of both
vector and insert were generated using PCR (Section 2.1.3). A 9.7 kb
fragment of the S. fonticola DSM 4576 ehp gene cluster was amplified
using the Gibson primer pair gib_ehp-phenF/R (Table S1). These
primers targeted the first gene within the ehp operon and contained
all essential ehp core genes, a resistance gene and two species specific
genes of unknown function. At the 5’ end of the insert specific primer
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set, a 30 bp homology region was added consistent with the terminal
sequence of the PCR generated vector. The expression vector was
generated using the specific primer pair pET28PD1-vectF/R (Table S1).
This primer pair consisted of two outward facing specific primers and
was positioned to remove the SUMO-tag and other non-essential
components of the pET-28b-SUMO vector. Both linear insert and
vector amplicons were purified by agarose gel electrophoresis. The
purified vector was digested with Dpnl to ensure all background
template DNA was removed. The HiFi DNA assembly reaction was
performed as described in Section 2.1.5. A total of 5 uL of HiFi DNA
assembly reaction mixture was chemically transformed into E. coli
DH5a. Positive pET-28b-PD1::ehp clones selected by screening PCR
were confirmed using restriction digest and sequenced by sanger
sequencing.

2.2.1.4. Heterologous expression of the S. fonticola DSM 4576 ehp
cluster. The pET-28b-PD1::ehp expression vector was chemically
transformed into the expression host E. coli BAP1 (Pfeifer et al.,
2001) and single colonies were picked to provide 15mL pre-
expression cultures. These pre-expression cultures were used to
inoculate expression cultures (1% v/v) in 1L of LB medium
supplemented with 50pug/mL Kan. Expression cultures were
incubated at 30 °C with shaking (200 rpm) until an ODgg of 0.6-0.8
was reached. Cultures were then cooled on ice (to ~18°C), induced
with IPTG to a final concentration of 0.25 mM and incubated for 16 h at
20 °C with shaking at 200 rpm.

The post-expression culture was collected by centrifugation at
10,000 x g for 10 min at room temperature and the pellet washed with
0.9% NaCl. The cell pellet was frozen and stored at —80 °C until ex-
traction. Extraction of the cells was performed using 1:1 MeOH:acetone
with sonication for 30 min in a sonicator bath. Lysed cellular debris was
removed by centrifugation (10,000 x g for 15min at 4°C). Solvent
extracts were desiccated using a rotary vacuum evaporator at 40 °C.
Thereafter, the extract was dissolved in HPLC-grade MeOH and filtered
through a Millex-GP syringe driven 0.22pm PES membrane filter
(Millipore, USA) prior to HPLC analysis.

2.2.1.5. Analysis and isolation of phenazines. Methanolic extracts were
analyzed by analytical HPLC on a JASCO system consisting of a UV-
1575 Intelligent UV/VIS Detector, DG-2080-53 3-Line Degasser, two
PU-1580 Intelligent HPLC Pumps, AS-1550 Intelligent Sampler and HG-
1580-32 Dynamic Mixer controlled by the Galaxie chromatography
software (Version 1.8.6.1) provided by Jasco. A 20-50 uL sample was
injected into a Eurosphere II 100-3 C18 A (150 X 4.6 mm) column with
integrated precolumn manufactured by Knauer. Wavelengths of 220 nm
and 360 nm were used for phenazine detection and a PDA UV spectrum
of 200-600 nm was obtained for each peak. HPLC chromatographic
separation was performed with water (A) and acetonitrile (B) as
eluents, both supplemented with 0.05% trifluoracetic acid. The
gradient was set as follows (method 3): Preconditioning 5% B
(2min); 5% B (0 min) — 100% B (45 min) — 100% B (54 min) — 5%
B (59 min), at a constant flow rate of 1 mL/min. Peaks of interest from
pET-28b-PD1::ehp heterologous expression extracts were pre-purified
using a LH20 sephadex (Sigma) column with MeOH as the mobile
phase. Phenazine molecules were isolated from pre-purified fractions
by semi-preparative HPLC for downstream NMR structural elucidation.
Semi-preparative HPLC was controlled by a Jasco HPLC system
consisting of an UV-1575 Intelligent UV/VIS Detector, two PU-2068
Intelligent prep. Pumps, a MIKA 1000 Dynamic Mixing Chamber
(1000 pL. Portmann Instruments AG Biel-Benken), a LC-Netll/ADC,
and a Rheodyne injection valve. The system was controlled by the
Galaxie software and the eluent system consisted of solvents A (water)
and B (acetonitrile), both buffered with 0.05% TFA. A Eurosphere II
100-5 C18 A (250 x 16 mm) column with precolumn (30 X 16 mm)
provided by Knauer was used as the stationary phase. Compound
detection was performed at 360 nm. Molecules were separated using a
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flow rate of 7mL/min and a gradient from 35% B to 40% B over a
50 min period. The column was washed with 100% B for 10 min and
further equilibrated at 35% B for 10 min prior to the next injection.

2.2.2. Anabaenopeptins

2.2.2.1. Bacterial culturing and gDNA isolation. N. punctiforme PCC
73102 was obtained from the Collections des Cyanobactéries, Institut
Pasteur, Paris, France. N. punctiforme was cultivated in BG-11 medium
([pH 8], Sigma-Aldrich, Germany) at room temperature for two weeks.
High molecular weight gDNA was extracted using an optimized method
adapted from D'Agostino et al. (2016), and was performed as follows:
fresh or frozen cell pellets were washed with 0.9% NaCl once and
resuspended in 5mL lysis buffer (25 mM EDTA, 0.3 M sucrose, 25 mM
Tris-HCI [pH 7.5]). The cells were freeze-thawed three times (liquid
nitrogen / 50 °C) to assist in cell lysis. Lysozyme (Sigma-Aldrich) was
added to a final concentration of 1 mg/mL and RNase (Carl Roth,
Germany) to a final concentration of 10pug/mL, ensued by an
incubation at 37 °C for 60 min. Proteinase K (Amresco, USA) was
added to a final concentration of 0.5 mg/mL followed by the addition
of SDS to a final concentration of 1% (w/v). The cell mixture was first
incubated at 37 °C for 30 min and then at 55 °C for 30 min. NaCl was
added to a final concentration of 1.3M followed by the final
concentration of 1% (v/v) CTAB solution (10% (w/v) CTAB (Sigma-
Aldrich) in 0.7 M NacCl), with the mixture incubated at 65 °C for 10 min.
A total of 1 vol of chloroform: isoamyl alcohol (24:1) was added to the
cell lysis solution, mixed by inversion and incubated on ice while
shaking for 30 min. The aqueous phase was removed and phenol-
chloroform-isoamylalcohol (25:24:1) extraction was performed twice
before the addition of 0.6 vol of isopropanol. The DNA cell pellet was
washed with ice cold 70% ethanol and finally dissolved in TE buffer
(1 mM Tris-HCl, 0.1 mM EDTA, [pH 8.0]). The quality of gDNA was
analyzed by gel electrophoresis using 0.7% (w/v) agarose gels and
quantified with a P330 NanoPhotometer (Implen, Germany). The gDNA
was stored at —20 °C until further use.

2.2.2.2. DiPaC strategy for apt. All primers used for the cloning of the
apt cluster are listed in Table S1, resulting plasmids can be found in
Table S3. The genes of the apt cluster were amplified using Q5 DNA
polymerase as follows: the NRPS part aptA-aptD in one 22.0kb
fragment, hphB-hphCD in one 2.8kb fragment, hphA and aptF in
separate fragments of 1.2kb and 2.1kb, respectively. Optimal
annealing temperatures (T,) were determined experimentally using
temperature gradients from 50°C to 72°C. Extension times were
calculated with 30s per 1000bp, adding a plus of 2min for
fragments larger than 10kb. The Ncol linearized and
dephosphorylated pET-28b-ptetO vector was used to capture the
aptA-D fragment using HiFi DNA assembly, resulting in the
generation of the pET-28b-ptetO::apt-NRPS expression construct.
hphB-CD (BamHI/Notl) and hphA (Ndel/Xhol) were integrated
downstream of the two T7 promotors of pETDuet-1 using standard
restriction/ligation based cloning techniques, generating pETDuet-
1::apt-hph. The construct was PCR linearized and aptF was added
downstream of hphA by HiFi DNA assembly (NEB). To ensure stable
coexistence of both expression plasmids, the ColE1 origin of replication
of pETDuet-1 was exchanged to the ColA originating from pCOLADuet-
1, in this way generating pETDuet-2::apt-hph-aptF. The assembled
constructs were transformed into chemically-competent E. coli
EPI300-T1 (pET-28b-ptetO construct) or DH5a (all pETDuet based
plasmids) cells. Positive clones were selected by screening PCR using
primer pairs binding the vector backbone and the insert and further
verified using analytical restriction digests. All constructs were checked
for integrity as well as for mutations in the entire insert sequences by
sanger sequencing.

2.2.2.3. Heterologous expression of apt. Electrocompetent E. coli BAP1
were co-transformed with pET-28b-ptetO::apt-NRPS and pETDuet-
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2::apt-hph or pETDuet-2::apt-hph-aptF and selected on LB agar plates
containing Amp and Kan. Single clones were used to grow overnight
precultures in a 37 °C shaker in LB medium containing Amp and Kan.
100 mL expression cultures were inoculated 1:50 into 100 mL
production medium (20 g/L glucose, 2 g/L MgSO,, 16 g/L KH,POy,,
14 g/L K;HPO,, 2 g/L NH4SO,, 1 g/L citric acid, 1 g/L 1-tyrosine, 5 g/L
casamino acids, 50 mg/L FeSO,7H,0, 10 mg/L thiamine-HCI, 10 mg/L
MnSO45H,0, [pH 7.2]) adapted from Koketsu et al. (2013) and
supplemented with Amp and Kan. Cells were grown to an ODgoo of
0.5 at 37°C while shaking (200 rpm). After incubation on ice for
15 min, the expression of pETDuet-2::apt-hph or pETDuet-2::apt-hph-
aptF was induced by adding IPTG to a final concentration of 1 mM. The
cultures were transferred to 25°C while shaking (200rpm) and
incubated until an ODggo of 0.8 was reached. Expression of pET-28b-
ptetO::apt-NRPS was induced by adding 0.5 pg/mL tetracycline. Due to
the light instability of tetracycline, the flasks were wrapped in
aluminum foil and the incubation was continued for 48h. After
harvesting the cells by centrifugation (6000 X g, 10min, 4°C), the
supernatant was stored at 4°C and the cell pellet at —80°C upon
extraction. Supernatants were adjusted to pH 4-5 with 37% HCI for
extraction and centrifuged (10,000 X g, 10 min, room temperature) to
remove occurring precipitate. After extraction with 0.75 vol EtOAc for
three times, the organic phases were combined and evaporated in vacuo
at 40 °C. The residues were resuspended in 500 uL. MeOH and filtered
using a PTFE 0.2 um syringe filter. Pellets were extracted using 20 mL
MeOH. After resuspension, the cells were disrupted in a Branson
ultrasonic cleaner 3510EMTH (Bransonic, USA) for 30 min and the
insoluble compounds as well as the cell debris were removed by
centrifugation (10,000 X g, 10 min, room temperature). The solvent
was evaporated in vacuo at 40 °C and the samples were prepared as the
supernatant samples above. A standard of anabaenopeptin NZ857 and
nostamide A was prepared by extracting N. punctiforme cells after
storage at —80 °C as described for E. coli cells. As a negative control,
empty E. coli BAP1 cells were grown, induced and extracted as
described above, but without antibiotics.

2.2.3. Erythromycin

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

2.2.3.2. DiPaC strategy for ery. Q5 polymerase with HighGC Enhancer
was used to amplify the ery cluster as five sections. The vector backbone
of pET-28b-SUMO was initially used as the cloning vehicle and
fragments 1-4 were assembled in a sequential manner. At first, pET-
28b-SUMO was linearized using BamHI and dephosphorylated. With
each insertion of parts ery-p1, 2, 3 and 4, a unique SnaBI restriction site
on the 3’-end was added for backbone linearization (Table S6). This site
was included in the reverse primer and thus got attached to the ery
fragments during the amplification process. SnaBI was removed during
assembly so that the wild type sequence between the cluster fragments
was maintained and the restriction site itself on the 3’-end was kept
unique. All the pET-28b-SUMO constructs (Table S3) were screened
using suitable screening primer pairs binding at the end of the insert in
combination with the backbone primer pET-RP (Table S1). Due to the
large size of pET-28b-SUMO::ery-p1234, the vector backbone was
exchanged to a pCC1FOS based plasmid by LCHR using E. coli GBO8-
red to construct pCC1FOS::ery-p1234 (see below, Section 2.2.3.3). For
successful LCHR the helper plasmid pCC1FOS::HR_ery-p1234 was first
constructed. pCC1FOS::HR _ery-p1234 was built to contain one 500 bp
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capturing arm homologous to the beginning of ery-pl and a second
479 bp capturing arm homologous to the end-sequence of ery-p4, and
was generated in a three fragment HiFi DNA assembly reaction out of
HindlIlI-linearized pCCl1FOS and the PCR amplified capturing
fragments. This construct was HindIll-linearized, dephosphorylated
and then used for the LCHR assembly. To complete the pCC1FOS::ery
vector, ery-p5 was inserted in a last assembly reaction into
pCC1FOS::ery-p1234 to generate pCClFOS:ery. E. coli EPI300-T1
colonies were screened using vector and insert specific primers. The
expression construct for Streptomyces, pLKO1::ery, was constructed by
LCHR using pCC1FOS::ery as circular template and a compatible linear
fragment of pLKOl (6617 bp) generated by PCR using primers
pLKO1 Lin For/Rev (use of HighGC Enhancer mandatory) (Kaysser
et al., 2012).

2.2.3.3. Homologous recombination to conduct vector backbone
exchanges. Backbone exchanges were performed by homologous
recombination in E. coli GBO8-red (LCHR) (Fu et al., 2012) with
introduction of the desired template plasmids by electroporation.
Cells were PCR-verified to ensure successful plasmid uptake and were
then used to prepare LB overnight cultures, grown under antibiotic
pressure at 37 °C while shaking (200 rpm). 15 mL of LB medium were
inoculated in a ratio of 1:100 and cultures were grown to an ODggo
value of 0.2-0.3. L-arabinose was added to a final concentration of 0.1%
to induce the recombinase system. Cultivation was continued until the
ODgop was between 0.6 and 0.8. Electrocompetent cells were generated
by washing with sterile, ice-cold 10% glycerol (three times) with
intermediate centrifugation at 5000 x g for 5min at 4 °C. Cell pellets
were resuspended in 300 uL of 10% (v/v) glycerol solution to prepare
three aliquots with a volume of 100 pL each and were stored on ice.
Cells were then electroporated with the linearized capturing backbone
(100-200 ng of DNA). The electroporation was carried out in a 0.2 cm
ice-cold electroporation cuvette using a BioRad GenePulser II set to:
200 Q, 25 pF and 2.5 kV. Directly after pulsing, 700 puL of SOC medium
were added to the cells, which subsequently were incubated at 37 °C
while shaking (200 rpm) for one hour. The bacterial suspension was
streaked on LB agar plates with the corresponding antibiotic of the
target backbone and cultivated overnight at 37 °C. Colonies of E. coli
GB08-red were checked by PCR using suitable primer pairs. The
minipreparation eluates from E. coli GBO8-red overnight cultures were
taken to transform plasmid storage strains (E. coli DH5a, TOP10,
EPI300-T1). For LB overnight cultures of E. coli EPI300-T1 containing
pCC1FOS/pLKO1, 1-arabinose was added to a final concentration of
0.01% to induce high-copy replication of plasmids. After isolation of the
target plasmids, screening PCR and analytical restriction digests were
used to validate the sequence of the exchanged plasmids. End-
sequencing of vector/insert border regions was used in addition to
prove correct integration.

2.2.3.4. Streptomyces conjugation. Plasmid pLKOl::ery was introduced
into S. coelicolor M1152 and M1154 by triparental intergeneric
conjugation with E. coli ET12567/pUB307 (Flett et al., 1997). In
short, pLKO1::ery was applied to transform electrocompetent E. coli
ET12567. PCR-validated clones were selected and used to inoculate LB
supplemented with Kan. Similarly, LB cultures of E. coli ET12567/
pUB307 were grown. Overnight cultures of E. coli ET12567 pLKO1::ery
and E. coli ET12567/pUB307 were used to prepare LB cultures which
were cultivated at 37 °C while shaking (200 rpm). When reaching an
ODg( value of about 0.5-0.6, bacteria were pelleted by centrifugation
(5000 x g, 5min, 4°C). The supernatants were discarded and cells
washed twice under sterile conditions with LB medium. Pellets were
resuspended in 500 pL LB medium and dense cellular suspensions were
obtained. Spores of S. coelicolor M1152/M1154 were mixed with 50 mM
TES buffer pH 8.0 and incubated at 50 °C for ten minutes. Cells were
then incubated further at 28°C until use. For conjugation, E. coli
ET12567 pLKOl:ery, E. coli ET12567/pUB307 and activated spores
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were mixed. After pelleting by centrifugation (4000 X g, 2 min, room
temperature), the supernatants were carefully removed and the cells
resuspended in the remaining medium. The cellular suspension was
streaked onto MS agar plates (2% mannitol, 2% soya flour, 10 mM
MgCl,, 60 mM CaCl,, 2% agar) (Wang and Jin, 2014) and cultivated at
30 °C. After 16-20 h, agar plates were overlaid with an aqueous solution
containing 1 mg NA and 1 mg Kan. Exconjugates were obtained after
four to seven days of cultivation. A secondary selection was performed
streaking single colonies on MS agar plates containing selection
antibiotics (Kan, NA). Kan-resistant clones were selected, PCR verified
and used to inoculate CASO medium (Carl Roth), supplemented with
the appropriate antibiotics.

2.2.3.5. Heterologous expression of ery. The expression hosts S. coelicolor
strains M1152 and M1154 were chosen. pLKO1::ery was transferred by
conjugation and exconjugates were taken after two passages of
antibiotic selection and screened for the presence of a 485bp
fragment of ery (Fig. S22). Validated clones were streaked on MS agar
plates and cultivated for twelve days at 30 °C. The agar was cut into
small pieces and incubated with a solvent mixture consisting of 4:1
EtOAc:MeOH. After a tenmin incubation in the sonicating bath, the
mixture was filtrated and evaporated in vacuo at 40 °C. The residues
were resuspended in 500 uL of MeOH, insoluble materials were
removed by centrifugation (17,000 X g, 2min, 4 °C) using a benchtop
centrifuge and filtered (PTFE; 0.2 pm particle filter). The samples were
then subjected to HPLC-MS analysis. Commercially available
erythromycin (Sigma-Aldrich, catalogue no.: E5389-1 G) was used to
validate the retention time.

3. Results and discussion

In the course of our work directed at the cloning, recombinant
production and biocatalytic application of biosynthetic enzymes for
natural product diversification and total synthesis, e.g., in the field of
polycyclic tetramic acid containing macrolactams (PoTeMs) (Antosch
et al., 2014; Greunke et al., 2015, 2017), we realized that the PCR
amplification of large genes (> 5kb) utilizing Q5 polymerase (NEB)
was highly efficient and reliably error free. Based on this observation,
we devised a straightforward strategy for the interception of BGCs by
combining long-template PCR amplification with HiFi DNA assembly to
efficiently build BGC heterologous expression constructs (Fig. 1). If
sufficiently large PCR products with homology arms to the expression
vector of choice could be generated reliably error free, this strategy
would not only be technically simple, but also provide several other
favorable features, such as: (i) it will allow direct amplification of any
BGC of interest from even small amounts of DNA, (ii) the vector
backbone for heterologous expression can be freely chosen, (iii) the
complete assembly of the pathway will occur in vitro, allowing late
choice of a suitable heterologous host in case of product toxicity, (iv)
the BGC can be refactored during the initial cloning process, providing
flexibility concerning cloning strategy and expression construct struc-
ture, (v) besides the vector of choice, only commercially available,
ready-to-use kits and reagents are required. Taken together, such a
strategy would nicely complement the powerful LLHR and TAR cloning
methods. Particularly for small- to mid-sized BGCs, DiPaC would thus
have the potential to significantly streamline DNA capturing.

3.1. DiPaC for the discovery of novel natural products by activation of small
orphan BGCs

To first demonstrate the application of DiPaC on small BGCs from
medium range GC content genomes, we selected the putative phenazine
biosynthetic gene cluster (ehp) from S. fonticola DSM 4576 (9.5kb,
53.6% GC). The phenazines are a diverse class of small natural products
with a wide range of bioactivities, making the identification of novel
analogues highly significant (Guttenberger et al., 2017). Extracts of S.
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Fig. 1. DiPaC cloning strategy for the identification of novel natural products.
Genome mining is used to select a BGC of interest. A cloning strategy is then
devised, including selection of an appropriate vector and a suitable expression
host. Additionally, based on the source organism and bioinformatic analysis of
the BGC of interest, the researcher can choose to amplify the cluster in its native
form (A) or to refactor the cluster by altering genetic organization, exchanging
promoters, or by removing intergenic regions or predicted regulatory genes
(black) via the selected incorporation of multiple PCR fragments (B). If the
cluster must be constructed over multiple rounds due to the incorporation of
multiple genetic fragments, a unique restriction site can be incorporated into
the primer design to enable downstream linearization of the vector backbone
prior to the next insertion. Once the vector has been constructed by either (A)
or (B), it is transformed into a suitable expression host for compound produc-
tion.

fonticola DSM 4576 did not appear to contain any phenazine-like mo-
lecules indicating the corresponding BGC to be silent under the culture
conditions used. Bioinformatic analysis of the S. fonticola DSM 4576 ehp
gene cluster revealed five core phenazine genes, four phenazine aux-
iliary genes and two species-specific genes (Fig. 2A; Table S4). Ad-
ditionally, a sequence alignment of the S. fonticola DSM 4576 EhpF with
the Pantoea agglomerans EhpF crystal structure (Bera et al., 2010) re-
vealed a unique binding pocket (Fig. S1). Thus, it was predicted that the
silent S. fonticola DSM 4576 ehp cluster is likely to encode a novel
phenazine derivative.

The amplification of both the ehp cluster from S. fonticola DSM 4576
gDNA and the pET-28b-PD1 backbone from the pET28b-SUMO tem-
plate yielded strong amplification products. The primers were designed
to target a 9.7 kb region harboring ehpR (resistance), all five core
phenazine biosynthetic genes, three putative phenazine tailoring genes
and two species-specific genes, all encoded on a single operon (Fig. 2A).
For cloning, 30 bp homology arms were added to the 5’-end of the insert
specific primer set. By including vector homology arms onto the insert
specific primers, the vector backbone PCR product can be utilized for



C. Greunke et al.

A

2000" 00"

L p———.

ehpR ehpA ehpB ehpS ehpE
B |
v
11
Il
10 12 14 16 18 20 22 24 26 28 30 32 34

Time [min]

C

O Me
SIIg
N
N
~
N
O

Fontizine A (2)

OH
A
pZ
N
HO

1,6-phenazinedimethanol (1)

H

Fig. 2. Overview of the ehp gene cluster, heterologous expression of pET-28b-
PD1::ehp and structure of identified phenazines. (A) The ehp gene cluster was
identified within the S. fonticola DSM 4576 genome via genome mining. The
cluster contains eleven ORFs including one resistance gene (pink), five core
phenazine genes (red) and five auxiliary genes (green) of which ehpS and ehpT
appear to be strain specific. The ehp cluster was cloned as a single linear
fragment under the control of a T7 promoter. (B) E. coli BAP1 expression cul-
tures were extracted with organic solvent and analyzed by HPLC with a de-
tection wavelength of 360 nm. Cultures expressing pET-28b-PD1::ehp (blue)
were found to contain four new peaks relative to E. coli BAP1 expressing empty
pET-28b-SUMO vector (black). (C) Peak I and Peak IV were isolated and
structurally elucidated by 2D NMR. Compound 1 was identified as 1,6-phena-
zinedimethanol while 2 was identified as a novel structure designated as fon-
tizine A. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

the cloning of multiple distinct insert fragments of other BGCs. The
terminal regions of each DNA fragment were designed so the insert
would be located in an ideal position for successful expression utilizing
the pET-28-PD1 T7 promoter (Fig. S2). Several positive clones were
chosen following transformation of the HiFi DNA assembly reaction,
confirmed by restriction digest and initial sequencing of the insert
terminal regions followed by full sequencing of the complete BGC in-
sert. As desired, the complete phenazine BGC was indeed successfully
(and error free) transferred into the heterologous expression construct.

Extracts of E. coli BAP1 expression cultures harboring pET-28b-
PD1::ehp were found to produce several unique peaks compared to
empty pET-28b-SUMO expression cultures when analyzed by HPLC
with a detection wavelength of 360 nm. This wavelength was used
based on known UV spectra of the phenazine core ring system (Saleh
et al., 2012; Kadam et al., 2013). A total of four additional peaks were
identified in pET-28b-PD1::ehp expression cultures compared to the
control. Two molecules were identified as major products with a re-
tention time of 22 (I) and 32 min (IV) (Fig. 2B). Two minor constituents
with a phenazine-type UV profile were also observed at 25.5 and
27.5min, but could not be isolated in sufficient amounts for NMR
structure determination.

The two major metabolites were isolated by semi-preparative HPLC
for downstream high-resolution mass spectrometry and NMR analysis.
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Peak I was found to have a HR-ESI-MS of m/z of 241.0971 [M + H]*
corresponding to a chemical formula of C;4H;,N;0,. Further '"H NMR
analysis revealed the compound to be 1,6-phenazinedimethanol (1)
(Fig. 2C; Fig. S4; Table S5), a symmetrical phenazine previously iso-
lated from the marine bacterium Brevibacterium sp. KMD 003, but for
which no BGC has previously been reported (Choi et al., 2009). A
bioinformatic search of publicly available Brevibacterium genomes could
not identify an identical ehp gene cluster to that of S. fonticola. ESI-HR-
MS analysis of Peak IV (2) showed a m/z of 279.1127 [M + H] " with a
calculated molecular formula of C;;H;4N;0,. Mass analysis and 'H
NMR indicated the presence of a new phenazine analog now referred to
as fontizine A (2). Full structure elucidation by 2D NMR spectroscopy
(COSY, HSQC, HMBGC, see Figs. S5-S8 and Table S5) firmly established
the molecular framework of 2 for this new phenazine. Biosynthetically,
this compound might derive from an initial desymmetrization of 1 by
selective oxidation of one of the hydroxymethylene side-chains to the
corresponding aldehyde. Nucleophilic attack at the aldehyde function
by an acetone enolate, e.g., generated by decarboxylation of acetoacetic
acid, followed by elimination of water from the intermediate aldol
product furnishes fontizine A (2). The final yields of the purified natural
products isolated from the E. coli expression cultures were approx.
0.6 mg/L and 0.4 mg/L for 1 and 2, respectively. Having established
DiPaC for a BGC of approx. 10kb, we next turned our attention to
cloning a larger BGC, concurrently refactoring parts of the BGC directly
during the cloning procedure.

3.2. DiPaC for the interception, refactoring and heterologous expression of
mid-sized BGCs

To validate the DiPaC strategy for BGCs beyond a size of 10 kb, we
selected the anabaenopeptin (apt) BGC from the cyanobacterium Nostoc
punctiforme PCC 73102 (29.2 kb, 42% GC) as a suitable model system
(Rouhiainen et al., 2010). The anabaenopeptins are hexapeptide pro-
ducts of a non-ribosomal peptide synthetase (NRPS) composed of six
modules on four individual genes. All anabaenopeptins have an unusual
terminal ureido bond in common. Slight variations in the amino acid
composition of the peptide backbone lead to the different members of
this natural product family, with anabaenopeptin NZ857 (3) and nos-
tamide A (4) being the major products in N. punctiforme (Fig. 3B). Most
importantly, these compounds exhibit strong protease inhibitory ac-
tivity. Consequently, they are highly interesting from a biomedical
perspective. However, cultivation of cyanobacteria in the laboratory for
compound production can be challenging and the genetic manipulation
of filamentous cyanobacteria is very difficult. Additionally, there is
often poor expression of native cyanobacterial promoters within E. coli
heterologous hosts. Thus, we utilized the DiPaC strategy to simulta-
neously clone and refactor the apt BGC for the heterologous production
of anabaenopeptins in E. coli.

All core apt biosynthetic NRPS genes aptA-D are situated on a single
operon, while the amino acid precursor biosynthetic genes hphB/hphCD
and hphA, responsible for the assembly of r-homotyrosine and t-
homophenylalanine found in 3 and 4, are located up- and downstream,
respectively, of the large NRPS (Fig. 3A). The 22 kb NRPS consisting of
aptA-D was PCR amplified as a single product in high yields (Fig. S10),
simultaneously adding homology overhangs of 20bp at the N- and
29 bp at the C-terminus. Subsequent integration into the pET-28b-ptetO
vector possessing a tetracycline inducible ptetO promotor was per-
formed by HiFi DNA assembly. After successful transformation into E.
coli, a positive clone was submitted for sequencing and the complete
22kb NRPS as well as the integration sites were proven to be free of
mutations (Fig. S12). To facilitate efficient activation of the homoamino
acid biosynthesis genes independent and ahead of the NRPS assembly
line, the corresponding hph genes were integrated into the pETDuet-1
vector containing two IPTG inducible T7 promotors. The genes hphB/
hphCD were PCR amplified and placed under control of the first pro-
motor while hphA and aptF were inserted behind the second T7
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the reader is referred to the web version of this article.)

promotor. To ensure stable co-expression of both plasmids, the ColE1
origin of replication of pETDuet-1 was replaced by ColA (Fig. S11).

Expression in i-tyrosine rich production medium adapted from
Koketsu et al. (2013) was carried out using E. coli BAP1 pET28b-pte-
tO::apt-NRPS + pETDuet-2::apt-hph-aptF. Transcription of the hph genes
and aptF was induced with IPTG prior to inducing the apt NRPS genes
with tetracycline. HR-HPLC-MS [ESI*] measurements of the pellet and
supernatant extracts where compared to N. punctiforme extracts and
clearly showed the production of anabaenopeptin NZ857 (3) (m/z of
858.439 [M + H] ") and nostamide A (4) (m/z of 842.444 [M + H] ")
both in the heterologous host as well as in the natural producer (Fig. 3C
and Fig. $13). Further HPLG-MS? [HESI*] spectra measured for both
compounds match with data published by Rouhiainen et al. (2010) (Fig.
S14). Based on direct comparison of the heterologous system and the
wild-type production strain by HPLC-UV/MS analyses, the heterologous
system reached > 100-fold higher production levels (per volume). In
addition, the cultivation time was dramatically decreased from 50 days
in case of the cyanobacterial producer to 48h in E. coli. Interestingly,
the role of the putative ABC transporter aptF has not yet been experi-
mentally investigated. However, when E. coli BAP1 pET28b-ptetO::apt-
NRPS + pETDuet-2::apt-hph expression cultures lacking aptF were used
for heterologous expression experiments, products 3 and 4 were no
longer detectable, thus emphasizing the importance of this transporter
for compound production. This observation is in accordance with pre-
vious results on the ABC transporter mycH from microcystin bio-
synsthesis (Pearson et al., 2004).
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Using DiPaC to capture and refactor a cyanobacterial BGC, we were
thus able to successfully express anabaenopeptins in E. coli. To our
knowledge, this is the first heterologous production of anabaeno-
peptins.

3.3. DiPaC for the mobilization and heterologous expression of large BGCs

As evident from the phenazine and anabaenopeptin examples
above, DiPaC can readily be used for the cloning of small- to mid-sized
BGCs of up to approximately 25 kb in size using a single long-amplicon
PCR setup. However, the yield of the desired PCR product drops sig-
nificantly for larger amplicons. This limitation of DiPaC can be elimi-
nated by subdividing larger BGCs into several PCR fragments with their
subsequent fusion by HiFi DNA assembly. As a proof of concept for this
approach, we selected the erythromycin BGC ery (54.6 kb, 72.5% GC)
from S. erythraea DSM 40517 for DiPaC (Oliynyk et al., 2007). This
pathway constitutes the text book example of a multimodular type I
polyketide synthase (PKS) assembly line encoding the macrolactone
6-deoxyerythronolide B (6-dEB), which is further elaborated into ery-
thromycin A (5) by a series of tailoring reactions, in particular oxyge-
nations, glycosylations and methylation (Fig. S25) catalyzed by en-
zymes likewise encoded within ery (Staunton and Wilkinson, 1997;
Staunton and Weissman, 2001).

The ery BGC was arbitrarily dissected into five fragments between
9.5 and 12.6 kb in size. Because of the significantly higher success rates
of two-fragment HiFi DNA assembly over multiple fragment
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Fig. 4. Cloning and heterologous expression of the erythromycin BGC. (A) Overview of the ery gene cluster (54.6 kb) from S. erythraea NRRL 2338 and in silico
fragment partitioning into five pieces of 9.5-12.6 kb (yellow, green, purple, light blue, magenta) which were PCR-amplified. (B) Schematic representation of the
DiPaC reconstitution strategy involving unique restriction sites for plasmid linearizations required for fragment insertions. (C) HPLC-MS analysis of an erythromycin
A (5) standard (m/z = 734.46 [M + H] "), (D) in comparison with 5 from heterologous expression in S. coelicolor M1154 pLKO1::ery and an extract derived from (E) a
control culture without the expression plasmid (EICs for 5 is shown). (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

approaches, a sequential DiPaC strategy utilizing the pET-28b-SUMO
backbone was devised. This included the introduction of a unique re-
striction site between the vector homology arms and the BGC cluster
sequence during PCR amplification, which allowed linearization of the
cloning vector after each round of HiFi DNA assembly to insert further
PCR amplified fragments (Fig. 4A and B, Figs. S15-516). The artificial
cutting site is removed during each round of HiFi DNA assembly,
leading to seamless cloning of the BGC of interest. The five cluster
fragments of ery were amplified in high yield using Q5 polymerase
(NEB) (Fig. S17) and sequentially cloned into pET-28b-SUMO. To en-
sure plasmid stability and to test for efficiency of backbone exchange
with large DNA fragments using LCHR, the vector backbone was ex-
changed to pCCIFOS after integration of the fourth fragment. The
pCC1FOS derivative pLKO1 (Kaysser et al., 2012), which possesses an
oriT-traJ element for conjugation as well as a neomycin/kanamycin
resistance cassette for selection, was ultimately chosen to facilitate
transfer of the complete ery pathway into selected heterologous S.
coelicolor hosts (Fig. S26). The integrity of all the intermediate and the
final expression constructs was confirmed by restriction analyses and
end-sequencing (Figs. S18-521).

Triparental conjugation, facilitated by E. coli ET12567 pUB307 to-
gether with E. coli ET12567 pLKO1::ery, was used for stable integration
of the ery BGC into the genomes of S. coelicolor M1152 and M1154
(Flett et al., 1997). Exconjugates were PCR-analyzed for the presence of
the ery BGC (Fig. S22). Two clones were selected for each strain and
cultures grown on mannitol soy agar. The engineered Streptomyces
produced 5 (m/z of 734.46 [M + H]*), which was readily detected in
the organic solvent extracts by HPLC-MS in comparison to a commer-
cially available standard (Fig. 4C, D, E, Fig. 523). In addition, MS2-
fragmention spectra were measured and clearly confirmed the presence
of 5, in our case by monitoring the specific ion fragment fingerprint
(Fig. S24). While production levels in the recombinant host without
optimization of the cultivation parameters were low, detection and
unambiguous identification of 5 by HPLC-MS and MS? clearly validated
the successful cloning of the native ery pathway using DiPaC.

It is important to note that previous studies have successfully pro-
duced erythromycin A (5) (Zhang et al., 2010) and its precursors 6-dEB
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and EB in heterologous host systems, however, with significantly more
complex construct designs and cloning approaches (Fayed et al., 2015;
Kumpfmiiller et al., 2016; Pfeifer et al., 2001). For the production of 5
in E. coli, multiple plasmids, each harboring complementary parts of
ery, were used. In the most improved situation, this required four in-
dividual plasmids covering 20 ery biosynthetic genes (Zhang et al.,
2010; Jiang et al., 2013). 6-dEB was also produced in Streptomyces that
were conjugated with at least three plasmids covering the polyketide
synthase genes eryAI/II/IIl. Introduction of an additional vector har-
boring an angolomycin glycosylation gene cassette facilitated produc-
tion of angolosaminylated 6-dEB and EB (Fayed et al., 2015). Hetero-
logous expression of 6-dEB in Bacillus subtilis required several rounds of
homologous recombination, three to integrate eryAI/II/IIl, as well as
the transfer of an intact copy of sfp (Kumpfmiiller et al., 2016). In our
current work, DiPaC allowed us to quickly access the entire ery cluster
by a sequential assembly over a series of intermediate plasmids. The
integrative vector pLKO1::ery was used for the stable integration of ery
in a single conjugation step, thus being able to successfully produce 5.
This study clearly showcases that even large BGCs can readily be tar-
geted by DiPaC. In principle, such a multiple fragment approach should
be suitable even for significantly larger BGCs. Using Q5 polymerase on
high-GC genomic template DNA, we were able to readily amplify up to
15kb large DNA fragments, which in case of low-GC template can be
increased up to 25 kb.

4. Conclusions

Genome mining for the discovery of novel small molecules from
Nature has emerged as a flourishing field in modern biomolecular
natural product research (Bachmann et al., 2014; Ziemert et al., 2016).
Besides the heroic development of easy and free to use bioinformatic
tools, such as antiSMASH (Blin et al., 2017) and PRISM (Skinnider
et al., 2015), novel powerful techniques for BGC interception, parti-
cularly LCHR, LLHR and TAR (Ongley et al., 2013; Muyrers et al., 1999;
Sharan et al., 2009; Yu et al., 2000; Zhang et al., 1998, 2000; Wenzel
et al., 2005; Fu et al., 2012; Duchaud et al., 2003; Yin et al., 2015;
Kouprina and Larionov, 2006, 2008; Kim et al., 2010; Yamanaka et al.,
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2014; Bian et al., 2012; Cobb and Zhao, 2012), are driving forces for the
fast progress of the field. These methods facilitate the mobilization,
isolation and heterologous expression of BGCs with high efficiency. In
addition to their general need for relatively large amounts of gDNA,
these techniques have some specific individual requirements, most
importantly the use of highly specialized method-specific vectors and
hosts. Downstream full assembly of the desired expression construct by
in vivo homologous recombination followed by its intact isolation can
also be challenging for the non-expert, as often the case in natural
product discovery laboratories. We thus aimed at the development of a
complementary additional tool, DiPaC, which is easy to use and does
not require any specialized equipment, vector, or organism.

DiPaC relies on the amplification of the BGC of interest by PCR
using state-of-the-art high-fidelity DNA polymerases. While such an
approach has generally been neglected because of the expected in-
corporation of multiple errors by PCR reactions targeting long stretches
of DNA, modern polymerases, such as the Q5 polymerase used in this
study, seem to perform with perfect accuracy. Indeed, we have not
detected a single mutation in any of the up to 22kb large constructs
fully sequenced in the course of this study. Given the risk of undesired
recombination events during in vivo homologous recombination, e.g.,
erroneous deletion of parts of a BGC with high sequence homology as
found in many PKS and NRPS systems, our PCR-based strategy thus
seems to be equally reliable.

Within this work, we demonstrated the power of DiPaC for the
cloning and heterologous expression of small- to mid-sized BGCs of up
to ca. 25 kb in size, with its possible extension to larger gene clusters by
HiFi DNA assembly of multiple large PCR amplicons. As exemplarily
shown for the ehp BGC described above, DiPaC is extremely efficient for
the cloning and heterologous expression of small- to mid-sized BGCs in
their native form. In fact, the BGC of interest can be amplified by PCR,
assembled into any vector of choice, transferred into and isolated from
E. coli within 24 h, making the design, synthesis and delivery of the
cloning PCR primers the most time-consuming step of the procedure.

As showcased for the anabaenopeptin BGC, DiPaC is also compatible
to pathway refactoring directly during the cloning procedure. The
common failure of cyanobacterial promoters to be activated in E. coli
expression hosts and the difficulty to genetically manipulate cyano-
bacteria has significantly hampered genetically mining these organ-
isms, with only few impressive examples described to date (D'Agostino
et al., 2016; Kim et al., 2012; Liu et al., 2017; Ongley et al., 2013).
DiPaC allows for a straightforward refactoring of BGCs directly during
cloning to overcome these problems, e.g., via the exchange of native
(silent) promoters for inducible ones or by removing predicted tran-
scriptional terminators. Traditionally, this would have to occur after
capturing the BGC of interest from the gDNA, such as with the ex-
pression of the microcystin biosynthetic gene cluster (Liu et al., 2017).
Furthermore, the ability to circumvent the addition of an antibiotic
selection marker ensures the expression vector can then be altered with
ease after construction by already established recombineering techni-
ques such as LCHR.

From a technical perspective, DiPaC solely requires commercially
available reagents (High-Fidelity DNA polymerase, HiFi DNA assembly
kit) and standard molecular biology equipment. The assembly of the
expression construct is completely conducted in vitro, thus facilitating
its direct transfer into any genetically transformable heterologous host.
This can be particularly advantageous for BGCs encoding natural pro-
ducts toxic to the classical in vivo homologous recombination organ-
isms. DiPaC is furthermore not restricted to any specialized cloning
vector. Instead, any expression vector applicable to a heterologous host
of interest (E. coli, Streptomyces, Bacillus, yeast, cyanobacteria) can be
directly utilized. The vector of choice can either be linearized by re-
striction digest and dephosphorylated, or the desired part of the back-
bone can be amplified by long-range PCR. The homology arms required
for HiFi DNA assembly can be attached to the BGC to be inserted during
PCR amplification, thereby eliminating tedious procedures for the
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installation of homology arms onto the cloning vector template. This
also enables the use of any produced, storable linear cloning vector for
multiple BGCs of interest. Further, we envisage the future of DiPaC to
be applied to more complex samples, such as capturing BGCs directly
from metagenomic samples without the need for large-insert genomic
library preparation. This would be a particularly well-suited method for
metagenomes where the amount of gDNA is limited. With the increased
research interest in small- to mid-sized BGCs, including small (iterative)
PKS/NRPS systems, e.g., encoding polycyclic tetramic acid containing
macrolactams (PoTeMs) (Greunke et al., 2017; Blodgett et al., 2010) or
bacterial pyrrolizidine alkaloids (Schimming et al., 2015), ribosomally
synthesized and post-translationally modified peptides (RiPPs) (Viehrig
et al., 2017; Mo et al., 2017; Chen et al., 2017; Agrawal et al., 2017) or
terpenoid pathways (Valiante et al., 2017; Khalid et al., 2017; Janevska
et al., 2016), we expect DiPaC to evolve as an invaluable new tool not
only for the natural product research community, but also for metabolic
(bio)engineering and synthetic biology in general.
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10.1186/s12934-019-1080-6

*equally contributing authors

After initial demonstration of the usefulness of DiPaC for quick and simple cloning and
expression of cyanobacterial natural products, its applicability for a different but equally
challenging field of secondary metabolites, the VOCs, should be demonstrated. These
substances are lipophilic molecules with a mass of less than 300 Da, high vapor pressure
and low boiling point. Those characteristics make them highly valuable in Nature, as
they can play important biological roles such as enabling long-distance communication
or conveying cross-kingdom interactions [286-288]. In contrast to that, their physical
properties make them hard-to-handle substances in a laboratory environment. By now, a
lot of different VOCs have been structurally characterized, but knowledge regarding their
biological role and function in the natural environment, as well as potential pharmaceutical
applications is lacking behind.

Sodorifen (38) is a VOC with an unusual polymethylated hydrocarbon structure con-
taining a bicyclo[3.2.1Joctadiene skeleton and is emitted by some Serratia plymuthica
strains [111, 116]. Despite extensive investigation over the last years, the biological func-
tion of 38 still remains elusive. Most S. plymuthica strains investigated so far emit dozens
of different VOCs at the same time at very low concentrations, which makes the functional

characterization of 38 very challenging [116, 289].

H3C

E. coli HsC CHs

sodA # sodB sodC sodD — i CH
BL21 HsC CH 3

IPP isomerase DXP synthase C-methyl transferase terpene cyclase 3 CH
[0.5 kb] [1.8 kb] [1.0 kb] [1.2 kb] 38 2

Scheme 5. Heterologous expression of the S. plymuthica WS3236 sod BGC
in E. coli BL21 leads to efficient sodorifen (38) production. The sod
cluster consists of four genes of which sodA and sodB are responsible for pre-
cursor supply and sodC and sodD catalyze the methylation and cyclization
reactions to form 38.
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3 Results and Discussion

To tackle this problem and to demonstrate the broad applicability as well as the effi-
ciency of DiPaC, the 4.6 kb sodorifen sod BGC from S. plymuthica WS3236 (see Scheme 5)
was cloned and heterologously expressed within this thesis. The sod cluster was amplified
as one fragment by PCR and integrated into a tetracycline inducible expression plasmid
equipped with a C-terminal gfp transcription reporter gene. Heterologous expression in
E. coli BL21 led to 26-fold increased emission of 38 compared to production rates in 5.
plymuthica WS3236 cultivated under the same conditions. By varying the media used
for heterologous production, 90% pure 38 was detected in the raw extracts without any
purification. In contrast to this, S. plymuthica WS3236 emitted a variety of different
VOCs with 38 by far not being the most abundant one. In summary, within this work
a DiPaC-based, quick and easy access for further investigations and characterizations of

challenging secondary metabolites could be demonstrated.
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Abstract

Background: Serratia plymuthica WS3236 was selected for whole genome sequencing based on preliminary genetic
and chemical screening indicating the presence of multiple natural product pathways. This led to the identification

of a putative sodorifen biosynthetic gene cluster (BGC). The natural product sodorifen is a volatile organic compound
(VOC) with an unusual polymethylated hydrocarbon bicyclic structure (C,4H,,) produced by selected strains of S.
plymuthica. The BGC encoding sodorifen consists of four genes, two of which (sodA, sodB) are homologs of genes
encoding enzymes of the non-mevalonate pathway and are thought to enhance the amounts of available farnesyl
pyrophosphate (FPP), the precursor of sodorifen. Proceeding from FPP, only two enzymes are necessary to produce
sodorifen: an S-adenosyl methionine dependent methyltransferase (SodC) with additional cyclisation activity and a
terpene-cyclase (SodD). Previous analysis of S. plymuthica found sodorifen production titers are generally low and
vary significantly among different producer strains. This precludes studies on the still elusive biological function of this
structurally and biosynthetically fascinating bacterial terpene.

Results: Sequencing and mining of the S. plymuthica WS3236 genome revealed the presence of 38 BGCs according
to antiSMASH analysis, including a putative sodorifen BGC. Further genome mining for sodorifen and sodorifen-like
BGCs throughout bacteria was performed using SodC and SodD as queries and identified a total of 28 sod-like gene
clusters. Using direct pathway cloning (DiPaC) we intercepted the 4.6 kb candidate sodorifen BGC from S. plymuthica
WS3236 (sodA-D) and transformed it into Escherichia coli BL21. Heterologous expression under the control of the
tetracycline inducible Ptet, promoter firmly linked this BGC to sodorifen production. By utilizing this newly estab-
lished expression system, we increased the production yields by approximately 26-fold when compared to the native
producer. In addition, sodorifen was easily isolated in high purity by simple head-space sampling.

Conclusions: Genome mining of all available genomes within the NCBI and JGI IMG databases led to the identifica-
tion of a wealth of sod-like pathways which may be responsible for producing a range of structurally unknown sodo-
rifen analogs. Introduction of the S. plymuthica WS3236 sodorifen BGC into the fast-growing heterologous expression
host E. coli with a very low VOC background led to a significant increase in both sodorifen product yield and purity
compared to the native producer. By providing a reliable, high-level production system, this study sets the stage for
future investigations of the biological role and function of sodorifen and for functionally unlocking the bioinformati-
cally identified putative sod-like pathways.
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Background sodorifen and its isomers [12]. Recent investigations
Volatile organic compounds (VOCs) are lipophilic small ~ in vivo and in vitro demonstrated that the SAM-depend-
molecules (<300 Da) that are characterized by their  ent C-methyltransferase SodC is not only responsible for
high vapor pressures and low boiling points. They play  the addition of a methyl group to FPP, but also exhibits a
important biological roles, e.g., as signaling molecules  surprising cyclisation activity leading to the phosphoryl-
by enabling communication over long-distances and are  ated version of pre-sodorifen, which is then cyclized by
able to facilitate cross-kingdom interactions [1-3]. Thus, the terpene cyclase SodD to yield the final bicyclic com-
understanding their ecological functions is important, for = pound sodorifen (Fig. 1a) [13].
instance when looking deeper into microbial ecology or Interestingly, sodorifen is produced by multiple mem-
plant-rhizosphere interactions. The rhizobacterium Ser-  bers of the rhizobacterium family of S. plymuthica [10]
ratia plymuthica 4Rx13, for example, is emitting over 100  suggesting an important ecological role of this special-
different VOCs which have been shown to inhibit plant ized metabolite. Most S. plymuthica strains investigated
and fungal growth [4-9]. The VOC profile of S. plym-  so far emit a complex mixture of different VOCs mainly
uthica 4Rx13 contains sodorifen as one major metabolite, at very low concentrations [4], greatly hampering the
a polymethylated hydrocarbon with an unusual bicy- efficient production for functional screening of indi-
clo[3.2.1]octadiene skeleton (Fig. 1a) [10]. vidual compounds such as sodorifen. Sodorifen produc-
Recently, a 4.6 kb sodorifen (sod) BGC cluster harbor-  tion can be triggered to some extend by co-cultivating
ing four individual genes was found to be responsible for ~ S. plymuthica with the fungal pathogen Fusarium cul-
the sodorifen production in S. plymuthica 4Rx13 (Fig. 1b)  morum [12] and is furthermore regulated by the car-
[11]. The first two genes, an isopentenyl-diphosphate  bon catabolite repression system [14]. Different isolates
delta-isomerase (IPP isomerase, sodA) and a 1-deoxy- of S. plymuthica exhibit surprisingly variable amounts
D-xylulose-5-phosphate synthase (DXP synthase, sodB)  of sodorifen emission, ranging from <0.1 to 50% of the
are homologs of genes found in the non-mevalonate total VOC spectrum under identical fermentation con-
pathway (MEP-pathway) and may supply additional ditions [14]. Given the rather low titers of sodorifen
farnesyl-pyrophosphat (FPP), the precursor of sodor- in all natural producers, its inherent volatility and the
ifen. Notably, knock-out-mutants showed that SodB is  observed complexity of VOC mixtures obtained by fer-
not crucial for sodorifen emission, most likely due to the = mentation of S. plymuthica, studies on the functional role
fact that one of the house-keeping enzymes of the MEP-  of this intriguing metabolite have so far been impeded.
pathway provides sufficient precursor flux [11]. Expres- Optimized biotechnological production of sodorifen in
sion of sodCD in Escherichia coli additionally harboring a suitable recombinant host with low VOC background
the plasmid pMEV with three MEP-pathway associated has the potential to solve this apparent supply prob-
enzymes led to the production of minute amounts of lem thus enabling in-depth functional studies. Such an

glyceraldehyde-3- 1-desoxy-D-xylose- Me IPP
pyruvate phosphate (G3P) 5-phosphate (DXP) )\/\ farneyl pyrophosphate (FPP)
OPP
o O SodB OH Me Me Me
Me O Me — SodA —>
OH *H op —> op —> — N X ™
Me OPP
o OH o} OH Me DMAPP
SodC
............................................................... \
. ) . 1 Me OPP +SAM
b sodABCD biosynthetic gene cluster in S. plymuthica WS3236 1
: Me Me
—| sodA sodB sodC sodD : Me Me Me, Me Me
. Me SodD
IPP DXP C-methyl  terpene : 7 Me | <— 4 NS oPP
isomerase synthase transferase  cyclase ! Me Me Me” M
h e Me
(531 bp) (1830 bp) (974 bp) (1155 bp) : sodorifen pre-sodorifen

Fig. 1 a Biosynthesis of the polymethylated hydrocarbon sodorifen (C;4H,¢) from MEP-pathway-derived farnesyl pyrophosphat (FPP) via the
intermediate pre-sodorifen [13]. b Sodorifen BGC from S. plymuthica WS3236 harboring an isopentenyl-diphosphate delta-isomerase sodA, a 1-deox
y-D-xylulose-5-phosphate synthase sodB, a SAM-dependent C-methyltransferase sodC and a terpene cyclase sodD
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approach requires the cloning and successful heterolo-
gous, functional expression of the encoding biosynthetic
gene cluster. Biosynthetic gene clusters can be captured
using several in vivo methods based on recombineer-
ing, such as liner-linear homologous recombineering
(LLHR) [15] or linear-circular-homologous recombineer-
ing (LCHR) [16], exonuclease combined recombination
(ExoCET) [17] and Cas9-assisted targeting of chromo-
some segments (CATCH) [18], all utilizing the Rec/ET
system [19], or using the natural recombination capa-
bility of Saccharomyces cerevisiae for transformation-
associated recombination (TAR) cloning [20-22]. In
addition to this, there are PCR based in vitro BGC clon-
ing techniques such as circular polymerase extension
cloning (CPEC) [23], assembly of fragment ends after
PCR (AFEAP) [24] and direct pathway cloning (DiPaC)
[25, 26]. DiPaC is characterized by long-amplicon PCR
combined with homologous nucleotide overhangs which
allows for in vitro DNA assembly via Gibson assembly
or sequence- and ligation-independent cloning (SLIC)
of the BGC directly into the expression vector of choice.
This enables the rapid, efficient and cheap capturing and
expression of BGCs of interest in heterologous hosts such
as E. coli or Streptomyces spp. [25, 26]. Within this study
we present the application of DiPaC to functionally link a
putative sodorifen biosynthetic gene cluster to sodorifen
production in a recombinant host system and the opti-
mization of the fermentative strategy to almost exclusive,
high-level sodorifen production.

Results

Serratia plymuthica WS3236 was selected for WGS after
preliminary genetic and chemical screening (data not
shown) that pointed to the presence of natural prod-
uct pathways. The resulting genome has a GC content
of 55.93% and encodes a total of 5107 genes, of which
4915 (96.24%) are protein encoding genes. The genome
sequence has been deposited at GenBank SRA (Bio-
Project ID: PRJNA442736) and IMG/MER (Accession:
2773857786) databases. To disclose the secondary metab-
olite potential of S. plymuthica WS3236, an in silico
approach utilizing antiSMASH [27] and ClusterFinder
[28] algorithms was performed. A total of 38 BGCs were
identified (Additional file 1: Table S1), of which two dis-
played high homology to known BGCs encoding zeamine
[29] (MIBiG BGC-ID: BGC0001056_c1) and sodorifen
[11, 13] (MIBiG BGC-ID: BGC0001361_c1). A further
seven did not show similarity to characterized path-
ways but belonged to well-known natural product fami-
lies including non-ribosomal peptide synthase (NRPS; 4
clusters), arylpolyene-siderophore (1 cluster), polyketide
synthetase/NRPS (PKS/NRPS; 1 cluster) and thiopeptide
(1 cluster) biosynthesis (Additional file 1: Table S1); the
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remaining 29 pathways were predicted by ClusterFinder
and either belonged to fatty acid, saccharide or putative
pathways. Within this work, we decided to further inves-
tigate the candidate sodorifen BGC, to (1) firmly validate
its small molecule product and (2) establish a reliable
high-level recombinant system for sodorifen production
that will facilitate future investigations into its biological
functions.

To functionally link the sod candidate BGC to sodorifen
production, S. plymuthica WS3236 was cultivated either
in TB or succDMM, the latter being reported as the opti-
mal sodorifen production medium for S. plymuthica [13].
Sodorifen yields were highest after day 1 and constantly
decreased after this time point (Fig. 2). Interestingly, we
found that cultivation in TB resulted in slightly higher
sodorifen emission, which might solely be a consequence
of higher growth rates and cell densities compared to
the minimal succDMM medium. As neither TB nor suc-
cDMM contain glucose, the carbon catabolite repression
system regulating the sod BGC, as described by Magnus
et al. [14], does not come into effect. Most importantly,
all production experiments with the natural producer S.
plymuthica WS3236 only resulted in small amounts of
sodorifen relative to other VOCs produced. As purifica-
tion of highly volatile organic compounds is generally
difficult, we set out to construct a heterologous produc-
tion system that reliably gives access to larger amounts of
sodorifen, most importantly with high purity by simple
head-space sampling.

For the interception of the sod BGC the DiPaC strat-
egy was applied. An expression plasmid containing the
tetracycline inducible promoter Ptet, was chosen for
heterologous expression as the use of stronger promot-
ers such as T7 has previously been shown to frequently
hamper secondary metabolite production [30]. There-
fore the 4.6 kb sod BGC was PCR amplified in one piece
using primers equipped with homologous overhangs for
the vector backbone pET28b-ptetO::gfpv2 (see Fig. 3a,
b). This vector carries a copy of the gfp gene downstream
of the multiple cloning site thus enabling the validation
of transcription/translation of the complete construct by
simple fluorescence detection of GFP. After linearizing
the vector backbone by PCR (see Fig. 3c), the two frag-
ments where joined using SLIC. Successful integration
of the sod BGC into pET28b-ptetO::gfpv2 was verified by
colony screening PCR, analytical restriction digest and
sequencing of the integration site of the resulting plas-
mid pET28b-ptetO::s0d_gfpv2 (see Fig. 3 and Additional
file 1: Figure S2).

Full transcription/translation of the sod BGC under
the control of Ptet, was confirmed by detecting green
fluorescence in the presence of tetracycline, but not
in the controls (see Additional file 1: Figure S3). SDS
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Fig. 2 Quantitative comparison of sodorifen amounts produced by S. plymuthica WS3236 and E. coli cultivated in succDMM and TB media over the
course of 4 days. Yields were calculated based on peak areas pA*s measured with analytical GC. 26-fold higher sodorifen production in E. coli (TB, 4th
day) can be observed compared to the best conditions tested for S. plymuthica (TB, 1st day). S. plymuthica shows a constant decrease of sodorifen
production during the time course whereas for £. coli in TB a constant increase is observed and in succDMM a maximum is reached on the 2nd day
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Fig. 3 DiPaC of the sod BGC into pET28b-ptetO:sod_gfpv2. a PCR amplification of the 4.6 kb sodA-D fragment with Q5 polymerase and primers
containing homology sequences for SLIC into the backbone, b sodA-D fragment after gel purification, ¢ PCR amplification to construct a linear
6.6 kb backbone of pET28b-ptetO::gfpv2, d positive screening PCR of five clones after transformation of the SLIC-joined pET28b-ptetO:sod_gfpv2
plasmid and e control restriction digest of two clones with Ndel or EcoRV in comparison to the predicted (Snapgene) pattern

gel analysis of the whole cell protein of S. plymuthica
WS3236, E. coli BL21 as well as induced versus unin-
duced E. coli carrying plasmid pET28b-ptetO::sod_
gfpv2 did not reveal any differences in the protein
expression pattern (see Additional file 1: Figure S4).
This clearly underlines the versatility of the applied
fluorescence screening using the GFP reporter protein
downstream of the sod pathway to prove successful
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transcription/translation of the entire construct. GC—
MS analysis of all VOCs emitted into the headspace of
the heterologous fermentation in all three tested media
revealed the accumulation of a molecule with a molec-
ular mass of m/z 218 [M*] which clearly showed the
typical mass spectrum of sodorifen [10] (see Additional
file 1: Figure S5). In addition, low amounts of sodorifen
isomers known to also be produced by S. plymuthica
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were likewise observed [13]. As no potential sodorifen
pathway intermediates were detected, apparently all
terpenoid precursors available to the sodorifen biosyn-
thetic system were fully converted to the end product
by SodC and SodD.

Optimization of the heterologous production of sodor-
ifen was tested in three different media: LB, TB and suc-
¢cDMM. The amounts of emitted VOC products were
compared to those of S. plymuthica WS3236 under the
same growth conditions. Using succDMM as cultivation
medium for E. coli BL21 pET28b-ptetO::sod_gfpv2, the
yield of emitted sodorifen reached a maximum on day 2
and was comparable to the production of S. plymuthica
WS3236 grown in TB (cf. Fig. 2). Performing the heterol-
ogous expression in LB medium showed a maximal pro-
duction on day 2, and increased the yield about tenfold
compared to succDMM (see Additional file 1: Table S4).
In contrast, E. coli BL21 pET28b-ptetO::s0d_gfpv2 cul-
tivation in TB showed a tremendous boost of sodorifen
emission which continuously increased with each day
and revealed a 26-fold higher production titer on day 4
when compared to the optimal production condition
of the original producer (Fig. 2; see Additional file 1:
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Table S4 for a complete overview of produced sodorifen
amounts).

GC and GC-MS analysis revealed that S. plymuthica
WS3236 produces a variety of different VOCs in com-
parable amounts (Fig. 4) as described previously [4]. In
contrast to this result, E. coli pET28b-ptetO::s0d_gfpv2
exhibits a very clean VOC profile with sodorifen as the
major VOC (Fig. 4). Only in fermentations carried out in
LB we found a second compound that significantly added
to the spectrum of emitted substances and was subse-
quently identified as indole by NMR analysis, a VOC
known to be produced by E. coli in high quantities [31,
32]. NMR measurements of the crude extract from the
sampled head space of the heterologous E. coli fermenta-
tion in TB on day 2 showed high purity of sodorifen with-
out any further purification (see Additional file 1: Figure
S6). The relative production titers analyzed by GC-MS
based on relative peak areas compared to mesitylene as
an internal standard with defined concentration were
nicely consistent across analyses of replicates (e.g., rang-
ing from 232 to 318 on day one and from 1003 to 1018
at maximum production on day 3 or 4). However, iso-
lated yields of sodorifen derived by head-space sampling
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8 |
7]
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2 5 M
§ 4
3
2
1 S p
isomers
0 P J o l i A L ” N A
+TIC E. coli TB day 1 S
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7
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S
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=
5 3]
2
1 isomers
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4 5 6 7 8 9 10 11

acquisition time [min]
Fig. 4 GC-MS total ion chromatograms of S. plymuthica WS3236 (top) and E. coli pET28b-ptetO:sod_gfpv2 (bottom) VOCs produced in TB medium

within the first 24 h hours of cultivation. Mesitylene (M) was added as an internal standard with a concentration of 250 ug/mL. The amount of
sodorifen (S) produced heterologously by E. coli is significantly higher combined with better purity compared to S. plymuthica

12 13 14 15 16 17 18 19 20
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varied more significantly (e.g., ranging from 6.4 to 7.9 mg
within 24 h at maximum production on days 3 or 4).
This is a direct consequence of the volatility of sodorifen,
requiring careful removal of the organic solvent under
reduced pressure (pentane, used for extraction of the tar-
get compound from activated charcoal, see “Methods”).
The total amount of combined isolated sodorifen head-
space extract from TB fermentation over a time-course
of 4 days thus ranged from 13.4 up to 25.5 mg. The
developed expression system is therefore suitable for the
production of sufficient amounts of sodorifen by simple
head-space sampling thus establishing a reliable supply of
the compound.

Given the conserved nature of the sod pathway and
the unique rearranged terpene structure that is assem-
bled following the sod biosynthetic logic, we aimed at
identifying further sod-type BGCs by performing a
bioinformatic screen of all publicly available microbial
genomes within the NCBI and JGI IMG databases using
SodC (methyltransferase) and SodD (terpene cyclase)
as a query sequence, since these are essential for sodo-
rifen biosynthesis. A total of 28 putative sod-like gene
clusters were identified in S. plymuthica, Serratia sp.,
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Pseudomonas chlororaphis, Pseudomonas grimontii,
Pseudomonas schloroaphis, Burkholderia pyrrocinia,
Burkholderia singularis and Streptomyces tsukuben-
sis (Additional file 1: Table S2). While a sod-like gene
cluster has previously been reported in P. chlororaphis
06 and Streptomyces tsukubensis NRRL18488 [11, 12],
we report similar genomic regions in several other spe-
cies here for the first time. Comparison of the gene
synteny allowed the categorization of sod clusters into
eight groups including differences in encoding one or
several oxidoreductase-type enzymes, multiple methyl-
transferases, or multiple copies of terpene cyclase-type
enzymes (Fig. 5). Based on our data, sod-like clusters
are unique only at the inter-species level. Serratia sp.
FS14 displayed an intriguing phylogenetic distribution,
with the FS14-SodD clustering with the P chlororaphis
clade (Additional file 1: Figure S1). Of further interest
was the identification of three similar terpene cyclase
genes forming an operon within the B. singularis
TSV85 sod cluster. This bioinformatic analysis clearly
reveals the presence of further sod-type BGCs that are
interesting targets for functional expression to obtain
further unusual, structurally novel terpenoids.
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Discussion

Serratia plymuthica is notorious for producing a wide
array of VOCs. Sequencing data of the S. plymuthica
WS3236 genome was consistent with other S. plymuth-
ica strains, in particular the well characterized S. plym-
uthica 4Rx13 (formerly Serratia odorifera 4Rx13 [4]),
which has a similar genome size and number of CDS. In
silico analysis of the encoded BGCs within S. plymuthica
WS3236 revealed 38 in total, with 9 BGCs belonging to
well-characterized natural product families. Compari-
son of BGCs against S. plymuthica 4Rx13 revealed only 6
out of the 38 clusters are shared between the two organ-
isms, highlighting the inter-species BGC variability in the
genus Serratia.

Most S. plymuthica strains investigated so far emit a
complex mixture of a large number of different VOCs,
most of them produced at very low levels [4], making the
functional screening of individual compounds such as
sodorifen almost impossible. Schmidt et al. [12] recently
developed a successful E. coli based system harboring
the sodorifen methyltransferase and the terpene cyclase
as well as an additional mevalonate pathway-expression
plasmid encoding a mevalonate kinase, a phosphomeva-
lonate kinase and a mevalonate pyrophosphate decarbox-
ylase to increase the presence of farnesyl pyrophosphate,
the precursor of sodorifen, but were only able to produce
low amounts of sodorifen [12]. To further improve the
yield of heterologously producible sodorifen, we thus
decided to use the entire natural sodorifen production
gene cassette under the control of an inducible promoter.
We selected the tetracycline-induced promoter Ptet,
which has successfully been utilized in the heterologous
expression of multiple natural product BGCs [25, 26, 33].
This expression system was also successful in this study
and allowed for a constant sodorifen biosynthesis in
amounts significantly higher than the natural producer.
With this approach, we were able to increase the amount
of emitted sodorifen up to 26-fold compared to the opti-
mal production conditions of the original producer S.
plymuthica WS3236. In addition, we obtained sodorifen
in high purity by head-space sampling, thus providing an
efficient system for sodorifen production, which sets the
stage for further investigations into the biological func-
tion of this interesting compound.

Within this work, we furthermore investigated the
occurrence of additional candidate sodorifen-type
BGCs in bacteria. In silico screening of published
genomes led to the identification of 28 sod and sod-
like gene clusters throughout bacteria, which is a sig-
nificant increase on previously reported numbers [11,
12]. Intriguingly, while Serratia sp. FS14 was isolated
from plants, similar to other sodorifen producing bac-
teria, its genome is more closely related to non-plant
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associated Serratia marcescens [34], but still encodes
a sod gene cluster. The sod cluster of Serratia sp. FS14
differed significantly compared to other Serratia, with a
much lower sequence identity (~ 63% FS14 vs WS3236
compared to ~96% 4Rx13 vs WS3236) and the pres-
ence of a Rieske (2Fe-2S) protein that is similar to those
in P. chlororaphis (58%) and B. pyrrocinia (56%). The
phylogenetic clustering of FS14-SodD with homologous
proteins from P. chlororaphis (Additional file 1: Figure
S1) may be the first hint that organisms outside of S.
plymuthica species are capable of producing sodorifen
or sodorifen analogs.

Based on gene synteny analysis, we were able to cat-
egorize the sod-like clusters into eight groups, which
mostly separated at the species level. Differences
between these sod-like clusters include the presence
of one or several oxidoreductase-type enzymes, mul-
tiple methyltransferases, or multiple copies of terpene
cyclase-type enzymes. This suggests that there are sig-
nificant modifications to the sodorifen backbone in
order to produce a range of analogues, which could be
a significant source of novel unusual bacterial terpenes.

Conclusions

Genome sequencing and bioinformatic analysis
revealed that there is a significant BGC diversity within
different S. plymuthica species. Comparison and phylo-
genetic analysis of SodD of Serratia sp. FS14 indicates
this pathway shares some homology with P chlorora-
phis, raising interesting evolutionary questions about
sodorifen biosynthesis. Our in silico analysis further-
more revealed the presence of a diversity of sod-type
BGCs across phylogenetically diverse bacteria. Signifi-
cant genetic variability (e.g., additional methyltrans-
ferases, terpene cyclases and oxidoreductase enzymes)
between these pathways indicates that there likely is a
plethora of unique and structurally intriguing sodorifen
analogs awaiting discovery. Using DiPaC, we quickly
integrated the native four gene containing sodorifen
cluster sodABCD into a vector under the control of one
single promoter upstream of sodA, thereby mimicking
the transcription setting in the original producer. This
ensures that the relevant enzymes of the MEP-pathway
SodA and SodB are overproduced synchronously with
SodC and SodD, which finally transform SAM and FPP
into sodorifen. By screening a variety of different cul-
ture conditions, sodorifen production was increased up
to 26-fold compared to the original producer, accom-
panied by significantly improved purity in the crude
extract. The results of this work pave the way for future
studies investigating the biological role and function of
sodorifen.
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Methods

Bacterial culturing, strains and plasmids

Bacterial strains and plasmids generated in this study are
listed in Table 1. S. plymuthica WS3236 was obtained
from the Weihenstephaner collection of microorgan-
isms (Chair of Microbial Ecology, Technical University
of Munich Freising, Germany). S. plymuthica WS3236
was cultivated in nutrient broth (Carl Roth, Germany) at
28 °C (liquid cultures) or 30 °C (agar plates). Liquid cul-
tures were incubated while shaking at 200 rpm. Under
routine culture conditions unless otherwise specified, E.
coli strains were grown in lysogeny broth (LB) medium
(Carl Roth, Germany) supplemented with 50 pg/mL
kanamycin.

Genomic DNA extraction, whole genome sequencing
(WGS) and assembly

Extraction of high-molecular weight genomic DNA was
performed as described by Micallef [35] and Greunke
et al. [25] with few alterations. After culturing, cells were
placed at 4 °C for 24 h to stop cell division and DNA rep-
lication prior to DNA extraction. After centrifugation
(10 min at 10,000xg), the cell pellet was resuspended in
5 mL lysis buffer (25 mM EDTA, 0.3 M sucrose, 25 mM
Tris—HCI [pH 7.5]). The cells were freeze-thawed three
times (liquid nitrogen/50 °C) to promote cell lysis.
Lysozyme (Sigma-Aldrich) was added to a final concen-
tration of 1 mg/mL and RNase (Carl Roth, Germany) to
a final concentration of 10 pg/mL followed by an incuba-
tion at 37 °C for 60 min. Proteinase K (Amresco, USA)
was added to a final concentration of 0.5 mg/mL followed
by the addition of SDS to a final concentration of 1%
(w/v). The cell mixture was incubated at 37 °C for 30 min
followed by 55 °C for 30 min. NaCl was added to a final
concentration of 1.3 M, and cetyltrimethylammonium
bromide (CTAB) [10% (w/v) CTAB (Sigma-Aldrich) in
0.7 M NaCl] to a final concentration of 1% (v/v) CTAB
solution, with the mixture incubated at 65 °C for 10 min.
A total of 1 vol of chloroform:isoamyl alcohol (24:1) was

Table 1 Bacterial strains and plasmids used in this study
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added to the cell lysis solution, mixed by inversion and
incubated on ice while shaking for 30 min. The aqueous
phase was removed and phenol-chloroform—isoamyla-
lcohol (25:24:1) extraction was performed twice before
the addition of 0.6 vol of isopropanol. The DNA cell pel-
let was washed with ice cold 70% ethanol and finally dis-
solved in 0.1 x TE buffer (1 mM Tris—HCI, 0.1 mM EDTA
[pH 8.0]). The quality of gDNA was analyzed by gel elec-
trophoresis using 0.7% (w/v) agarose gels and quantified
with a P330 NanoPhotometer (Implen, Germany).

The whole genome of S. plymuthica WS3236 was gen-
erated at the DOE Joint Genome Institute (JGI) using the
Pacific Biosciences (PacBio) sequencing technology [36].
A >10 kb PacBio SMRTbell library was constructed and
sequenced on the PacBio RS2 platform, which generated
78,182 filtered subreads totaling 307,584,001 bp. The raw
reads were assembled using HGAP (smrtanalysis/2.3.0
p5, HGAP 3) [37]. The final draft assembly contained
1 contig in 1 scaffold, totaling 5,349,225 bp in size. The
input read coverage was 45.2x. The genome sequencing
QC report can be found as Additional file 2.

Bioinformatic and phylogenetic analysis

In silico analysis of the BGCs present in the S. plym-
uthica WS3236 genome was performed using Ant-
iSMASH (Version 4) [27]. The presence of the sod cluster
throughout all available genome sequences against the
NCBI and JGI IMG databases (as of October 2018) was
searched using the S. plymuthica SodC (methyltrans-
ferase; locus_tag: Ga0236286_4400) and SodD (terpene
cyclase; locus_tag: Ga0236286_4399) as query sequences.
BlastP analysis with these query sequences was per-
formed against the NCBI non-redundant and JGI Inte-
grated Microbial Genomes System [38] databases. All
hits consisting of adjacent methyltransferase and terpene
cyclase genes were categorized as possible sod-type clus-
ters. Phylogenetic analysis was performed using the Phy-
logeny.fr online tool with ‘one click’ analysis [39, 40]. All

Description

Reference or source

Strains
Escherichia coli DH5a
Escherichia coli BL21
Serratia plymuthica WS3236
Plasmids
pET28b-ptetO-gfpv2
(6029 bp)
pET28b-ptetO:sod_gfpv2
(11,124 bp)

Host strain for cloning
Heterologous expression strain
Native producer of sodorifen

of promotor

NEB
NEB
ZIEL Institute Culture Collection

Tetracycline inducible expression plasmid, ColE1, Kan®, gfp reporter gene downstream  This study

PET28b-ptetO_gfpv2 with sodABCD cloned as single fragment between Ptet,and gfp  This study
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sequences were stored and visualized using the Geneious
Software Package.

Direct pathway cloning of the sod cluster

The 4.6 kb sod cluster of S. plymuthica WS3236 was
cloned in one piece into pET28b-ptetO using SLIC-medi-
ated DiPaC [26]. Linearized PCR amplicons of both the
vector backbone and the sodABCD fragment were gener-
ated using PCR with Q5 polymerase (NEB) under stand-
ard conditions with 50 ng gDNA per 25 pL reaction setup
(see Additional file 1: Table S3 for primer sequences and
chapter 2.1 for PCR setup). At the 5’ end of the cluster
specific primer pair, 22 bp homology sequences consist-
ent with the terminal region of the PCR generated vec-
tor were added. After purification, the fragments were
assembled with T4-DNA polymerase and 8 pL of the
reaction mixture was chemically transformed into E.
coli DH5a. Positive pET28b-ptetO::sod_gfpv2 clones
were selected by Taq screening PCR with primers bind-
ing sodD and the T7 terminator (see Additional file 1:
Table S3 for primer sequences and chapter 2.2 for PCR
setup) and confirmed using restriction digest and Sanger
sequencing of the integration sites.

Bacterial fermentation for sodorifen production

All fermentations were performed in 3 L scale using a
BIOSTAT A plus fermenter (type 8843812, Sartorius
Stedim Biotech) and the volatile compounds were col-
lected at the gas outlet with a filter consisting of 0.5 g
pure activated charcoal between two VitraPOR glass
filters (porosity 00, ROBU, Germany) in a plastic centri-
fuge column (Pierce 5 mL, Thermo Scientific, Germany).
3 L cultures were inoculated 1:50 from overnight pre-
cultures grown in LB medium and 300 pL of Antifoam
SE-15 (Sigma-Aldrich/Merck, Germany) was added. S.
plymuthica WS3236 cultures were grown in terrific broth
(TB) medium (Carl Roth, Germany) and modified Davis
and Mingioli succinate minimal medium (succDMM:
7 g/L K,HPO,*3 H,0, 3 g/L KH,PO,, 1 g/L (NH,),SO,,
0.5 g/L sodium citrate dihydrate, 6.49 g/L succinate,
0.1 g/L MgSO,*7 H,0, pH 6.2 with NaOH) at 30 °C with
200 rpm stirring. Trapping of volatile compounds started
directly after inoculation and the filters were exchanged
every 24 h for up to 4 days. 300 puL of Antifoam SE-15
was again added after 40 h and 72 h.

For the heterologous expression of sodorifen, E. coli
BL21 cells were chemically transformed with pET28b-
ptetO::sod_gfpv2. Expression was carried out in LB, TB
and succDMM, each supplemented with 50 mg/L kana-
mycin. After inoculation, cells were grown at 37 °C at
200 rpm for 5 h before the temperature was lowered to
16 °C and expression induced with 708 ug/L tetracycline.
Volatile compound collection was started immediately
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after induction and the filters were exchanged every 24 h
for up to 4 days. 300 pL of Antifoam SE-15 was again
added after 48 h.

After fermentation, the active charcoal was extracted
twice with 2 mL pentane, which was filtered through a
0.45 pm PTFE syringe filter (Fisher Scientific, Germany)
to remove remaining coal pieces before evaporation in
vacuo. The residues were weighed and re-suspended in
pentane or CDCI, for further measurements. Mesitylene
was used as an internal standard for GC analysis with a
concentration of 250 ug/mL.

GC-(MS) and NMR analysis of bacterial head-space extracts
Analytical gas chromatography was performed at a HP
6890 Series GC (Agilent, stationary phase: HP-5 column,
poly-dimethyl/diphenyl-siloxane, 95/5) with a flame
ionization detector using the following temperature pro-
file: 60 °C (hold 3 min), then 15 °C/min to 250 °C (hold
5 min). The amounts of mesitylene and sodorifen were
determined by peak area integration. Mass spectrometric
analysis was performed with electron impact ionization
(EIL 70 eV) on a Agilent HP 6890 Series GC—MS (Agilent,
stationary phase: HP-5MS column, poly-dimethylsilox-
ane, 30 m, mass detection: Agilent 5973 Network Mass
Selective Detector) using the same temperature pro-
file as for analytical GC. NMR spectra of sodorifen and
the E. coli-derived indole were directly recorded from
head-space samples on a Bruker AVHD500 and a Bruker
AV500-cryo spectrometer in CDClI; (see Additional file 1:
Figure S6).

Additional files

Additional file 1. Antismash and Cluster Finder results; organisation of
sod-like BGCs into cluster types; phyogenetic analysis of SodC and SodD;
methods for the cloning and expression of the sod BGGC; results of the
heterologous expression of the sod cluster; GC-MS spectrum of sodorifen;
NMR spectra of raw head-space samples of E. coli harbouring pET28b-
ptetO:sod_gfpv2 expression vector.

Additional file 2. JGI whole-genome sequencing report of S. plymuthica
WS3236.
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pyrophosphate; GC: gas chromatography; GC-MS: gas chromatography-mass
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3 Results and Discussion
3.3 Investigations into ambigol biosynthesis

Based on: E. R. Duell*, T. M. Milzarek®, T. F. Schéaberle, G. M. Koénig, T. A. M.
Gulder: Investigations into ambigol biosynthesis. submitted

*equally contributing authors

The ambigols (62-64) are polychlorinated triphenols isolated from the terrestrial cyanobac-
terium Fischerella ambigua 108b [263, 267]. Several of their properties, including their
interesting antimicrobial, antiviral and cytotoxic activities [265, 267], their structural
homology to the bioaccumulative and highly toxic marine PBDEs (49, 50) [204, 205,
290] and their unusual bond connectivities (see Scheme 6A) justify their further inves-
tigation. The 14.6 kb ab BGC putatively responsible for the ambigol biosynthesis has
initially been proposed in 2011 [264] and was now bioinformatically and experimentally

re-evaluated within this thesis.

NepesaNsssnsiissensh
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pAM5051::ab71-5[10.6 kb] pCV0094::ab6-10[12.9 kb] NSl::ab1-5NSll::ab6-10
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Scheme 6. Experimental strategies to investigate the ambigol biosynthesis. A)
Ambigol A (62) and B (63) each contain two chlorine atoms and ambigol
C (64) two biaryl-ether-brigdes in relative meta position on the central phe-
nol unit. B) By splitting the 14.6 kb ab BGC into two parts, sequential
integration of the full cluster into S. elongatus was successful and led to the
production of one ambigol derivative. C) In wvitro and in vivo assays with
2,4-DCP (65) and the two ab CYP P450 enzymes revealed Ab2 to catalyze
a biaryl-ether (66) and Ab3 to form a biaryl (67).
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3.3 Investigations into ambigol biosynthesis

The cluster was first integrated into E. coli BAP1 for heterologous expression, but nei-
ther 62-64 nor their putative precursors could be detected within the culture supernatant
or the cells. Therefore, an expression system more closely related to the original strain,
the cyanobacterium Synechococcus elongatus PCC 7942, was chosen for further expression
tests. The ab cluster was sequentially integrated in two parts into the neutral sites NSI
and NSII of the cyanobacterial host chromosome (see Scheme 6B). The first part included
abl-5 and had a size of 6.5 kb, whereas the second part consisted of ab6-10 and was 7.8 kb
long. Extracts of a five day expression culture, supplied with 100 mg/L 4-hydroxybenzoic
acid (4-HBA) per day, contained one possible ambigol intermediate, later identified to
be 2 4-dichloro-6-(2,4-dichlorophenoxy)phenol (66), the ortho C-O-C bridged 2,4-DCP
(65) dimer, as well as at least one ambigol derivative, whose structure remains elusive so
far. To our knowledge, neither the insertion of (in total) such large DNA sequences into
the S. elongatus genome, nor the construction of double mutants containing a complexe
secondary metabolite BGC and its successful expression has previously been reported.

Using 65 as substrate, the catalytic reaction scope of the two cytochrome P450 enzymes
present in the ab cluster was further investigated in vitro and in vivo. Ab2 synthesized
the biaryl-ether linked 66 coupled in relative ortho position, which was already found
in the heterologous expression experiments (see Scheme 6C). Ab3 by contrast not only
forms the ortho-C-C bridged 3,3’,5,5-tetrachloro-(1,1’-biphenyl)-2,2’-diol (67), but also
two structurally not yet characterized ambigol derivatives missing one chlorine atom each.
As the yields of both in vitro and in vivo assays could not be sufficiently increased to fully
elucidate the structures of 66 and 67, they were resolved by comparison to chemically

synthesized standards.
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Introduction

Polyhalogenated aromatic compounds can meanwhile be found
almost everywhere in Nature and are often associated with

negative biological effects o

Investigations into Ambigol Biosynthesis

Elke R. Duell,® Tobias M. Milzarek,?®* Mustafa El Omari,° Luis J. Linares-Otoya,® Till F. Schaberle,%
Gabrielle M. Kénig® and Tobias A. M. Gulder®”

The terrestrial cyanobacterium Fischerella ambigua 108b produces the three polychlorinated triphenyls ambigol A—C that
exhibit interesting antimicrobial, antiviral and cytotoxic activities. They show a strong structural homology to
polybrominated diphenylethers synthesized by diverse marine bacteria that are known to be highly toxic and are
bioaccumulating in natural food webs. All ambgiols display unusual connectivities: Ambigol A and B exhibit chlorination and
ambigol C biaryl-ether bonds in relative meta position on the central phenol unit, which is flanked by two 2,4-dichlorophenol
units in all three compounds. Here we report on the identification of the biosynthetic gene cluster (BGC) reponsible for
ambigol production in F. ambigua. After bioinformatic discovery of a putative 10 genes containing BGC, we subsequently
cloned and heterologously expressed the ab cluster in Synechococcus elongatus PCC 7942 using Direct Pathway Cloning
(DiPaC). In vivo and in vitro characterization of the two cytochrome P450 enzymes present in the ab BGC revealed
complementary selectivity for either biaryl-ether bond formation for Ab2 or biaryl formation for Ab3, when exposed to the
possible common ambigol precursor 2,4-dichlorophenol.

triclosan, which was developed as disinfectant, can still be
found in toothpastes, soaps and detergents. However, recent
studies suggest it to be very likely toxic for animals and
humans,*% especially as the formation of PHDDs from triclosan

. . . via photodegradation has been observed.”.8
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Fig. 1 Structures of selected A) synthetic and B) naturally occurring polyhalogenated
aromatic compounds.
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However, not all harmful polyhalogenated aromatic substances
are of anthropogenic origin. A wide range of PBDEs has been

ion (ESI) available: Containing all experimental



isolated from marine invertebrates®!* and only recently it was
shown that they are produced by a variety of marine bacteria
such as y-proteobacteria of the genus Pseudoalteromonas and
the cyanobacterial Hormoscilla spongeliae spp.1213 These
naturally occurring PBDEs, including their hydroxylated (OH-
BDEs) and dioxine-like derivatives, can be found in all trophic
levels of marine life and are accumulating in the food chain via
marine plants!# and algae5-17 and are ultimately detectable in
marine animals8-20 and even human tissue.2-24 Similar to their
man-made relatives, they exhibit toxic effects on mammalian
hormone mediated signalling pathways and essential enzymatic
reactions.24-28 The biosynthesis of these PBDEs of natural origin
has been extensively studied by pioneering work of the Moore
laboratory over the last years, leading to the discovery of the
encoding biosynthetic gene cluster (BGC) bmp, which can be
found in varying genetic compositions in all bacterial strains
associated with PBDE synthesis.1213 The biosynthesis of PBDEs
utilizes the primary metabolite chorismic acid (1), which is
converted to 4-hydroxybenzoic acid (2) by the chorismate lyase
Bmp6 (cf. Fig. 4).2%30 A so far unprecedented decarboxylative
phenol bromination mechanism, catalyzed by the halogenase
Bmp5, uses 2 as a substrate to form 2,4-dibromophenol (2,4-
DBP).12 The cytochrome P450 enzyme Bmp7 is then able to
couple two 2,4-DBP units to form a variety of different dimeric
PBDEs.1213.30 These biaryl- and biaryl-ether-coupling reactions
between aromatic rings follow the common principle of phenol
oxidative coupling, where an initial hydroxyl radical is formed by
abstraction of one electron and one proton (Fig. 2A).3! Due to
mesomeric delocalization of the free electron on the benzene
ring in relative ortho and para position to the oxygen
functionality, a large diversity of C—-C and C-O-C bond
containing coupling products can be biosynthesized.32
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Fig. 2
reactions only at the phenol oxygen or in relative ortho and para position to this
activating group. The identical positions are activated for nucleophilic halogenation by

A) The radical mechanism underlying oxidative coupling of phenols allows

flavin-dependent halogenases. B) Ambigol A (3) and B (4) show chlorination in meta
position (green dots), ambigol C (5) contains two biaryl-ether-bonds in meta position
(red dots).

Not only marine but also terrestrial cyanobacteria are known to
produce polyhalogenated phenols. Due to its abundance in soil,
chlorine is generally favoured over bromine for incorporation
into halogenated natural products of terrestrial origin. In 1993

and in 2005, the three polychlorinated ambigols A—C (3-5, see
Fig. 1B and 2B) were discovered from the soil-dwelling
filamentous cyanobacterium Fischerella ambigua 108b.
Ambigol A (3) exhibits strong antimicrobial, antifungal and
virostatic activities and moderate cytotoxicity whereas ambigol
C (5) exclusively shows good activity against gram positive
bacteria and fungi and ambigol B (4) generally displays only
weak activity in biological assays.33-3> At first glance, the
ambigols 3-5 show a strong structural similarity to the marine
PBDEs as they also contain two halogen atoms per phenol unit
and are linked either via biaryl- or biaryl-ether-bonds. Unlike the
PBDEs, however, 3-5 incorporate a third dihalophenol unit. In
addition, either the chlorine substituents (in 3 and 4) or the
biaryl ether structural motif (in 5) are not located at the typical
relative ortho or para position to the activating phenol function
in the central aromatic portion, but rather situated in meta
position (Fig. 2B). Owing to the interesting biological activities
of the ambigol natural product family and the described
structural peculiarities pointing at unusual biosynthetic
transformations, we investigated the biosynthesis of the
ambigol natural product family within this work.

Results and Discussion
Bioinformatic analysis of the ab BGC

To identify the ambigol BGC, the natural producer Fischerella
ambigua 108b was submitted to 454 genome sequencing (see
Supporting Information). This allowed for the identification of a
cosmid clone harboring a 14.3 kb BGC containing 10 genes
(Table 1), among them a number of genes predictable to be
present in a putative ambigol biosynthetic pathway ab (Fig. 3).
Besides genes encoding halogenating enzymes, additional
similarities to the gene clusters encoding the structurally
related PBDEs were likely to be identified in the ambigol cluster.
Indeed, ab contains a chorismate lyase ab5 that is highly
homologous to bmp6 found in H. spongeliae.’3 In analogy to the
bmp pathway, Ab5 thus likely recruits building blocks from the
pool of primary metabolites for ambigol biosynthesis by
formation of 4-HBA (2) from chorismic acid (1). Furthermore, ab
contains a copy of a 3-deoxy-7-phosphoheptulonate (DAHP)
synthase (ab7), an enzyme catalyzing the first dedicated step in
the shikimic acid biosynthetic pathway towards 1 (see Fig. 4).

The entire ab BGC is framed by two genes encoding FAD-
dependent halogenases, abl and ab10. As in PBDE biosynthesis,
2 has to be chlorinated twice to give 2,4-dichlorophenol (6) as
monomeric building block found in all ambigol structures.
Formation of 2 in case of PDBE biosynthesis was shown to be
catalyzed by a single halogenase, Bmp5, which not only
performs an ortho bromination, but also a highly unusual
second decarboxylative halogenation, thus replacing the acid
function in para position to the phenol in 2 by a bromine
substituent.12 In contrast, the ab BGC contains the two FAD-
dependent halogenases abl and abl0. The underlying
mechanistically different halogenation reactions towards 6
therefore might require two separate halogenases in the case
of ambigol biosynthesis. Interestingly, neither abl nor ab10
show a particularly strong homology to bmp5. Alternatively,

23



one of the halogenases might be involved in the assembly of
2,6-dichlorophenol (7) or 3,5-dichlorophenol (8), as potential
further required central ambigol biosynthetic building blocks
(Fig. 4). Three additional genes located in ab, i.e., ab6, ab8, and
ab9, resemble elements of PKS/NPRS biosynthesis for precursor

function (cf. Fig. 2A). The bmp BGC in y-proteobacteria only
contains a single cytochrome P450 encoding gene, bmp7. The
corresponding protein catalyzes the required biaryl bond
formations between two units of 2,4-dibromophenol.’3 In
contrast, the ab cluster harbours two genes encoding the

Table 1 Genetic composition of the ab BGC.

Gene Size Proposed function Closest xBLAST hit Identlt'y GenBank acc.
(bp) (protein) number
Precursor NAD(P)/FAD-dependent oxidoceductase 281/486
abl 1452 chlorination [Scytonema hofmanii] (58%) WP_017744817.1
) ) Cytochrome P450 337/485
ab2 1464  Biaryl coupling [Hormoscilla spongeliae GUM020] (69%) AQU14168.1
) ) Cytochrome P450 301/474
ab3 1476  Biaryl coupling [Hormoscilla spongeliae GUMO020] (64%) AQU14168.1
Cyclase 123/180
ab4 615 Unknown [Nostoc punctiforme NIES-2108] (68%) RCI31428.1
) Chorismate lyase 106/177
ab5 624 Synthesis of 1 from 2 [Hormoscilla spongeliae GUMO096] (60%) AQU14179.1
o Acyl-CoA synthetase 410/511
ab6 1536  Acyl activation [filamentous cyanobacterium CCP3] (80%) WP_106922238.1
3-Deoxy-7-phosphoheptulonate synthase 296/374
ab7 1131 Synthesis of DAHP [Nostoc minutum NIES-26] (79%) RCJ32495.1
Acyl carrier protein 49/81
ab8 273 PKS (ACP) [Chroogloeocystis siderophilia] (60%) WP_073551326.1
non-ribosomal peptide syntethase 519/870
ab9 2631  NRPS (C-PCP-TE) [Moorea producens] (60%) WP_008188544.1
Precursor FAD-dependent oxidoreductase 430/573
abl10 1725 chlorination [Scytonema sp. HK-05] (75%) WP_073630058.1
activation (ab6) and covalent tethering (ab8, ab9). The closely related CYP P450 homologs Ab2 and Ab3. It was thus

corresponding proteins might thus likewise be involved in
enzymatic halogenation, as PCP-tethering is known to be
required by a number of FAD-dependent halogenases.36-32

However, despite considerable attempts to obtain soluble
halogenases Ab1 and Ab10 (data not shown), we did not yet

abl ab2 ab3  ab4 ab5 ab6

| halogenase
W CYP P450
cyclase

W chorismate lyase
acyl-CoA synthetase
DAHP synthase

succeed in recombinant production of these enzymes in a
soluble form and thus could not further probe their functions.

In case of all PBDEs found so far, cross-coupling of the phenolic
building blocks typically occurs in the mechanistically permitted
ortho and para positions relative to an activating phenol

o4

ab7  ab8 ab9
54

[] PCP/NRPS

tempting to speculate that one of these enzymes catalyzes the
usual ortho/para site selective biaryl coupling reactions, while
the second homolog might be responsible for a formal coupling
in meta position. The latter might be feasible when following a
hypothesized biaryl coupling mechanism involving a 1,2-
hydroxyl shift in the substrate during the radical coupling

abl10

Fig. 3 Schematic illustration of
' v the genetic organization within
the ab BGC containing ten genes.

procedure (see box in Fig. 4), additionally having the charm of
only requiring 2,4-dichlorophenol (6) as the sole biosynthetic
precursor for the biosynthesis of 3 and 4. We thus set out to
firmly link the putative ambigol BGC to ambigol production and



to characterize the function of the cytochrome P450 enzymes
Ab2 and Ab3.
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mechanism to explain the observed meta-halogenation pattern in 3 and 4

Biosynthetic route to the ambigol precursor 6. Box: hypothetical

resulting from a biaryl cross-coupling reaction that involves a 1,2-hydroxyl shift.

Cloning and expression of the ab BGC in E. coli and S. elongatus

To unambiguously link the putative ambigol BGC ab to ambigol
biosynthesis, we first aimed at recombinant production of the
target molecules. Mutation free cloning of the whole ab cluster
into pET-28b-SUMO as well as subsequent addition of a gfp
gene downstream of the ab BGC as reporter for successful
transcription of the entire pathway*® was achieved using our
DiPaC strategy.*1*3 Initial expression tests with the resulting
construct E. coli BAP1 harbouring pET-28b-SUMO::ab-gfp did
not show production of any new compounds when compared
to empty cells as controls, nor of Gfp-mediated fluorescence.
The T7 promoter was therefore exchanged by ptetO, as this
promoter is known to efficiently upregulate larger transcripts.**
While the resulting expression system pET28b-ptetO::ab-gfp
facilitated the expression of Gfp as indicted by significant
fluorescence of the recombinant E. coli BAP1 host cells (see
Supporting Information Fig. S5), thus clearly also confirming
complete transcription of all ab genes, again no production of
ambigols or potential intermediates was observable. The
reason for this is likely the inability of E. coli to translate and/or
fold one or more enzymes of the ab BGC into their catalytically
active forms. Related problems were observed by Moore et al.

when expressing selected genes of the bmp BGC of
cyanobacterial origin,’® while the bmp genes from y-
proteobacteria, by contrast, were expressable in E. coli.12:30,39.45
We thus focused on the recombinant production of ambigols in
a phylogenetically more closely related species when compared
to F. ambigua, i.e., the cyanobacterial heterologous host
Synechococcus elongatus PCC 79424647 previously utilized for
the production of PBDEs!3 and industrially important
compounds such as butyrate*®, 2-deoxy-scyllo-inose*?® and
propanediol.?93° Due to the size of the ab BGC and the known
difficulties in introducing large DNA fragments into S. elongatus
by natural transformation, we decided to split the ab BGCin two
halves of approx. 7-8 kb and to sequentially integrate these
parts into two independent genomic sites of S. elongatus PCC
7942.

Mutation free integration of ab1-5 into pAM505147 and ab6—
10 into pCV00941'3 as well as the integration of ab6—10 into the
chromosomal site NSl of S. elongatus by natural transformation
was successful (see Supporting Information Fig. S3). Generation
of double transformants additionally carrying abl-5 in all
copies of NSI was subsequently verified by PCR (see Supporting
Information Fig. S3). To the best of our knowledge, this is the
first introduction of a >10 kb BGC into the S. elongatus host
system combined with the successful heterologous production
of the encoded metabolites: production of one dichlorophenol-
dimer with m/z 323.1 [M—H]-, later identified to be 2,4-dichloro-
6-(2,4-dichlorophenoxy)-phenol (see Fig. 5 and Supporting
Information Fig. S7), and one trimeric molecule with m/z 482.7
[M—H]- corresponding to the ambigol molecular mass was
observed. In addition, two dichlorophenol-trimers each lacking
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Fig. 5 LC-MS analysis of pellet extracts of S. elongatus WT (grey) and S. elongatus
carrying ab1-5in NSl and ab6-10 in NSII (black). The production of one DCP-dimer, two
trimers—Cl and one ambigol trimer showing the characteristic Cl-isotopic pattern (see
a—d) can only be observed in the presence of the ab cluster.

25



one Cl-atom with m/z449.1 [M-H]- were produced. As no
dichlorophenol monomer was detectable, we assume that this
intermediate is rapidly consumed by the downstream enzymes
to give the observed dimeric and trimeric products. Each of the
observed products displayed the expected isotopic pattern of
multi-chlorinated substances. The corresponding signals were
not present in wildtype S. elongatus control experiments, thus
firmly linking ambigol production to the identified ab BGC.
Unfortunately, no stable production system could be
established, likely due to the metabolic stress exerted on the
recombinant S. elongatus host system resulting from
integration of two genetic elements requiring cultivation of the
highly sensitive host system in the presence of multiple
antibiotics. In general, the double mutant S. elongatus cells took
significantly longer to grow compared to wild type or single
mutant cells and were visibly less vital.

Cloning, expression and purification of the CYP P450 enzymes Ab2
and Ab3

We next turned our attention to the in vivo and in vitro
characterization of the enzymes Ab2 and Ab3 putatively
involved in biaryl formation. For the in vivo experiments, we

again utilized S. elongatus as well as E. coli BL21 as host
organisms. Mutation free integration of the native sequences of
ab2 and/or ab3 into pCV0092 was confirmed by sequencing.
Successful natural transformation of S. elongatus with these
constructs was verified by screening PCR (see Supporting
Information Fig. S4). As this heterologous system is not capable
of producing high amounts of proteins after induction, the
transformed cells were only used for in vivo feeding
experiments. For in vitro work, E. coli codon optimized versions
of ab2 and ab3 were successfully integrated into the pMal
expression plasmid containing an N-terminal MBP-tag.
Heterologous overexpression in E. coli BL21 and purification via
MBP-tag based affinity purification led to soluble protein,
resulting in a slightly yellow enzyme solution (see Supporting
Information Fig. S6). Before characterizing the enzymatic
transformation catalyzed by these CYPs, we set out to
synthesize all feasible C—C and C-O-C coupling dimers as
analytical standards to allow for an unambiguous structural
assignment, as very similar chromatographic and spectroscropic
properties were to be expected for these structurally strongly
related compounds.
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Fig. 6 Developed synthetic route for the formation of C—C coupled dimers 27-29 and of C-O-C coupled dimers 30-35.
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Chemical synthesis of standards and functional characterization of
the CYP P450 enzymes in vitro and in vivo

The synthesis of the biaryls 27-29 and biaryl-ethers 30-35 was
performed by an improved palladium-catalyzed Suzuki cross-
coupling reaction as well as a nucleophilic aromatic substitution
(SnAr) using hypervalent and symmetric iodine(lll) salts (Fig. 6).
The basic building blocks, 2,4-dichlorophenol (6) and 3,5-
dichlorophenol (8) were transformed into methoxy-protected
aryl iodides 9-11 (see Supporting Information), which were
used to synthesize the respective boronic acids 12—14 through
metal-halogen exchange in 38-92% yield. For the Suzuki
coupling, these aryl iodides 9—11 and (3,5-dichloro-2-methoxy-
phenyl)boronic acid (12) were combined to give the protected
biaryls 18-20 in 37-54%. The symmetric iodonium salts were
synthesized using the same aryl iodides 9-11 and the
corresponding boronic acids 12-14 under oxidative con-
ditions.>* The subsequent conversion in the SyAr reaction led to
the methoxy-protected biaryl-ethers 21-26 in yields of 16—
97%.52 In order to obtain the final phenolic dimers 27-35, the
methoxy protecting groups in 21-26 were cleaved off using
boron tribromide. The deprotection gave the expected products
in 13—-93% vyield. It should be noted that the total yield of all
executed reactions is highly depending on the sterical hindrance
of the used building blocks. In summary, we have developed a
short and fast synthetic route for the formation of both, C-Cand
C—0—C dimers, using functionalized aromatic building blocks.

LC-MS analysis of both in vivo (feeding experiments) and in vitro
assays of Ab2 with the substrate (6) showed the predominant
formation of one coupling product with m/z 323.0 [M—H"]. NMR
analysis of the isolated product suggested the production of
2,4-dichloro-6-(2,4-dichlorophenoxy)phenol  (30) (Fig. 7).
Comparison of HPLC retention times and 'H-NMR spectra of
biochemical produced dimer with the synthetic standards
indeed confirmed the identity of 30 (see Supporting
Information Fig. S7, S12 and S13). A formation of trimeric
products was not observed.

Ab3 catalyzed the formation of one major product with identical
mass but different retention time when compared to the Ab2
product in both in vitro and in vivo experiments (Fig. 7).
Comparison with the synthetic standards revealed the dimer to
be 3,3',5,5'-tetrachloro-[1,1'-biphenyl]-2,2'-diol (27) resulting
from a biaryl-coupling of two units of 6 in relative ortho position
to the phenol functions (see Supporting Information Fig. S9 and
S14). Particularly in in vitro assays, Ab2 and Ab3 were found to
also catalyze the formation of small amounts of the dimer
characteristic of the respective other CYP P450 enzyme. In
addition to these products, small amounts of two DCP trimers
at m/z 449.1 [M-H]- and m/z 449.0 [M-H]-, thus lacking one
chlorine substituent, were likewise produced both in vitro and
in vivo in the presence of Ab3 (see Supporting Information Fig.
S11). The combination of both Ab2 and Ab3 in one assay did not
lead to the formation of any additional, new products. In vivo
and in vitro assays with 2,4-DBP instead of 6 showed that both
Ab2 and Ab3 can accept and couple this substrate as well (data

not shown), following the same site selectivity. On the basis of
these experimental results, we identified two cytochrome P450
enzymes that complementarily perform either biaryl- or biaryl-
ether bond formation.

Cl
Cl o OH o OH O
o g
Cl OH
¢ c
30 27
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Fig. 7 Invivo and in vitro catalytic activity of Ab2 and Ab3 when incubated with 6. Ab2
catalyzed the formation of mainly the C—O—C coupled dimer 30 whereas Ab3 produced
the C-C coupled dimer 27. EIC (ESI-) at m/z = 322.5-323.5.

Conclusions

Within this work, we set out to identify the biosynthetic
machinery for the production of the polyhalogenated
polyphenols ambigol A—C (3-5). A putative ambigol BGC ab was
identified by sequencing of the natural producer of 3-5,
F. ambigua 108b. Using the model cyanobacterial heterologous
expression system S. elongatus, we firmly linked ambigol
production to the identified ab BGC containing ten genes. To
our knowledge, this study is the first example for a successful
construction of S. elongatus double mutants by integrating in
total more than 14 kb foreign DNA into the two neutral sites NSI
and NSII.

To shed light on the biaryl coupling biochemistry involved in
ambigol biosynthesis, the function of the two cytochrome P450
enzymes, Ab2 and Ab3, encoded in ab were probed both in vivo
(in E. coli and S. elongatus) and in vitro using purified
recombinant protein produced in E. coli. All these experiments
consistently revealed Ab2 to selectively form the O,ortho-
coupled biaryl ether 30, whereas Ab3 produces the ortho,
ortho-linked, C—C-coupled biaryl 27. The identity of these
products was unambiguously established by comparison with
all feasible coupling products that were prepared by synthesis.
Given the structural simplicity of the joint precursor molecule
2,4-dichlorophenol (6), the exceptional site selectivity of Ab2
and Ab3 is highly remarkable and warrants future studies on the
underlying structural basis of this selectivity in these biaryl
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coupling enzymes. The origin of the unusual substitution
pattern of the central building blocks in all ambigols, with
relative meta-biaryl coupling or -halogenation, however,
remains elusive. A key to explaining this phenomenon could be
the mono-dehalogenated side-products observed within our
full pathway reconstitution as well as in the in vitro experiments
with Ab3. Due to the so far very low production titers of these
compounds, their structural assignment required as a basis to
interrogate their potential role in ambigol biosynthesis was not
yet possible. Additional work targeting these compounds to
further complement the overall picture of ambigol biosynthesis
is currently conducted in our laboratories.
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4 Summary and Outlook

4.1 Unlocking the biosynthetic potential of
secondary metabolites with DiPaC on the

example of anabaenopeptin

As mentioned earlier, with the enormous progress in the fields of genomic sequencing and
bioinformatic analysis, the bottleneck of natural product research has shifted to the (het-
erologous) production of interesting compounds in sufficient amounts. Determining the
bioactivity and subsequently evaluating the pharmaceutical potential of newly discovered
secondary metabolites requires cheap and quick ways to generate the substance of choice
in good yields. The herein presented work contributes to the development of the DiPaC
method, which represents one approach to tackle the current challenges in this scientific
field.

Using only basic laboratory equipment and techniques as well as solely in vitro exper-
iments throughout the entire cloning process, we were able to create a universal method
for the cloning of small- to mid-sized BGCs. As a consequence, the process is not hindered
by a challenging genomic organization of the cluster or potential toxicity of the produced
compound. DiPaC is based on simple PCR amplification of the genes of interest with
up to at least 22 kb in a single reaction. This allows not only the simultaneous addi-
tion of homologous overhangs for subsequent vector integration but also enables on-line
refactoring of the cluster. Addition or exchange of promoters, deletion of terminators and
changing the order of certain genes is possible directly during the capturing process. By
choosing the right vector to capture the BGC, a variety of different expression hosts and
conditions can be addressed.

The anabaenopeptins NZ857 (54) and nostamide A (55) from N. punctiforme PCC
73102 were chosen as exemplary compounds to test the DiPaC method on a mid-size
cyanobacterial gene cluster with a presumed benefit through gene rearrangement. The
hexapeptidic protease inhibitors contain two unnatural amino acids necessary to be syn-
thesized prior to the NRPS-based assembly of the final product. The decision to re-
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assemble the anabaenopeptin BGC for heterologous production in F. coli was based on
the total cluster size of almost 30 kb. A single promoter at the beginning of the cluster
might not be sufficient to guarantee complete transcription. Furthermore, the three genes
necessary for precursor formation are located up- and downstream of the central four
genes-comprising NRPS unit and hence could not be activated separately from the as-
sembly machinery, which dependents on full substrate availability. By choosing an IPTG
inducible plasmid to host the unnatural amino acid synthesizing enzymes and integrat-
ing the NRPS genes into a tetracycline inducible vector, the two individual processes of
anabaenopeptin biosynthesis could be triggered independently. Thereby, the presence of
sufficient amounts of all necessary precursors could be ensured before the assembly of the
final natural products was initiated. This strategy led to the successful production of
both 54 and 55 in E. coli and is, to our knowledge, the first example for hererologous
anabaenopeptin expression.

By applying DiPaC to clone and heterologously express a mid-size cyanobacterial BGC
with a challenging gene arrangement, its broad versatility and ease of use was demon-
strated. Cyanobacteria harbor a great number of natural products with high biological
potential, but difficulties in cultivation and manipulation of this bacterial phylum has so
far strongly hampered the exploitation of these compounds. This work aims to simplify
further investigations into this very interesting part of secondary metabolite research by

opening an alternative access to cyanobacterial natural product biochemistry.

4.2 Utilizing DiPaC for heterologous expression of

the volatile compound sodorifen

Another class of challenging secondary metabolites are volatile organic compounds (VOCs).
Not only their demanding physical properties but also their ubiquitous and yet not in the
least understood interactions within the bacterial, plant and animal kingdoms raise many
questions. To study their bioactivity in various contexts, it is required but difficult to get
hold of sufficient substance amounts. For this reason we chose to further test the DiPaC
method on the sodorifen BGC of the rhizobacterium S. plymuthica WS3236. Although
this VOC has been extensively studied for almost ten years now, its biological role and
activity remains elusive.

Harboring only four genes, the sod cluster is rather small and does not require any re-
assembly or other manipulations. However, based on the volatility of this substance, a way
to verify full gene transcription without directly interacting with the experimental setup

was desirable. Therefore, a reporter system based on the green fluorescent protein (GFP)
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was introduced downstream of the last sod gene, thus signaling complete read-out of the
cluster after induction via increasing green fluorescence exhibited by the expressing cells.
Using a fermenter with controllable aeration, an activated charcoal filter was installed on
the air outlet of the setup. The reusable filter could be exchanged regularly and bound
substances were easily elutable with organic solvents. This construction allowed to moni-
tor and compare the sodorifen (38) production of both natural producer and heterologous
host over a time course and under different cultivation conditions. In summary, expres-
sion in E. coli using TB-medium gave more than 25 times higher 38 yields in comparison
to S. plymuthica cultivated under literature known optimal production conditions. Even
more important, the heterologously produced natural product raw extracts were shown to
be over 90% pure by NMR analysis, which greatly simplifies any downstream purification
process. This is crucial especially for VOCs, as every additional purification step can
decrease the yield dramatically and should therefore be avoided if possible. Nonetheless,
reliable statements on the biological activity of a secondary metabolite can only be made
when the pure compound is available for testing.

With this experiment, the applicability of DiPaC to create access to challenging volatile
natural products was demonstrated, thereby paving the way for new scientific approaches
towards unlocking the full potential of this fascinating group of substances. Regarding
38 in particular, an efficient method for high yield production with good purity was
developed. The biological role of this secondary metabolite remains to be elucidated.
Utilizing the herein described expression system, we want to tackle the problem of lacking
enough substance for comprehensively addressing this question. Furthermore, during our
research we found additional examples of gene clusters related to the sod BGC from
S. plymuthica in several other species such as Pseudomonas and Burkholderia. Based
on gene synteny, these identified clusters can be divided into eight distinct groups which
harbor further genes, lack the first one or two genes of the sod cluster, or show (multiple)
gene duplications. New derivatives of 38 can be expected to be encoded by those clusters
and the expression as well as the structural and functional characterization of these so far

unknown substances appears within reach of the presently developed method.

4.3 Studies on the biosynthesis of the structurally

unusual ambigols of cyanobacterial origin

After the bioinformatic prediction of a BGC putatively responsible for the production of
ambigol A-C (62-64) in F. ambigua 108b, the heterologous expression of the candidate

cluster in S. elongatus led to the observation of at least one ambigol derivative. To our
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knowledge, this experiment represents the first example for the integration of such large
DNA sequences into a cyanobacterial heterologous host system, as well as the first cre-
ation of S. elongatus double mutants harbouring and expressing a complex natural prod-
uct BGC. Due to significantly decreased viability of the transformed cells, it was so far
not possible to prepare enough material to elucidate the structure of the isolated ambigol
derivative. Different approaches are conceivable to characterize the produced compound
in the future. The heterologous expression could be repeated with freshly transformed
mutants under optimized cultivation conditions. Alternatively, a co-cultivation of single
mutants harboring either abl-5 or ab6-10 in the neutral chromosomal site II could poten-
tially lead to an improved production of 62-64. Synthesized precursors might thereby get
exchanged between the two different heterologous S. elongatus strains, while the reduced
antibiotic stress should improve the general viability of the cells. Finally, all possible
ambigol derivatives could be synthesized chemically to provide standards for the identifi-
cation of the heterologously produced compound.

The latter method was already successfully applied for the identification of the two
2,4-DCP dimers 66 and 67 produced in vitro and in vivo by the CYP P450 enzymes Ab2
and Ab3. Ab2 established a biaryl-ether linkage in ortho position to give 66, whereas
Ab3 forms 67 with a biaryl-bond at the respective place as well as two 65 trimers of
yet unknown structure, each missing one chlorine. This observation can be explained
by the fact that all available ortho and para positions of 67 are blocked by either the
biaryl-bond or one of the four present chlorines. If the reaction mechanism of Ab3 follows
the standard, mesomerically stabilized, radical scheme, a third DCP unit can only be
attached to 67 if either of the chlorines in 2- or 4-position relative to the hydroxy group

is removed prior to or during further bond formation (see Scheme 7).

cl Cl cl cl
OH
OH OH OH
OH OH OH OH
o @® [, ® T, ) CJ
2x cl * cl cl
+2,4-DCP OH
cl
Cl Cl Cl o]
67

65 trimer missing Cl in para position trimer missing Cl in ortho position

Scheme 7. Putative trimeric Ab3 reaction products. After abstracting one chlo-

rine in para (blue) or ortho (red) position from the dimeric intermediate 67,
a third 2,4-DCP (65) unit can be added by establishing a second biarylbond.

A full structural characterization of the observed compounds again requires comparison
with authentic standards, as the yields of both in vitro and in vivo assays are rather low
and extensive optimization trials did not lead to significant improvements. Based on the

strategies developed for the chemical preparation of 66 and 67, further synthesis routes
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to obtain 62-64 as well as their chlorine-missing derivatives need to be developed. Ad-
ditionally, the origin of the unusual bond connectivities present in 62-64 still needs to
be elucidated. The observation of one ambigol derivative in the heterologous ab expres-
sion system indicates that all enzymes necessary for the biosynthesis have in fact been
identified. However, neither the catalytic role of the potential cyclase ab4, nor of the
unusual NRPS ab9 or of the additional peptide carrier protein (PCP) domain ab8 could
be predicted so far. Moreover, there is only one AMP ligase ab6 present in the BGC. This
enzyme is necessary for precursor activation prior to PCP-loading and usually exhibits
strong substrate specificity. As no amino acid precursors or peptide bonds are found in
62-64, it is very likely that other intermediates need to be attached to ab8 and the PCP
domain of ab9 in order to enable further reactions to happen. These might include chlo-
rination of 4-HBA to yield DCP and/or coupling of (different) DCP monomers to form
62-64 or their putative dimeric precursors.

Formally, 62 and 63 consist of two 2,4-DCP (65) units and one central 3,5-DCP unit,
whereby the transformation of the putatively universal precursor 65 into 3,5-DCP could
in theory occur prior or during the first or second coupling reaction. Ambigol C (64) in
contrast consists of two 65 units connected via one central 2,6-DCP unit which contains
the two biaryl-ether linkages in formally prohibited meta position. This indicates towards
two separate and so far unprecedented mechanisms encoded within the ab BGC to enable
the biosynthesis of all to date reported ambigols found in F. ambigua 108b. Elucidation
of the underlying enzymatic mechanisms will not only increase our knowledge about enzy-
matic biaryl- and biary-ether-couplings, but might also contribute to the development of
novel, combined chemo-enzymatic approaches towards the synthesis of challenging biaryl

substrates.
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1.2. Table of strains

Table S2. Strains used in this study.

Strains Description Reference / Source
E. coli

DH5a Host strain for cloning NEB
TOP10 Host strain for cloning Invitrogen
EPI300-T1 Host strain for cloning Epicentre
GBO08-red Host strain for LCHR (1,2)
ET12567 Donor strain for conjugation 3)
ET12567/pUB307 Helper strain for triparental conjugation 4)

BAPI Heterologous expression strain %)
Streptomyces

Streptomyces coelicolor M1152  Host strain for heterologous expression (6)
Streptomyces coelicolor M1154  Host strain for heterologous expression (6)
Others

Serratia fonticola DSM 4576 Natural producer of fontizine A DSMZ

Nostoc punctiforme PCC 73102

Saccharopolyspora erythraea
DSM 40517

Natural producer of anabaenopeptin NZ 857 and
nostamide A
Natural producer of erythromycin A

Institut Pasteur

DSMZ
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1.3. Table of plasmids

Table S3. Plasmids used and constructed in this study.

Plasmids Description Reference /
Source
pET-28b-SUMO Modified derivative of pET-28b used for assembly 7

pET-28b-ptetO
pETDuet-1
pCOLADuet-1

pCCIFOS
pLKO1

pET-28b-PD1::ehp
pET-28b-ptetO::apt-NRPS
pETDuet-2::apt-hph

pETDuet-2::apt-hph-aptF’

dpET-28b-SUMO::ery-pl
pET-28b-SUMO::ery-p12
pET-28b-SUMO::ery-p123
pET-28b-SUMO::ery-p1234
pET-28b-SUMO::ery-p5
pCCIFOS::HR ery-p1234

pCCI1FOS::ery-p1234
pCCI1FOS::ery
pLKOI::ery

operations, Kan®

tetracyclin inducible expression plasmid, ColE1,
Kan®

IPTG inducible expression plasmid with two T7-
promotors, ColE1, Amp"

IPTG inducible expression plasmid with two T7-
promotors, ColA, Kan®

Cloning vector used for assembly operations, Cam®
Streptomyces integrative vector used for the
expression of ery; Kan®

Complete phenazine cluster ehp of S. fonticola

aptA-F of the apt cluster of N. punctiforme, ColE1,
Kan®

hphA-CD of the apt cluster of N. punctiforme, ColA,
AmpR

hphA-CD and aptF of the apt cluster of N.
punctiforme, ColA, Amp®

Part 1 of the ery cluster of S. erythraea

Parts 1 and 2 of the ery cluster of S. erythraea
Parts 1, 2 and 3 of the ery cluster of S. erythraea
Parts 1, 2, 3 and 4 of the ery cluster of S. erythraea
Part 5 of the ery cluster of S. erythraea

Helper plasmid used for backbone exchange by
LCHR; needs to be linearized by HindIII

Parts 1, 2, 3 and 4 of the ery cluster of S. erythraea
Complete ery cluster of S. erythraea

Complete ery cluster of S. erythraea

Prof. Neilan /
Prof. Miiller
Novagen

Novagen

Epicentre

®)

This study
This study
This study

This study

This study
This study
This study
This study
This study
This study

This study
This study
This study
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2. Results
2.1. Phenazines

Bioinformatic analysis

The P. agglomerans EhpF crystal structure was solved with bound phenazine-1,6-dicarboxylic acid (PDC) as

substrate, indicating the residues involved in substrate binding. The majority of substrate binding residues

are not conserved between EhpF from P. agglomerans and S. fonticola (red squares, Figure S1). Thus, we

hypothesize that S. fonticola EhpF does not utilize PDC as a substrate but as an yet unidentified molecule

that may be the product of EhpS. Conserved ATP-binding ‘P-loop’ and conserved residues are blue and

green, respectively.

Table S4. Bioinformatic analysis of the Serratia fonticola DSM 4576 phenazine gene cluster (esp) used for

heterologous expression.

Enzyme Size (aa) Putative function
EhpR 128 Phenazine resistance protein
EhpK 270 Short chain dehydrogenase/reductase
EhpA 147 Core phenazine biosynthesis (phzB)
EhpB 209 Core phenazine biosynthesis (phzD)
EhpC 622 Core phenazine biosynthesis (phzE)
EhpS 117 Hypothetical protein
EhpD 281 Core phenazine biosynthesis (phzF)
EhpE 211 Core phenazine biosynthesis (phzG)
EhpF 353 AMP-binding
EhpG 459 Acyl-CoA reductase
EhpT 308 Acyltransferase

8
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Figure S1. Alignments of EhpF (PDB ID: 3L2K) from P. agglomerans (upper) and S. fonticola (lower).
Sections highlighted in the figure include: conserved amino acid resides (green), ATP-binding P-loop (blue),
a-helices (yellow arrows), B-sheet (pink), conserved binding site residues (yellow box), mismatches in sub-
strate binding site (red boxes).

pET28b-PD1::ehp
14,936 bp
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Figure S2. Vector map of the pET-28b-PD1::ehp expression plasmid (14,936 bp).

94



VOB LYEr86 nay

LUE'EBIGL nay

VOBTLGrAG L nay

LABTErAGL nay

VAE'BYrGL 3y

19e°90r452 and

LaeLLr4GL and

LUE'G0rd5L and

LAeTOr45L and

19e°L0r452 and

LAE'8Yr4GL and

LUE'POr4SL and

VOB YESrE6 and

GEEDIN <.

{ | <TISSRUPIAL) LT URIOH IERRHIoUAY) e SURENSYd) IEEIER 4B QELD @) =) K S0 18| < “ofjBounie
1 — — — — — — _

! ; " " " " . " " " " - - - . uayds25pNsa-onNsszL3d

oesl set's see'e set'L se's see's SeE 0l SeE'1 SeE'z) 000's 000y wo0'e o0z o0o's i

gl 00t ood'el (5] 0011 00’01 00’ 00's o002 0o’ o' 1T ooo'e 00 000t i

Figure S3. Schematic representation of the sequencing results for the insert esp into the pET-28b-PD1

vector.

10

95



A

C:\Users\...\ed3955 (Phenexpression13) 13/04/2017 10:31:29 PM ED170403_1
Duell/Gulder: 30-100%B30min; 10uL Inj.
RT: 0.00 - 39.99
15.20 NL:
100 1.33 158 19.01 6.52E7
i TIC MS
80— 27.39 ed3955
i 27.36 (Phenexpressi
60 on13)
40
1 20.44  27.16
20 31.42 36.51
o
2.62 NL:
100 9.08E6
i m/z=
80 _ ; : 241.01-
] 1,6 phenazmedlmethan(zl (1) 24199 MS
601 Ci4H13N20; [M+H] ed3955 .
] Calculated HR-mass: 241.0977 [M+H]" (Pq%';express'
| on
40—
20—
ol | 476 486 13.60 16.07 20.79 26.62 29.89 3470 37.35
e B B s B I B B A I B
0 5 10 15 20 25 30 35
Time (min)
e€d3955 (Phenexpression13) #141-166 RT: 2.42-2.80 AV: 26 NL: 2.04E6
T: FTMS + p ESI Full ms [190.00-1500.00]
100 241.0971
90—
80
70
60—
50
40
30
. 247.1441
20 361.2022
10 264.1131 293.1284 350.1499 379.5666
. 235.0866 )
0: ‘\2'1\1.\14\‘}'1\ T Lt 1 ¥ T ‘\ J{\‘ \2§6\15\‘5(\) “\ o \‘ [ :\53‘\4'.‘?\5?0\‘ — ‘\‘ T 391.‘2128
200 220 240 260 280 300 320 340 360 380 400
m/z
11

96



B

C:\Users\...\ed3955 (Phenexpression13)
Duell/Gulder: 30-100%B30min; 10uL Inj.

13/04/2017 10:31:29 PM ED170403_1

RT: 0.00 - 39.99
15.20 NL:

100— 1.33 1.58 19.01 6.52E7

] TIC MS
80— 27.39 ed3955

4 27.36 (Phenexpressi
60 on13)
40—
20—

o
6.69 NL:

100 5.36E6

] m/z=
80 e 279.01-

: Fontizine A (2) . 579.99 MS
60 C17H15sN,0, [M+H] ed3955 .

B Calculated HR-mass: 279.1133 [M+H]" g:;q%r;expres&
40—
20— |

o: 2.39 6.54//7.02 11.88 15.35 20.99 27.46 30.59 34.45 37.86
e e e B S O B B B B
0 5 10 15 20 25 30 35
Time (min)

ed3955 (Phenexpression13) #403-425 RT: 6.49-6.83 AV: 23 NL: 1.61E6
T: FTMS + p ESI Full ms [190.00-1500.00]

100

279.1127

311.1389

. 317.1496

] 261.1022
E 219.0917 237.1022 2%3_0329 297.4908 334.1550

369.2649 391.2842

O——p—7—t "\ L e A S5 s et sy s s 4 I e A
200 220 240 260 280 300 320 340 360
m/z

Figure S4. LC-MS results of E. coli BAP1 expression cultures harboring pET-28b-PD1::ehp. The molecules
1,6-phenazinedimethanol and fontizine A were detected with a m/z of 241.0971 and 279.1127, respectively
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COSY cross peaks

selected HMBC correlations

(dashed arrow indicates additional signal in DMSOQ)

Figure S5. 2D NMR correlations of fontizine A (2). Key signals for the structural elucidation of Phenazine
X were performed using 'H-'"H COSY (red), 'H -">C HSQC and 'H -"*C HMBC (blue) NMR experiments.

Table S5. 'H spectral data of 1,6-phenazinedimethanol (1) and 'H and >C NMR spectral data of fontizine A

).
1,6-phenazinedimethanol in MeOD fontizine A in acetone-Dg
Signal 'H [ppm] Integral, Mult. *H [ppm] (e Integral, Mult. cosy HMBC
[ppm]
1 142.4
2 7.99 1H, dd, 6.8, 1.3 Hz 8.41 129.7 1H, d, 7.0 Hz 3 1,4, 4a
3 7.92 1H, dd, 8.7, 6.8Hz 8.00* 131.2 1H, signal overlap with 8 2,4 **
4 8.20 1H, dd, 8.8, 1.3 Hz 8.33 132.6 1H, dd, 8.7, 1.3 Hz 3 2, 4a
4a 142.1
5a 141.9
6 143.5
7 7.99 1H, dd, 6.8, 1.3 Hz 8.07 128.2 1H, dd, 6.8, 1.4 Hz 8,1” 9,9a,1”
8 7.92 1H, dd, 8.7, 6.8Hz 7.99% 132.1  2H, signal overlap with 3 7,9 **
9 8.20 1H, dd, 8.8, 1.3 Hz 8.23 129.1 1H, dd, 8.7,1.3 Hz 8 7,9a
9a 143.0
10a 134.3
1 8.90 138.0 1H, d, 16.6 Hz 2 1,2,3
2 7.32 130.5 1H, d, 16.6 Hz v 10a, 3°
3 198.3
4 2.48 27.9 3H, s - 2/,3 (11
1“ 5.45 2H, s 5.44 61.0 2H, bs 7 7, 5a
2" *Ek 5.34 OH 1H,t, 5.4 Hz 1” (in DMSO)

*: assignment might be inverse. **: correlations not unambiguously assignable due to signal overlap/noise. ***: Not observable in MeOD.
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Figure S6. "H and °C NMR spectra of fontizine A (2) in acetone-d.

14



T

Ll

(-3
ede ©

90 ®

r4.5

5.0

5.5

6.0

6.5

7.0

7.5

8.0

5.0
f2 (ppm)

[T

T
3.0

L
T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 4.5 4.0 3.5
PD_Phen4_1+2_ToG2.14.ser

b

T
2.5

r20

30

F40

r 50

60

=70

80

90

100

110

120

130

140

=150

[l
T T T T T T T T T T T
5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.0 4.5 4.0

PD_Phen4_1+2_ToG2.12.ser
T
9.

5.5
2 (ppm)

Figure S7. 2D COSY and HSQC spectra of fontizine A (2) in acetone-ds.
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2.2. Results for Anabaenopeptins

5000/ 10,000! 15,000! 20,000! 25,000/

M A 4 aptB 4 aptC_ ) [aptF >

hphCD hphA

> _aptD 2

hphB

Figure S9. Organization of the apt gene cluster (29.2 kb). The NRPS genes apt4-D (red) are flanked by the
homoamino acid producing genes iphA-CD (green) and the transporter aptF’ (cyan).

A B °C
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—— — 500
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Figure S10. Agarose gel electrophoresis of the 22.0 kb aptd-D fragment amplified by Q5 polymerase
gradient PCR. (A) N. punctiforme gDNA (150 ng), (B) temperature gradient PCR results (54.4-72.0 °C).
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pET28b-ptetO::apt-NRPS
27,943 bp

T7 promoter

pETDuet-2::apt-hph-aptF
11,370 bp

\\\' NotI (4707)

T7 promoter
NdeI (4855)

Figure S11. Maps of expression plasmids. (A) pET-28b-ptetO::apt-NRPS (27,943 bp) and (B) pETDuet-
2::apt-hph-aptF (11,370 bp).
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Figure S12. Schematic representation of the sequencing results for the insert apt-NRPS of pET-28b-
ptetO::apt-NRPS. Lines 2 to 29 graphically show the perfect agreement of the individual overlapping
sequencing runs with the original sequence of apt-NRPS (top line, yellow).
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Figure S13. HR-HPLC-MS data of the (A) N. punctiforme pellet extraction and (B) E. coli BAP1 pET-28b-
ptetO::apt-NRPS + pETDuet-2::apt-hph-aptF supernatant extraction.
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Figure S14. HPLC-MS?data of (B) the E. coli BAP1 pET-28b-ptetO::apt-NRPS + pETDuet-2::apt-hph-aptF

supernatant extraction, in comparison with data from Rouhianinen et al. (A) (9).
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2.3. Results for Erythromycin

Table S6. Restriction site strategy used for vector backbone linearizations to sequentially assemble ery.

Plasmid name Restriction Description
site

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

subcloning of ery-p5 (12,7 kb | 71% GC)
pET-28b-SUMO::ery-pl SnaBI Intermediate fragment to insert ery-p2
(15,522 bp) (10.6 kb | 74% GC)
pET-28b-SUMO::ery-p12 SnaBI Intermediate fragment to insert ery-p3
(26,099 bp) (12.1 kb | 73% GC)
pET-28b-SUMO::ery-p123 SnaBI Intermediate fragment to insert ery-p4
(38,170 bp) (9.5 kb | 74% GC)
pET-28b-SUMO::ery-p1234  SnaBI Insertion of ery-p5 (12.6 kb | 71%), failed
(47,686 bp) due to stability issues
pCCI1FOS::ery-p1234 Nsil Insertion of ery-p5 (12.6 kb | 71%)
(50,168 bp) yielding complete ery
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Figure S15. Partitioning of the ery cluster (54.6 kb, 72.5% GC) for amplification and assembly. (A) The
cluster was divided into five parts, ery-pl (9.8 kb, 70% GC, yellow), ery-p2 (10.6 kb, 74% GC, green), ery-
p3 (12.1 kb, 73% GC, purple), ery-p4 (9.5 kb, 74% GC, light blue) and ery-p5 (12.6 kb, 71% GC, magenta)
which were amplified by PCR. (B) Sequential assembly strategy to reconstitute complete ery. Vector
backbones were pET-28b-SUMO (white) and pCC1FOS (gray).
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pPET-28b-SUMO 5,650 bp
l ery-pl l
PET-28b-SUMO::ery-p1 15,522 bp
l ery-p2 l
pPET-28b-SUMO::ery-p12 26,099 bp
l ery-p3 l
PET-28b-SUMO::ery-p123 38,170 bp
i ery-pa l
pET-28b-SUMO::ery-p1234 47,686 bp
pCC1FOS::ery-p1234 50,168 bp
i ery-p5 l
pCC1FOS::ery 62,751 bp
pLKO1::ery 66,576 bp

Figure S16. Sequential assembly strategy to access ery (54.6 kb). The BGC from S. erythraca DSM 40517
was split into five parts (ery-pl to ery-p5) which were amplified by PCR. pET-28b-SUMO was the vehicle
to assemble the clusters parts ery-pl to -4. A backbone exchange for pCCIFOS was conducted by
homologous recombination (LCHR) before integration of ery-p5. LCHR was applied to transfer ery into
pLKO1 for heterologous expression in Streptomyces (orange star).

ery-p4 ery-ps

S - a
N

Figure S17. Agarose gel electrophoresis of all five erythromycin PCR fragments a) amplified by
Q5 polymerase from gDNA and b) product purified by gel extraction (ery-pl 9.8 kb, ery-p2 10.6
kb, ery-p3 12.1 kb, ery-p4 9.5 kb and ery-p5 12.6 kb).

ery-p3
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Figure S18. Agarose gel electrophoresis to analyze restriction enzyme digests of pCC1FOS::ery: (a) Nsil-HF
(62,751 bp), (b) Bmtl + Xbal (25,763; 22,514; 7317; 5318; 1839 bp), (c) HindIlII-HF + ShfI-HF (45,645,
5226; 4501; 3087; 2873; 1419 bp), (d) PspXI (18,099; 16,391; 8107; 5456; 3922; 3840; 3183; 3135; 618 bp)
and (e) NotI-HF (12,166; 11,072; 7498; 6956; 5226, 3129; 3075; 2808; 2785; 2503; 2175; 1293; 1119;
946 bp).

! 5,000 10000 15000 20000 25000 30000 35000 40000 45000 50,000 55000 62,751
Consensus .

1
Coverage I I l I
0.

! 5.000 10,000 15,000 20,000 25,000 30,000 35,000 40,000 46.000 50.000 55.000 62,751

pCC1FOS:ery type | polyketide erythronolide synt erythronolide s

FWD pCC1FOS_Ery_full_K1-M13-FP.ab1 extraction

FWD pCC1FOS_Ery_full_K1-Screen_Ery_Part4_for_1.ab...

REY pCC1FOS_Ery_full_K1-Lac-PromotorpSET152.ab1 ...

Figure S19. End-sequencing of pCCIFOS::ery to confirm correct integration of ery-p5. The reference

sequence (top line, yellow) was aligned with three sequencing traces covering the overlap of pCC1FOS to
the beginning of ery (line 2) and ery-p5 (lines 3, 4).
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Figure S20. Agarose gel electrophoresis to analyze restriction enzyme digests of pLKO1::ery: (a) Nsil
(66,576 bp), (b) HindlIll (45,645; 17,676; 2286; 969 bp), (c) Shf1 (51,194; 4501; 4119; 3087; 2873; 802 bp),
(d) Bmtl + Xbal (26,318; 22,514; 7317; 5318; 3270; 1839 bp) and (e) Ndel + Hindlll (42,101; 7672; 6776;
3544; 3228; 2286; 969 bp).

! 5.000 10,000 15,000 20,000 25,000 30,000 35,000 40,000 45,000 50,000 55,000 80,000 86,578
Consensus
1
Coverage I I I I I I I
0.
|‘ ﬁ.ulﬂﬂ |U.PDD |5.PDD 20.900 25.900 30.[?0(1 35.900 40.?00 “.qnﬂ 50.?0[1 55.[?[10 Uﬂ.(lmn ﬁﬂ,ﬁ?lﬂ
pLKO1:ery - 31 : ¢ —1.
> > " €4 < (OETTEL erythronolide synthas... 4 erythronolide synth ®r < D"‘ > (>

76FD94.ab1 extraction
76FD95.ab1 extraction
76FD96.ab1 extraction
76FD97.ab1 extraction
76FD98.ah1 extraction

76FD99.ah1 extraction

Figure S21. End-sequencing of pLKO1::ery to confirm the presence of ery. The reference sequence (top line,
yellow) was aligned with six sequencing traces covering the overlap of the pLKO01 backbone to ery, and the
overlapping regions of the assembled fragments ery-pl to -p5 (lines 2 to 7).
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Streptomyces coelicolor
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Figure S22. Agarose gel electrophoresis to analyze PCR screenings of CASO precultures of S. coelicolor for
the presence of ery. An amplicon of expected size (485 bp) could be found in all cases, validating a
successful conjugational transfer. As controls, reactions with water and plasmid template (pLKO01::ery) were
included.
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Figure S23. HPLC-MS screening of S. coelicolor extracts for the production of erythromycin A. The

extracted mass trace (m/z = 734.46, [M+H]") is shown in the chromatograms.
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Figure S24. MS® spectra of erythromycin A produced by S. coelicolor compared to a commercial standard.

29

114



O O DEBS1,2,3
—>

Figure S25. Schematic representation of erythromycin A biosynthesis, according to (10). Post-PKS
modifying reactions are highlighted in pink.
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Figure S26. Plasmid map of pLKO01::ery (66,576 bp) used for heterologous expression in S. coelicolor.
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1 Antismash and Cluster Finder results

\Table S1: Antismash results of the S. plymuthica WS3236 genome. \
Cluster 1 Nrps 152180 (221285 ti?‘gﬁ,;”;}’%‘g;fs";f]mh;mﬁ;‘;)—c'“S BGC0000263_c1
Cluster 2 ||Cf_putative |277500 283014 |- - \
ICluster 3 ||Cf_putative |[343838 351083 |- - \
ICluster 4 |Cf_putative |452077 458216 |- - \
Cluster 5 ||Cf_fatty_acid |[530237 551451 |- - |
Cluster 6 ||Nrps 585530 ||638119 gf{gg;’)agg'gg:égs‘smtvhvegf;;?::‘lteﬁc'“St BGC0000451 cl
Cluster 7 ||Cf_fatty_acid |[1101356 [1122603 |- - \
PM100117_/ PM100118 biosynthetic
Cluster 8 ||Cf_putative ||1225164 (1234949 |_gene_cluster (21% of genes show BGC0001359 c1
similarity)
Otherks- . . .
Cluster 9 |[T1pks-Pufa- ||1309016 ||1391220 éegy'gf—gr']gssyggggj'gﬁgﬁgfﬁc;ustef BGC0001056_cl
Nrps ooty y
Cluster 10 ||Cf_putative  |[1517998 1528737 |- -
Lipopolysaccharide_biosynthetic_gen
Cluster 11 ||Nrps 1638611 ||1682552 |le_cluster (16% of genes show BGC0000772 c1
similarity)
Lipopolysaccharide_biosynthetic_gen
Cluster 12 ||Cf_saccharide (2079656 (2111872 |le_cluster (27% of genes show BGC0000776_c1
similarity)
Cluster 13 ||Cf_putative 2307169 2314735 |- -
O&K-
Cluster 14 |Cf_putative  ||2360781 |2372066 |antigen_biosynthetic_gene_cluster BGC0000780_c1
(3% of genes show similarity)
Cluster 15 ||Cf_putative  |[2400546 2408494 |- - \
Cluster 16 ||Cf_putative  |2768674 [2773791 |- - \
Cluster 17 |ATYIPOlyene-flanehe57 3126309 |APE_EC_biosynthetic_gene _cluster 500836 o1
Siderophore (73% of genes show similarity)
Cluster 18 [Nrps 3174907 (3226855 ?’(“1"z‘f;)ag]f'Sgr?égssfg\t‘ve;:ﬁq—ﬁzzfﬁc'”Ste BGC0000460_c1
Cluster 19 ||Cf_putative  |[3389902 3400844 |- - \
Cluster 20 |[Tipks-Nrps  [[3402732 ||3450570 t'z'f??'&"g]?agr;fs'osf]mh;mﬁ?;)—c'“S BGC0001179_cl
Cluster 21 ||Cf_putative  |[3501638 3513935 |- - \
Cluster 22 ||Cf_putative  |[3592222 3597199 |- - \
Cluster 23 |Cf_saccharide (3890501 (3917908 (s;‘;&agtfaggﬁgssﬁ]“gcvegi"rﬁﬁZ;%)C'“Ster BGC0000763_cl
2
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Cluster 24 |Cf_saccharide (3920935 (3942088 gg‘;:'gfgggégs%“gcve;'i‘;ﬁﬁ:ﬂ%)c'”5“” BGC0000787 cl
Cluster 25 ||Cf_putative  |[3988487 (3998306 |- |- |
Cluster 26 | Thiopeptide  |{4020188 |4046677 aj‘;:'gfggggss{]”gcve;crﬁﬁg?i‘;—l)c'“5ter BGC0000781 cl
Cluster 27 |Cf_fatty acid |{4085148 | 4106422 gg&'?ﬁiﬁ;ﬁﬂg\i}fﬁﬁgﬁﬁ;“Ster BGC0001133 cl
Cluster 28 |Cf putative  ||4113644 |4134661 fzgg:g)'gi'gggégs%rg\?vegi‘;ﬁﬁgﬂ‘f;;'”Ste BGC0000258 cl
Cluster 29 ||Cf_putative  ||4144920 4160325 |- - |
Cluster 30 ||Cf_fatty_acid |4219983 4240936 |- |- |
Cluster 31 ||Cf_putative 4388170 4393085 |- - |
Cluster 32 ||Cf_putative  |[4415768 4422464 |- - |
Cluster 33 |[Terpene 4586723 ||4607877 (ng(;zfgpag:]‘;y?;ﬁ':rgﬁg‘:&;')”“er BGC0001361 cl
Cluster 34 ||Cf_putative  |[4660496 4673055 |- - \
Cluster 35 ||Cf_putative  ||4742629 (4766296 |- - |
Cluster 36 ||Cf_putative  |4840226 4854533 |- - \
Cluster 37 |Cf_putative  |[5133490 (5142678 Eﬁj’g’tzic(%ﬁzr:)‘%;gg'gﬁgwgf;fﬁgﬁ;‘;— BGC0001411 cl
Cluster 38 | CT-FAY_aCd- lorq730q 15338067 || T2llysomycin_biosynthetic_gene_clus | p 001048 c1
Cf_saccharide ter (5% of genes show similarity)
3
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Table S2: Organisms and accession number of organisms harboring sod-like BGCs.

Organism Genome Accession Gene Cluster
Group

Serratia plymuthica 4Rx13 CP006250 1
Serratia plymuthica A30 AMSV01000037 1
Serratia plymuthica AS9 CP002773 1
Serratia plymuthica NBRC 102599 NZ_BCTU01000010 1
Serratia plymuthica PRI-2C NZ CP015613 1
Serratia plymuthica RVH1 NZ_ ARWDO01000001 1
Serratia plymuthica S13 CP006566 1
Serratia plymuthica 3Re4-18 NZ_CP012097 1
Serratia plymuthica 3Rp8 NZ_CP012096 1
Serratia plymuthica 4Rx5 NZ_PESE01000001 1
Serratia plymuthica HRO-C48 NZ_LTDNO01000056 1
Serratia plymuthica strain V4 CP007439 1
Serratia plymuthica WS3236 2773857786 (JGI) 1
Serratia sp. AS12 CP002774 1
Serratia sp. AS13 CP002775 1
Serratia sp. FS14 CP005927 2
Pseudomonas chlororaphis O6 NZ_CMO001490 3
Pseudomonas chlororaphis ATCC 13985 NZ_LT629738 3
Pseudomonas chlororaphis PA23 NZ_CP008696 3
Pseudomonas chlororaphis subsp. aureofaciens NBRC NZ_BBQB01000002 3
3521

Pseudomonas chlororaphis subsp. aureofaciens CD NZ_LHVB01000012 3
Pseudomonas chlororaphis subsp. aureofaciens LMG LHVA01000023 3
1245

Pseudomonas chlororaphis subsp. chlororaphis GP72 NZ_ AHAY01000123 3
Pseudomonas schloroaphis ATCC 9446 NBAT01000014 4
Pseudomonas grimontii BS2976 FNKM01000002 5
Burkholderia pyrrocinia Lyc2 JPWP01000010 6
Burkholderia singularis TSV85 LOWA01000011 7
Streptomyces tsukubensis NRRL 18488 AJSZ01000838 8
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Figure S1: Phylogenetic analysis of SodC (A) and SodD (B). Organism titles can be linked to species
list in Table S2. Outgroups are in black and included XP_018708362 (SodC tree) and WP 111580499
(SodD tree). Branches and strain names are colored according to genus: Serratia, red; Pseudomonas,
blue; Burkholderia, green; Streptomyces, orange.
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2 Direct Pathway Cloning of the sod cluster

|Tab|e S3: List of primers.

[Name |[Sequence (5' — 3) || Description
|C-GFP_for_1 |CATGGTTAGCAAAGGTGAAG || .
amplification of the pET28b-ptetO_gfpv2 backbone
lspec-ptet-R [GGTCGATCCTCTTCTCTATC |
SP-sod::ptet_for 1 gtgatagagaagaggatcgacCATGCTGAT . ' .
CCTCGTTGATGACAAAG amplification of sod cluster with 22 bp homology
SP-s0d::C-GFP_rev._1||T1CTTCACCTTTGCTAACCATGt sequences
agcgccgceccgtactg
lsodD_screen_for_1 ||GAAGTATTAAATGGACCGC | | ing of pET28b-ptetO::s0d gfpv?
colony screening o -ptetr:
[PRSET-RPnew __ ||GGGTTATGCTAGTTATTGC | gotp petirsod_gipy
lscreen_ptet_F [TGCGCTGTTAATCACTTTAC | _
sequencing pET28b-ptetO::sod gfpv2
lscreen_GFP_R [TTACCGTTGGTCGCATCACC |

2.1 Q5 Polymerase PCR setup

A standard 25 pL PCR reaction batch for long-amplicon cycling reactions consisted of: 1x Q5 reaction
buffer, 200 uM deoxynucleotide triphosphates, 500 nM of forward and reverse primer, 50 ng gDNA
template and 0.01 U/uL Q5 High-Fidelity DNA polymerase (NEB) were mixed. Cycling was conducted
using a T100 Thermal Cycler (Biorad) as follows: 1.) Initial denaturation, 98 °C for 1 min; 2.) Denaturation,
98 °C for 10 sec; 3.) Annealing, 72 °C for 20 sec; 4.) Extension, 72 °C for 2 min 30 sec; steps 2.) to 4.)

were repeated in total for 30 cycles; 5.) Final extension, 72 °C for 5 min, and 6.) End phase, 16 °C.

2.2 Taq Polymerase PCR setup

Colony screening PCRs were performed using Tag DNA polymerase (NEB). Clones were picked and
resuspended in 50 pL of pure water and examined in a 25 uLL PCR batch composed as follows: Taq buffer
(20 mM Tris-HCI, 1.5 mM MgCl,, 50 mM KCI, pH 8.3 at 25 °C), 4% DMSO, 100 uM deoxynucleotide
triphosphates, 200 nM of forward and reverse primer, 5 uL. DNA template (bacterial suspension in water)
and Tag DNA polymerase (0.025 U/uL, NEB) were mixed. Optimal cycling parameters were set as follows:
1.) Initial denaturation, 95 °C for 5 min; 2.) Denaturation, 95 °C for 45 sec; 3.) Annealing, 48 °C for 30 sec;
4.) Extension, 72 °C for 65 sec; steps 2.) to 4.) were repeated in total 34 times; 5.) Final extension, 72 °C
for 5 min, and 6.) End phase, 16 °C.
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Figure S2: Sequencing of sodA-D integration into pET28b-ptetO::gfpv2.

3 Expression of the sod cluster

Table S4: Quantitative amounts of sodorifen and pre-sodorifen produced
during fermentation.

strain medium day peak area pA*s
mesitylene! | sodorifene
S. plymuthica WS3236 succDMM 1 257.9 12.6
2 264.0 9.1
3 267.4 2.7
4 266.7 1.6
B 1 272.9 38.7
2 272.4 24.4
3 261.7 4.0
4 263.4 1.7
E. coli BL21 succDMM 1 267.0 10.8
. 2 261.6 36.5
PET28b-ptetO::sod_gfpv2 3 67 8 26 1
4 262.8 15.9
B 1 254.4 317.7
2 262.6 765.2
3 265.9 887.9
4 267.9 1003.0
LB 1 263.9 180.0
2 268.9 252.2
3 268.7 215.3
4 264.6 105.5

'Mesitylene was added as internal standard with a concentration of 250 pg/mL.
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E. coli BL21 E. coli BL21 S. plymuthica
empty pET28b-ptetO::sod_gfpv2  WS3236

Figure S3: Cell pellets harvested after 24 h cultivation in TB medium. Only the induced heterologous
expression strain E. coli BL21 pET28b-ptetO::sod_gfpv2 shows fluorescence caused by the expression
of the GFP marker placed downstream of the sod genes.

[kDa] 1 Thermo Scientific Unstained
116.0 Protein Molecular Weight Marker
2 E.coli BL21 empty, over night
66.2 — —
3 E.coli BL21 pET28b-ptetO::sod_gfpv2,
450 et | B before induction
— R e 4 E.coli BL21 pET28b-ptetO::s0d_gfpv2,
35.0 —_ _—— over night after induction
5 S. plymuthica, over night
250 — : ok
sodA 20.5kDa sodC 369 kDa  gfp 27.0 kDa
18.4 - — sodB 659kDa sodD 44.3 kDa

Figure S4: SDS-PAGE analysis of E. coli BL21 pET28b-ptetO::sod_gfpv2 cells before (lane 3) and
after induction (lane 4) in comparison to empty E. coli BL21 (lane 2) and S. plymuthica (1ane 5) cells.
Due to the usage of the Pteto promoter, no significant protein overexpression can be detected.
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Figure S5: GC-MS spectrum of sodorifen (m/z = 218.20).
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Figure S6: NMR spectra of raw head-space samples of E. coli pET28b-ptetO::sod_gfpv2 grown in LB
(top) and TB (bottom) medium. In the LB-derived top spectrum, the 'H signals of the E. coli VOC
indole (7 H signals from 8.25 to 6.50 ppm) indicate an about 10-fold excess of indole in the sample
when compared to sodorifen (all other integrated 'H signals; relative amounts calculated based on,
e.g., the two protons of the exo-methylene unit at 4.5 ppm). The TB-derived bottom spectrum shows
almost exclusive formation of sodorifen in high purity.
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Serratia plymuthica

Microbial Isolate Improved Draft

1. Project Information

Program

Microbial/CSP 2017

Sequencing Project ID

1176531

Sequencing Project Name

Serratia plymuthica WS3236

2. Read Statistics

03/10/18

Metric Raw Reads Filtered Subreads | Error Corrected Reads
Reads 421,168 78,182 11,725
Bases 1,001,968,894 307,584,001 72,490,082
Average Read Length 2,379.0 +3,528.4 | 3,934.2 + 3,514.5 6,182.5 +4,218.7
Reads >5kbp 60,760 19,569 6,913
Bases, reads >5 kbp 591,145,838 180,537,522 64,177,899
Avg Read Length, reads >5kbp | 9,729.2 4+ 3,814.6 | 9,225.7 £ 2,985.7 9,283.7 + 2,378.6

3. Assembly Statistics

The filtered subreads were assembled using PacBio’s HGAP assembler.
Assembly version: smrtanalysis/2.3.0_p5, HGAP 3

Scaffold total 1
Contig total 1
Scaffold sequence length (bp) 5,349,225
Contig sequence length (bp) 5,349,225
Scaffold N/L50 1/5349225
Contig N/L50 1/5349225
Largest Contig (bp) 5,349,225

Number of scaffolds >50 kb

1

Percent of genome in scaffolds >50 kb 100.00%

Percent of reads assembled

83.32%

4. Assembly QC Results

Prodigal was used to predict cds on each scaffold and the output protein sequences were aligned to NCBI nr us-
ing LAST. Taxonomic information was extracted from the alignments and used to color-code scaffold GC content

histograms.
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Percent Gene Hits
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Coverage and GC information. Scaffolds were shredded into non-overlapping 5 kbp fragments and the GC content

of each shred was plotted as a data point, colored by scaffold id. Coverage was calculated by mapping the fragment
library to the final assembly and plotted as connected points.

CGYUZ DMA Fragment Id vs GC and Coverage
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GC histogram of the scaffolds, including scaffold length weighted distribution.
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Contig GC Histogram for CGYUZ
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List of the top scaffold megablast hits against 16s ribosomal genes using the Silva SSU database.

Organism: N/ABacteria;Proteobacteria;Gammaproteobacteria;Enterobacterales; Yersiniaceae;Serratia;Serratia ply-

muthica;

Contig Name: CGYUZ _unitig_0|arrow
Align Length: 1,522 bp

Percent Id: 100.00%

Tetramer frequencies are calculated over 5kb sliding windows of all scaffolds, followed by principal component anal-

ysis. Plots of the first two principal components are colored by scaffold.



Principal Component Analysis - PC1 vs PC2

PC 2 explains 5.2 % ofvariation

-2

Estimated genome recovery derived from analysis of universal single-copy genes detected in final assembly using

PC 1 explains 23.6 % of variation

CheckM.
HMM Found Genes | Total Genes | Percent Recovered
Archaea 70 149 46.98%
Bacteria 103 104 99.04%
Lineage Workflow 544 546 99.63%
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Bacteria Single—copy Gene Histogram
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Bacteria Single—copy Genes
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5. Sequence Data Availability

The sequence fasta files can be downloaded from our JGI portal website.
http://www.jgi.doe.gov/genome-projects

6. Methods

Isolate Improved Draft
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Genome Sequencing and Assembly

The draft genome of Serratia plymuthica was generated at the DOE Joint Genome Institute (JGI) using the Pacific Bio-
sciences (PacBio) sequencing technology [1]. A >10kpb Pacbio SMRTbell™ library was constructed and sequenced
on the PacBio RS2 platform, which generated 78,182 filtered subreads totaling 307,584,001 bp. All general aspects
of library construction and sequencing performed at the JGI can be found at http://www.jgi.doe.gov. The raw reads
were assembled using HGAP (smrtanalysis/2.3.0_p5, HGAP 3) [2]. The final draft assembly contained 1 contig in 1
scaffold, totaling 5,349,225 bp in size. The input read coverage was 45.2X.

1. Eid John, et al. RealDNA Sequencing from Single Polymerase Molecules. Science 2008
2. Chin C, et al. Nonhybrid, finished microbial genome assemblies from longread SMRT sequencing data. Nat Methods
2013

DOE Auspice Statement for Publication

The work conducted by the U.S. Department of Energy Joint Genome Institute, a DOE Office of Science User Facility,
is supported under Contract No. DE-AC02-05CH11231.

The data was generated for JGI Proposal #503161.
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A.1 Supplemental materials of publications and submitted manuscript

A.1.3 Investigations into ambigol biosynthesis

The supplemental information is related to the following manuscript which is included in
chapter 3.3:

e E. R. Duell*, T. M. Milzarek®, T. F. Schiaberle, G. M. Konig, T. A. M. Gulder:
Investigations into ambigol biosynthesis. submitted

*equally contributing authors
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1. General Methods
1.1 Biochemical Methods

Cultivation: E. coli cells were grown in liquid culture in LB medium (Carl Roth, Germany) at 37 °C under
200 rpm shaking. S. elongatus liquid cultures were grown in BG11 medium (Sigma-Aldrich/Merck,
Germany) at 30 °C with 150 rpm shaking and constant 300 LUX illumination from a LED lamp (Fluval
A3972 AURA Fresh and Plant Nano LED, 7500 K, Canada). Cells on plates were kept at room
temperature with constant 250 LUX illumination growing on BG11 containing 1.5% agarose (Sigma-
Aldrich/Merck). Chemically competent E. coli DH5a cells were used as a host strain for all cloning steps.
Enzymes used for PCR and cloning were purchased from NEB (Germany). Antibiotics were used at the
following concentrations: ampicillin 100 mg/L (Carl Roth, Germany), kanamycin 50 mg/L for E. coli cells
and 5 mg/L for S. elongatus cells (Carl Roth), spectinomycin 2 mg/L (Merck/Sigma-Aldrich, Germany)
and streptomycin 2 mg/L (Merck/Sigma-Aldrich).

DNA Isolation, Sequencing and Bioinformatic Analysis of the ab BGC: To isolate genomic DNA for
subsequent sequencing, first an axenic culture of the Fischerella ambigua had to be generated, since
a Pseudomonas strain was associated with it. Therefore, a spheric cyanobacterial colony was dispersed
in 500 uL water and the resulting cell suspension was then transferred into 5 mL LB medium
supplemented with ampicillin (final concentration 500 pg/mL). The culture was incubated overnight at
37 °C while shaking at 180 rpm. Cyanobacterial cells were recovered by centrifugation, resuspended
in 100 mL BG11 medium and grown at 25 °C with shaking at 120 rpm under constant illumination. Cells
were harvested after 2—3 weeks of growth, washed three times with sterile water and resuspended in
20 mL SET buffer (75 mM NaCl, 25 mM EDTA, 10 mM Tris-HCl). Using a Potter homogenisator,
filaments were broken up and cells separated. SDS 0.5%, proteinase K 500 pg/mL and lysozyme
2.5 mg/mL were added and the suspension was incubated at 55 °C for 2 h. Subsequently, an extraction
with one volume of phenol:chloroform:isoamyl alcohol (25:24:1) was performed for 30 min. This step
was repeated until no precipitated proteins were visible between the aqueous and the organic phase.
The resulting supernatant was purified using genomic tips, which were supplied with the Blood & Cell
Culture DNA Mini Kit (Qiagen, Germany) based on the manufacturer’s instruction manual. The
resulting DNA was submitted to 454 sequencing applying the Roche GS FLX Titanium sequencer (GATC
Biotech, Germany). Open reading frames (ORFs) were predicted with the Geneious 8.0.4 software
(Biomatters Limited, New Zealand) and bioinformatically analysed using the NCBI/blastx alignment
tool (U.S. National Library of Medicine, USA).!

Direct Pathway Cloning of the ab BGC: The 14.3 kb ab1-10 BGC was cloned in one piece into pET-28b-
SUMO using Gibson Assembly mediated DiPaC.? The linearized ab PCR amplicon was generated using
PCR with Q5 polymerase with 15 ng gDNA per 25 pl reaction setup and integrated into the BamHI
(NEB) linearised and dephosphorylated vector backbone. The gfp reporter gene was amplified by PCR
with Q5 polymerase using 100 ng plasmid DNA per 25 pulL reaction setup and integrated into the Notl
linearized and dephosphorylated pET-28b-SUMO::ab plasmid. This expression constructed was
transformed into pET-28b-ptetO::ab-gfp by exchanging the promoter region with Gibson assembly.
Positive clones were selected by Taqg screening PCR and confirmed using restriction digest. Mutation
free amplification and assembly was verified by Sanger sequencing (GATC Biotech).
For expression of the ab BGC in the cyanobacterial host S. elongatus PCC 7942, the cluster was split in

S2

141



142

two parts of roughly equal size with respect to ORF boundaries and integrated into the two neutral
sites NSI and NSII of the bacterial chromosome. Therefore, the 6.4 kb ab1-5 fragment was amplified
from plasmid DNA and equipped with homology sequence overhangs by Q5 polymerase PCR and
integrated into the EcoRI linearised and dephosphorylated pAM5051 vector by Gibson Assembly
mediated DiPaC. Positive E. coli DH5a clones were selected by Taq screening PCR and confirmed using
restriction digest Sanger sequencing of the integration sites. The 7.8 kb ab6-10 fragment was
integrated into pCV0094 in a similar manner. S. elongatus cells were naturally transformed with 0.5 pg
pCV0094::ab5-7 as described previously.® After selection of positive clones on BG11a, plates (BG11
Broth (Sigma-Aldrich/Merck), Trace Metal Mix A5 with Co (Sigma-Aldrich/Merck), 1.5% (w/v) agarose
(Sigma-Aldrich/Merck), 1 mM Na,S,0s (Grissing, Germany) and verifying complete integration of ab6-
10 into NSII on all genome copies by Q5 PCR on liquid cultures®, the natural transformation and
selection procedure was repeated with pAM5051::ab1-5 resulting in double mutant S. elongatus cells
harboring ab1-5 in the chromosomal integration site NSI and ab6-10 in NSII. Double mutants were
grown in BG11 liquid medium or on BG11 agar supplemented with Kan, Spec and Strep.

Heterologous Expression of the ab BGCin E. coli BAP1 and S. elongatus PCC 7942: pET-28b-SUMO::ab
and pET-28b-SUMO::ab-gfp were transformed into chemically competent E. coli BAP1 cells. Main
cultures were inoculated 1:50 into LBx.n, medium (containing 10 g/L NaCl, Carl Roth) from overnight
precultures grown in LBkan and grown at 37 °C 200 rpm until an ODego value of around 0.6. At this point,
20 mg/L 5-aminolevulinic acid (Carl Roth) were added to support formation of the heme cofactor and
its incorporation into the target CYP P450 enzymes. Protein expression was induced at ODggo around
0.8-1.0 by the addition of 1 mM IPTG (Acros Organics, USA) in case of the pET28b-SUMO based
plasmids or 0.5 mg/L tetracycline (Fluka, Switzerland) for pET-28b-ptetO::ab plasmid and cells were
incubated at 16 °C 200 rpm for 20 h to 5 days with or without the daily addition of 100 mg/L 4-HBA (2)
(Carl Roth). After harvesting the cells, the pellets were once washed with 0.9% NaCl. Culture
supernatant and cell pellets were either directly extracted or stored at -20 °C.

S. elongatus cells harbouring abl-5 in NSII and ab6-10 in NSI were grown in BG1l medium
supplemented with Kan, Spec, Strep and 1 g/L NaCl until an ODsso of 1.0-1.3. Protein expression was
induced with 2 mM theophylline (200 mM stock in DMSO, Acros Organics) and 100 mg/L 2 was added
daily for 5 days. After harvesting the cells, the pellets were once washed with 0.9% NaCl. Culture
supernatant and cell pellets were either directly extracted or stored at -20 °C.

Culture supernatants were acidified with HCl to a pH of 3 and extracted twice with 1 vol EtOAc. Organic
extracts were combined and evaporated in vacuo. The residues were resuspended in MeOH or ACN,
filtered through a 0.45 um PTFE syringe filter (Fisher Scientific, Germany) and analysed by HPLC-MS.
Cell pellets were resuspended in 2:1 DCM:MeOH and sonicated for 30 min in a Bransonic ultrasonic
bath 3510 E-MTH (Branson, USA). After centrifugation at 8.000 g for 10 min at 4 °C, the supernatant
was evaporated in vacuo and the residues treated as described above.

Cloning and Heterologous Expression of Ab2 and Ab3 in E. coli: Codon optimised gene sequences of
ab2 and ab3 (ab2e and ab3e) for heterologous overexpression in E. coli were ordered at BaseClear B.V.
(The Netherlands). Ab2 was integrated into the pMal expression plasmid by Gibson assembly, thereby
deleting the ATG start codon and directly attaching the sequence to the N-terminal MBP-tag. Ab3 was
integrated into pMal by restriction cloning using BamHI| and Xhol and ligation, thus preserving the
102 bp linker sequence between the MBP-tag and the MCS containing a TEV cleavage site.
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pMal-SD::ab2e and pMal-SD::ab3e were transformed into chemically competent E. coli BL21 cells.
Expression cultures were inoculated 1:50 into TBamp medium (Carl Roth) from overnight precultures
grown in LBamp medium. Protein expression was otherwise performed as described for the pET-28b-
SUMO::ab-gfp construct in E. coli BAP1 cells but no 2 was added and cells were always harvested after
20 h.

Purification of Ab2 and Ab3 from E. coli Heterologous Expression: Cells were resuspended in buffer
A (50 mM Tris (Carl Roth) [pH 7.3], 5% (v/v) glycerol (Fisher Scientifc) and sonicated nine times for 10 s
with 80% amplitude with a Bandelin SONOPULS Homogenisator HD 2070 MS 72 (Bandelin electronics,
Germany). Cell debris was removed by centrifugation at 18.000 g at 4 °C for 30 min. Protein purification
was carried out at 4 °C with an Akta Pure 25 M system (GE Healthcare Life Science, Germany) and a
MBPtrap HP 5 ml (GE Healthcare) using the following protocol: loading at 4 mL/min, washing with 100
mL buffer A at 4 mL/min, elution with 3.5 mL buffer B (buffer A containing 10 mM maltose, Carl Roth)
at 2 mL/min. Protein concentration was determined using an Implen Nanophotometer P330 5382
(Implen, Germany) and the following parameters: Ab2: 97537.67 Da, € = 126420; Ab3: 101088.93 Da,
€ =124930.

Ab2 and Ab3 in vitro Enzymatic Assays: Purified enzymes were used for enzymatic conversion of 2,4-
DCP (6) without further concentration. Assays consisted of 20-60 uM Ab2 and/or Ab3, 3 mM 2,4-DCP
(6) (300 mM stock in DMSO, Sigma-Aldrich), 4 mM NADPH (100 mM stock in H,0, Carl Roth), 20 uM
spinach ferredoxin (PetF) and 10 uM ferredoxin reductase (Fpr). Assays were conducted in 250 pL scale
in 1.5 mL microreaction tubes under air permeable conditions and shaking with 400 rpm at 30 °C for
15 h. After acidifying the mixture with HCl to a pH of 3, organic compounds were extracted with 1 vol
EtOAc. After evaporation, the remaining solid was solubilised in MeOH or ACN, filtered through a 0.45
pum PTFE syringe filter and analysed by HPLC-MS.

Cloning of Ab2 and Ab3 in S. elongatus PCC 7942: For chromosomal integration and expression of ab2
and ab3in S. elongatus, the native gene sequences were integrated into the EcoRl linearized pCV0094
plasmid using Gibson assembly. After verifying the successful cloning by Taq screening PCR, analytical
restriction digest and Sanger sequencing, ab2, ab3 or both genes joined together with a 4 bp linker
sequence were integrated into the NSII site of the cyanobacterial chromosome by natural
transformation. Successful and complete integration into all genome copies was verified by Q5
screening PCR (see Supporting Information Figure S4).3

Ab2 and Ab3 in vivo 2,4-DCP Feeding Assays in E. coli and S. elongatus: To check for Ab2 and Ab3
induced 2,4-DCP (6) conversion in vivo, E. coli BL21 cells carrying pMal-SD::ab2 or pMal::ab3 were
grown and induced alone or together as described above for heterologous protein production, but
were additionally fed with 50 uM 2,4-DCP (6) (300 mM stock in DMSO) and cultivated for 1-3 days.
S. elongatus cells carrying either ab2, ab3 or both genes were grown to an OD7so value of 0.3-0.4 before
induction with 2 mM theophylline (200 mM stock in DMSO) and feeding of 50 uM 2,4-DCP (6). Cells
were harvested after 48 h. Culture supernatant and cell pellets of both E. coli and S. elongatus cells
were extracted as described above. As negative controls, E. coli BL21 and S. elongatus wild type cells
were cultivated and extracted under the same conditions.
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HPLC-MS Analysis of in vitro and in vivo Extracts: Samples were analyzed using an UltiMate 3000 LC
System system coupled to a LCQ Fleet lon Trap Mass Spectrometer (Thermo Scientific). Interpretation
of the recorded data was performed using the Thermo Xcalibur Qual Browser 2.2 SP1.48 software. The
chromatographic HPLC separation was carried out on a Hypersil Gold AQ C18 (150 x 2.1 mm, 3.0 um
particle size) HPLC column (Thermo Fisher) with the following gradient with water (A) and acetonitrile
(B) as the eluents, both buffered with 0.1% formic acid, was applied: 5% B (0 min) — 5% B (4.0 min)
— 95% B (24.0 min) — 100% B (24.5 min) — 5% B (25.0 min) — 5% B (26.0 min). The flow rate was
kept constant at 0.7 mL/min. Alternatively, a Eurosphere Il 100-3 C18 A (150 x 4.6 mm, 3 um particle
size) HPLC column (Knauer, Germany) was used with the following gradient with water (A) and
acetonitrile (B) as the eluents, both buffered with 0.1% formic acid, was applied: 5% B (0 min) — 5% B
(5.0 min) — 30% B (10.0 min) — 30% B (40.0 min) — 40% B (45.0 min) — 100% B (45.5 min) — 100%
B (50.5 min) — 5% B (51.0 min) — 5% B (52.0 min). The flow rate was kept constant at 1.0 mL/min.

Preparative HPLC-based Purification of Ab2 in vitro and in vivo Assay Products: For structural
identification of the products formed by Ab2, large scale in vitro and in vivo assays were purified by
preparative HPLC after extraction using a Eurospher Il 100-5 C18 A (250 x 16 mm, 5 um particle size)
HPLC column with precolumn (30 x 16 mm) (Knauer) on a Jasco HPLC system consisting of an UV-1575
Intelligent UV/VIS Detector, two PU-2068 Intelligent Preparative Pumps, a MIKA 1000 Dynamic Mixing
Chamber (1000 pl, Portmann Instruments AG, Switzerland), a LC-Netll/ADC and a Rheodyne injection
valve. The following gradient with water (A) and acetonitrile (B) as eluents, both buffered with 0.05%
TFA, was applied: 5% B (0 min) — 5% B (2 min) — 100% B (45 min) — 100% B (54 min) — 5% B (55 min)
— 5% B (60 min). The flow rate was kept constant at 10 mL/min.

1.2 Chemical Methods

Reagents: Solvents for HPLC and MS analysis such as acetonitrile and methanol were purchased from
Fisher Scientificand VWR in a purity of over 99% (HPLC-grade). Water was purified using a TKA GenPure
water treatment system and deionized. Dry solvents such as diethyl ether, dichloromethane, 1,4-
dioxane, tetrahydrofuran and toluene for procedures under inert atmosphere were prepared by
distillation and drying over molecular sieve (3 A or 4 A). Commercial materials and other solvents were
purchased at the highest commercial quality from the providers Acros Organics, Alfa Aesar,
Carbolution, Carl Roth, Merck, Sigma Aldrich, VWR, TCI Chemicals and Thermo Fisher Scientific.

NMR: *H and 3C Nuclear Magnetic Resonance Spectra (NMR) were recorded on Bruker AV-HD400 and
AV-HD300 spectrometers at 298 K. The chemical shifts are given in 6-values (ppm) and are calibrated
on the residual peak of the deuterated solvent (CDCls: 6y = 7.26 ppm, 6c = 77.0 ppm; DMSO-d¢: &4 =
2.50 ppm, 6¢c = 39.5 ppm). The coupling constants J are given in Hertz [Hz]. Following abbreviations
were used for the allocation of signal multiplicities: bs - broad signal, s - singlet, d - doublet, dd - doublet
of doublets, t - triplet.

MS: Elektrospray-lonisation Mass spectra (ESI-MS) were recorded on an Advion expressiont CMS
system using a single-quadrupole mass analyzer, a Peak Scientific N118LA nitrogen generator, an
Edwards RV12 high vacuum pump and a Jasco PU-1580 Intelligent HPLC Pump, or a LCQ Fleet ion trap
system (Thermo Scientific), which was combined with an UltiMate 300 HPLC system. For High
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resolution mass spectrometry (HRMS) a Thermo LTQ FT Ultra mass spectrometer was used, and
analyses of the recorded spectra were again performed using Thermo Xcalibur Qual Browser 2.2 SP1.48
Software.

Chromatography: Thin-layer chromatography (TLC) was performed on precoated plates of silica gel
F2sa (Merck) with UV detection at 254 and 365 nm. Column chromatography was performed on silica
gel 60 Geduran® Si 60 (40-60 um) (Merck). High Performance Liquid Chromatograms (HPLC) were
recorded on a computer-controlled Jasco system including a UV-1575 Intelligent UV/VIS Detector, DG-
2080-53 3-Line Degaser, two PU-1580 Intelligent HPLC Pumps, AS-1550 Intelligent Sampler, HG-1580-
32 Dynamic Mixer. A Eurospher Il 100-3 C18 A (150 x 4.6 mm) column with integrated precolumn
manufactured by Knauer was used. The eluent system consisted of A = H,O + 0.05% TFA, B = MeCN +
0.05% TFA. The analytical method used the following elution gradient: 0-2 min (5% B), 2-25 min (linear
increase to 95% B), 25-28 min (95% B), 28-31 min (5% B) with a flow of 1.0 mL/min. For medium
pressure liquid chromatography (MPLC) the Reveleris® X2 MPLC system (Grace) was used together
with Reverleris® Reverse Phase (RP) C18 columns (Grace) using UV-detection at 220 nm, 254 nm, and
280 nm. Air- and moisture-sensitive reactions were performed under argon atmosphere (4.6 =
99.996%) using a Schlenk line. Before application, the flasks were repeatedly evacuated (external
heating) and refilled with argon.

2. Cloning of the Ambigol BGC and the Two Cyctochrome P450 Monooxygenases ab2 and
ab3
2.1 List of Strains, Primers and Plasmids

Table 1 List of strains.

Name Description Reference
P /Source
E. coli DH5a F ?SOIGCZAM15 A(/_acZ.YA-argF)U169 recAl endA.l hst17(rK ) NEB
mg*) phoA supE44 X~ thi-1 gyrA96 relAl, host strain for cloning
E. coli BL21 F~ ompT hsdSg (r;f , Mg”) ga/ c{cm (DE.3), heterologous expression strain for NEB
ab2/ab3 expression and in vivo feeding assays
. F~ ompT hsdSg (rs~, ms~) gal dcm (DE3) AprpRBCD::T7prom-sfp, T7prom- 4
E. coli BAP1 . . .
prpE, heterologous expression strain for ab BGC expression
S. elongatus PCC 7942  Host strain for ab BGC recombinant expression 5
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Table 2 List of primers.

Name Sequence (5' — 3') Description
GA abT7 for CTCACAGAGAACAGATTGGTGGATCCa o ] )
_an:il/_ tgtctaatttaccaaaatctac amplification of the ambigol BGC with
homology sequences (capitals) to the pET-
GA_ab:T7_rev TGGCGGCCGTTACTAGTGtcaagcagtaa 28b-SUMO plasmid

ttaaactcg

GA_ab2e:pMal-SD_for

GA_ab2e:pMal-SD_rev

CCCTGAAAGACGCGCAGACTctgtaccag
gaggttgcatc

CAAGCTTGAATTCCTCGAGGGTttagaa
gctcggtttgacgac

amplification of the codon optimized ab2
gene with homology sequences (capitals) to
the pMal plasmid without spacer sequence
between MBP-tag and MCS

GA_ab2::pCV0094_for

GA_ab2::pCV0094_rev

GCTAAGGAGGCAACAAGatgttgtatcaa
gaagtagcc

CGAGGTCGAGACGGCTCATGgtttaaact
aaaagctaggttttacaacaac

amplification of the ab2 gene with homology
sequences (capitals) to the pCV0094 plasmid
including a C-terminal Pmel restricition site
(underlined)

ab3e_BamHlI_for

ggacggatccatggtctctcage

amplification of the codon optimized ab3
gene BamH| with restriction site (underlined)

ab3e_Xhol_rev

atatctcgagttaaaagcgceggtttcg

amplification of the codon optimized ab3
gene Xhol with restriction site (underlined)

GA_ab3::pCV0094_for

GA_ab3::pCV0094_rev

GCTAAGGAGGCAACAAGatggtttcacaa
caatcagc

CGAGGTCGAGACGGCTCATGgtttaaact
tagaagcgaggttttgctataactttatag

amplification of the ab3 gene with homology
sequences (capitals) to the pCV0094 plasmid
including a C-terminal Pmel restricition site
(underlined)

GA_gfp::T7-ab_for

GA_gfp::T7-ab_rev

CAGATATCCATCACACTGGCatggttagc
aaaggtgaag

CAGTGGTGGTGGTGGTGGTGCTCGAG
TGCttagctgcectttatacagttc

amplification of the gfp gene with homology
sequences (capitals) to the pET-28b-
SUMO::ab plasmid

Ab1l_for

pET28b_rev

atgtctaatttaccaaaatctacaaaggtattagtt
g

gagatctcgatcctctacge

amplification of the pET-28b-SUMO::ab_gfp
plasmid without the T7 promoter, lac
operator, 6xHis, thrombin site and SUMO-tag

GA_ptetO::ab-GFP_for

GA_ptetO::ab-GFP_for

GCGTAGAGGATCGAGATCTCAATTC

GATTTTGGTAAATTAGACATggtcgatcct
cttctctatc

amplification of the lox71 site and
tetracycline inducible promoter from pET28b-
ptetO plasmid with homology sequences to
the pET28b-SUMO::ab_gfp plasmid

GA_pMal-SD_for accctcgaggaattcaagc amplification of the pMal plasmid without the
105 bp spacer sequence between MBP-tag

GA_pMal-SD_rev agtctgegegtctttcag and MCS

T7 taatacgactcactataggg

SUMO_for ttggacatggaggataacg

pET-RP ctagttattgctcagegg sequencing and screening primers binding

pRSET-RPnew gggttatgctagttattge plasmid backbones and facing the MCS

PaadA_for tgccttcatecgtttecac

aphl_rev attccgtcagccagtttag

S7942NSI-LA_for
S7942NSI-RA_rev

cagatcaatgcccgtggtttg

gaaaagctcaagcggaaggsg

screening primers binding the homologous
recombination site NSI in the chromosome of
S. elongatus PCC7942
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S7942NSlII-LA_for

S7942NSII-RA_rev

ctccagtaaagtcttcgeccgtaac

screening primers binding the homologous

recombination site NSII in the chromosome of

ttggtgctgticagtctggatge S. elongatus PCC7942

abl_screen_rev ggcgcacttgataactg

abl_seq_for cctttgctttcaactggag

ab2_seq_for ccacagtactagaagctg

ab2_seq_rev agaacaccccaccgtaac

ab3_seq_for caagctcaacaatggtgc

ab3_seq_rev tgaagtgacattgaggtgg

ab3_seq_rev_2 caaactgcgtcaacgagc

ab4_seq_for gagaaggaaccagaaagc

ab5_screen&seq_for acttgtctcattggctcac sequencing and screening primers binding

ab6_screen_rev agaacaactccatttaggeg inside the ab BGC

ab6_seq_rev agctttgacgagttcacc

ab7_seq_for aaggattattgacagcacg

ab7_seq_rev accaccaccacgtaaaatg

ab8_seq_for gagttattgcccgatattgg

ab9_seq_for tacctacagaccgtgec

ab10_seq_rev cctatcaagaacgacaactgag

ab10_seqg-rev_2 acgatcaagttccaccatc

ab10_screen_for agaagacacaatgccagag

Table 3 List of plasmids.
Name Description Reference
P /Source

IPTG inducible expression plasmid (T7 promoter), N- and C-terminal 6

PET-28b-SUMO 6xHis-tag, thrombin site, SUMO-tag, ColE1, Kan®

ET-28b-ntetO Tetracycline inducible expression plasmid (ptetO promoter), N- and C- ;
P P terminal 6xHis-tag, thrombin site, ColE1, Kan®
Mal IPTG inducible expression plasmid (T7 promoter), 6xHis-tag, MBP-tag, s

P TEV site, ColE1, AmpF
Theophylline inducible expression plasmid (Pconll promoter), S7942NSlI

pAMS5051 recombination site for the Synechococcus elongatus PCC7942 K
chromosome, ColE1, Spec/Strep®
Theophylline inducible expression plasmid (Pconll promoter), S7942NSlI

pCV0094 recombination site for the Synechococcus elongatus PCC7942 >
chromosome, ColE1, Tet?, Kan®

B IPTG inducible expression plasmid (T7 promoter), N- and C-terminal .

PET-28b-SUMO::ab 6xHis-tag, thrombin site, SUMO-tag, ColE1, Kan® harboring the ab BGC This study
IPTG inducible expression plasmid (T7 promoter), N- and C-terminal

PET-28b-SUMO::ab-gfp 6xHis-tag, thrombin site, SUMO-tag, ColE1, Kan® harboring the ab BGC This study
and the gfp gene
Tetracycline inducible expression plasmid (ptetO promoter), N- and C-

pET-28b-ptetO::ab-gfp terminal 6xHis-tag, thrombin site, ColE1, Kan® harboring the ab BGC and  This study

the gfp gene
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Theophylline inducible expression plasmid (Pconll promoter), S7942NSI
recombination site for the Synechococcus elongatus PCC7942

PAMS051::ab1-5 chromosome, ColE1, Spec/Strep® harboring the genes ab1-5 including This study
the respective intergenic regions in the ab BGC
Theophylline inducible expression plasmid (Pconll promoter), S7942NSlI
pCV0094::ab6-10 recombination site for the Synechococcus elongatus PCC7942 This study

chromosome, ColE1, Tet®?, Kan® harboring the genes
ab6-10 including the respective intergenic regions in the ab BGC
IPTG inducible expression plasmid (T7 promoter), 6xHis-tag, MBP-tag,

pMal-SD::ab2e ColE1, Amp® harboring the codon optimized ab2 gene directly attached  This study
to the MBP-tag

IPTG inducible expression plasmid (T7 promoter), 6xHis-tag, MBP-tag,

Mal::ab3 . . L
pivial-abse TEV site, ColE1, Amp® harboring the codon optimized ab3 gene

Theophylline inducible expression plasmid (Pconll promoter), S7942NSlI

pCV0094::ab2 recombination site for the Synechococcus elongatus PCC7942 This study

chromosome, ColE1, Tet®, Kan® harboring the ab2 gene
Theophylline inducible expression plasmid (Pconll promoter), S7942NSlII

pCV0094::ab3 recombination site for the Synechococcus elongatus PCC7942 This study

chromosome, ColE1, Tet®?, Kan® harboring the ab3 gene

Theophylline inducible expression plasmid (Pconll promoter), S7942NSlII
recombination site for the Synechococcus elongatus PCC7942
chromosome, ColE1, Tet?, Kan® harboring the ab2 and the ab3 gene
joint by a 4 bp linker sequence

pCV0094::ab2-3

2.2 Cloning Methods

Q5 Polymerase PCR Setup: A standard 25 pL PCR reaction batch for long-amplicon cycling reactions
consisted of: 1x Q5 reaction buffer, 200-400 uM deoxynucleotide triphosphates, 500 nM of forward
and reverse primer, 15 ng gDNA or 100 ng plasmid DNA template and 0.01-0.02 U/uL Q5 High-Fidelity
DNA polymerase (NEB). Cycling was conducted using a T100 Thermal Cycler (Biorad) as follows: 1.)
Initial denaturation, 98 °C for 1 min; 2.) Denaturation, 98 °C for 10 sec; 3.) Annealing, t, °C for 20 seg;
4.) Extension, 72 °C for 30-45 sec/kb; steps 2.) to 4.) were repeated in total for 30 cycles; 5.) Final
extension, 72 °C for 60 sec/kb, and 6.) End phase, 16 °C. Primer annealing temperatures were
determined using the NEB Tm Calculator online tool (http://tmcalculator.neb.com).

Taq Polymerase PCR Setup: Colony screening PCRs were performed using Tag DNA polymerase (NEB).
Clones were picked and resuspended in 50 uL of pure water and examined in a 25 uL PCR batch
composed as follows: Tag buffer (10 mM Tris-HCI, 1.5 mM MgCl,, 50 mM KCI, pH 8.3 at 25 °C),
4% DMSO, 100 uM deoxynucleotide triphosphates, 200 nM of forward and reverse primer, 5 uL DNA
template (bacterial suspension in water) and Tag DNA polymerase (0.025 U/uL, NEB. Cycling was
conducted using a T100 Thermal Cycler (Biorad) as follows: 1.) Initial denaturation, 95 °C for 5 min; 2.)
Denaturation, 95 °C for 45 sec; 3.) Annealing, t, °C for 30 sec; 4.) Extension, 72 °C for 60 sec/kb; steps
2.) to 4.) were repeated in total 34 times; 5.) Final extension, 72 °C for 120 sec/kb, and 6.) End phase,
16 °C. Primer annealing temperatures were determined using the NEB Tm Calculator online tool.
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2.3 Plasmid Maps

T7 promoter
6xHis
thrombin site

BamHI (1908)

lacI Promg, ‘

/
ter

pET-28b-SUMO::ab-gfp
20.631 bp

pAM5051::ab1-5

10.601 bp

Fig. S1 Plasmids used for heterologous expression of the ab BGC in E. coli and S. elongatus.
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Fig. S2 Plasmids used for heterologous expression of ab2 and ab3 in E. coli and S. elongatus.

2.4 Agarose Gels of Q5 Screening PCRs of Transformed S. elongatus Cells
Integration of abl-5 into NSI was confirmed by PCR using primer pair PaadA_for/ab1l_screen_rev
expecting 563 bp to verify upstream integration, ab5_screen&seq_for_1/S7942NSI-RA_rev expecting
581 bp to verify downstream integration and S7942NSI-LA_for/S7942NSI-RA_rev expecting 8140 bp for
complete integration of ab1-5 and 1713 bp for the empty NSI site. Integration of ab6-10 into NSII was
confirmed by PCR using primer pair aphl_rev/ab6_screen_rev_1 expecting 701 bp to verify upstream
integration, ab10_screen_for/S7942NSII-RA_rev expecting 447 bp to verify downstream integration
and S7942NSII-LA_for/S7942NSII-RA_rev expecting 9417 bp for complete integration of ab6-10 and
1660 bp for the empty NSII site. Sequenced plasmid DNA of pAM5051::ab1-5 and pCV0094::ab6-10
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was used as positive control, water and the empty plasmids pAM5051 and pCV0094 were used as

negative controls for the PCR.

A NSI abl-5 NSII ab6-10 NSI abl-5 NSII ab6-10
upstream upstream downstream downstream
[bp] -+ 1 2 3 - + 1 2 3 - 4+ 1 2 3 - 4+ 1 2 3

20000
10.000)
7,000
7000
3.000)

2.000)

1,500
1,000
700

B NSI abl-5

NSII ab6-10

2 3

Fig. S3 Agarose gels of Q5 screening PCRs on three S. elongatus clones harbouring ab1-5 in NSl and ab6-10 in
NSII. Verification of A) upstream (left) and downstream (right) integration and of B) complete integration of the

respective ab cluster parts.

Integration of the cytochrome P450 genes ab2 and/or ab3 into NSII was confirmed by PCR using primer
pair S7942NSII-LA_for/S7942NSII-RA_rev expecting 3124 bp for ab2, 3137 bp for ab3, 4605 bp for both
ab2 and ab3 in succession. Water was used as negative control and sequenced pCV0094::ab2 plasmid

- - 4+ 1 2 3

DNA as positive control for the PCR.

NSII ab2
(bp] -+ 1 2

20,000
10.000
7.000

2,000
1,500

1,000
700

500
400

75

Fig. S4 Agarose gels of Q5 screening PCRs on two S. elongatus clones harboring either ab2, ab3 or ab2-3 in

NSII to verify complete integration.

NSII ab3 NSII ab2-3
- 1 2 1 2
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2.5 DNA Sequences
Sequence of the ambigol BGC of F. ambigua (Nag.) Gomont 108b, ORFs indicated by color.

ATGTCTAATTTACCAAAATCTACAAAGGTATTAGTTGTTGGGGGTGGACCTGCTGGAACCACTGCTGCTACTCTAT
TAGCTCGAGAAGGTTTTGATATAACGCTGCTTGAAAGAGAAGTCTTCCCAAGATACCACATTGGAGAATCTTTAC
TGCCTTCATCTCTAAAAGTTCTAGACTTGCTAGGTGTCAGAGATAAAATAGATGCCCATGGTTTTCAATACAAACC
GGGTGGTCACTATCACTGGGGAGATGAGCATTGGGATTTAAATTTCTCAGATTTATCAGGTAACATTACACACAGT
TATCAAGTGCGCCGTGACGAGTTTGATAAATTACTTTTAGACCATGCCAAAAGCCAGGGAGTGAAGGTTTTTGAC
GGAATAGGAGTCTCTAGCTTGTCCTTTGAGAATGAGCGACCAAAGAGTGCAATTTGGTCTCAAACTAATGACAAA
AATCACACAGGAGAGATCTCCTTCGACTTTCTGATTGATGCCACTGGTCGTTATGGTTTGATGGCTAATCATCACTT
AAAGAATAGAGAATATCATGATGTATTTCAAAATGTAGCTATCTGGGGGTATTGGAAGAACGCTGACAGGCTGGA
CAACGGCAGAGAGGGAGCTATTATTATTGAATCTCTCAAAGACGGTTGGTTATGGGGAATTCCACTGCACGATGG
CACAATAAGTGTAGGTCTAGTCGTCCACAAAACCATCTATAAGGAAAAACGCTCTAAGAGCCTGAAAGATATTTAT
TTGGAGGGCATTGCTGAAAGCTTAGACCTCAAGCGGTTACTGGAGCCAGGAGAACTTGCATCCGAAGTGCGTTC
TGAGCAGGACTACTCTTACGCAGCTGACTCTTTTGCCGGTCAAGGTTACTTTATGATTGGAGATGCTGCTTGCTTC
TTAGACCCTTTGCTTTCAACTGGAGTACACCTTGCTACTTTTAGTGGACTTTTGAGCGCCGCAAGTTTAGCAAGT
GTCATACGCAACCATATTACTGAAGAGCAGGCAATTTCTTTCTTTGAAAGAACTTATAAACAAGCGTACTTGCGTT
TGATGGCAATGGTTTCAGCCTTCTACGAAAACAGTAAGAAGGAATCTTATTTTTGGCAGGCTCAGCAACTGACTA
AAACTCGCCAGAGCAACGAAGATAAAGAAAAATTACACCAAATGTTTTTGAATGTGGTCTCTGGTATGGAAGATA
TGTCAGACGCTGAGGAAAACTCAGAAGAGCTATTCCTAGAGTTATCAGAGCGGTTACGGGAAAATTGGTCTCTT
CGTCACAAGCAAACAGCAAATGATTTAGATCAGACAGAAGAGGAGAAGTTACGTGCTAGTAATCAGTTTGTTAG
TCGGTTAAATGGTCTGTTCTCATTATCAAAAGAATCTGCTGTTGAAGGACTGTATATCGTTACAACACCACAGCTAG
GTTTGGTTCAGGTGAATTAAGCAACATAGCAGCAATGGTATGTGGGATCTAGTGTCCCACGTACCTCAGATGAAA
ATCGTTTTGTTGAGAATAGTTGTCCCAAATTCATTTTAAAAGTCGCTATGTTGTATCAAGAAGTAGCCTCCACAGC
GTTCAACAAGATTGCTCCTCCAGGTCCGCCTGTGTTACCCTTTGTTGACATGTTGCCCTGCTTAGGTAAGCACTTA
CATTTAGCATTGAATCAACTAGCCAAAAAGTACGGTAATATTTTTCAAATTCGTGTGGGTGCCAAAACGTTAGTTG
TACTTAATGGGCTTGAGACTATCAAAGAAGCTTTAGTGAAACAGCCAGATAGTTTTAACGCTAGGGCAGATTTTG
ACATTTATCAGCAACCGCCTCAAGCTCAATTTTTAGAGTTGAAGAGTGGTGAGTCCTGGAGAAAACACCATAACA
TTTTAGGTCAAGCTATGCATACCTTTGTGGTAGGCAAGCCAGACATGCTTGAAAGTTGGGCACTAGAAGAAGCA
GCAGACTTGGCAAATATTTTCTTCAAATTTAGCGGTCAACCTTTTGACCCTGATTTGTATATGCCTCTCGCCACCTT
AAGTTTTATGCAAAGACTCATCTTTGACAAAAGAGGCGCTATTAAAAATCCTGAAGAGGATCATGAATTTGTTGC
AAGTGCTTATACTTTAAAGCATATTCCCACAGTACTAGAAGCTGTTAGATTAGAGTACATACCAAAAATTTGGCAG
CCAATATTTCGACTTTCTCGCTGGAAATCATTACGCAACTTTCTCAAGAGTTTGGTTGCACTAGAAAGCTATGTTTC
AAAAAATGTAGCGCAGCATCAAGAGTCCTTCGATCCGGAGAATTTGCGGGACATTACAGATGCACTTTTGAAAG
CTAGCAGCGAGCTCACTGAGTCAGACCGAAACAACCTTCATTTGAGCGAAAATGACATTGTCAATGGATCTTTGA
TGCAGCTCGCGGGGGCAGGTGCGGGACTTGCGAGTTTTATGTTACGGTGGGGTGTTCTTTACATGATGACCTAC
CCAGCTATTCAAGCCGAAATTCATAAAGAACTTGATGAAGTCGTTGGCAGACAACAACAACCATGCTTAGAGCAT
CGTGGCAAATTGCCATTCACGGAAGCTTGCATCCACGAAATCTTCCGCCACTCTTCTATCACTACTATGCCCCCCAT
TACTTATGCCACAACCACAGACGTGACCTTGGAGGATTACTTTATTCCCCAAAATACGCCCTTGTTGATCAATTACT
ATAGTCTGACTCGTGATCAGCGCTATTGGGAAGAACCCGAGCAATTTAACCCTTATCGGTTTTTGGATGAAAACG
GCAAACTGAGAAAAAACCTTCTTGATAAGTTCTATCCATTTGGAATGGGATCGCGTCGGTGCATAGGAGAATATTT
AGGACGTCTTTTAGTCTTTACCTTTTTCACGAACCTCATGCATAAATGCAAATTTGAAAAGGTACCTGGAGAGAA
ATTGAGTTTTGAATCTATTCCAGGAGCCTTCATAATTCCAGAAAAATATAGAGTTGTTGTAAAACCTAGCTTTTAGG
TTCCAGGATTTGAATTGTGAGTAGGTGGCTAAAGATCATTAAGTAGTCAATGAACTACCACATCACAATTCGCAGA
AGCCAGAACTTAAAAAAACTTTCTTCAACCATATCCGGACTCTGATGAGCTATTTGTTGTTTGATAGTTAACAACAT
TTAATCGTGTTTATACACTCAGAGTCAGTCCTCTTGAAACCTAACAATATGACCTGACTTTTTGAATTTAGAATTGC
TACATCTGAGTAGAGACAACAGAAATTTATAAATTTATCAAAGTTTAAGACCAAGTTTTTACATCCTCACAGAAAA
AAAGTTTTGTTTGTCATAGCTGTCCTCAATTTATCTGGAAAATAGCCATGGTTTCACAACAATCAGCTTCCACAGA
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GTTAAACACGCTTAACAAGATATCTCCTCCAGGACCGCCTGCGTTACCCTTTGTCGGCATGTTGCCCTTTTTAGGA
AAGCACTTACATTTAGCATTGAATCAACTGGCCAAAAAGTACGGTAATATTTATCAAATTCGTGTGGGTGCCAGAA
CGTTAGTTGTACTTAATGGGCTTGAGACTATCAAAGAAGCTTTAGTGAAACAGCCAGATAGTTTTAACGCTAGGG
CAGATTTTGACCTTTATCAGCAACCACCTCAATGTCACTTCATGGAGCAGAAAAGTGGTGAGTCTTGGAGAAAAC
ACCGCACCATTATAGGTCAAGTCATGCATACCTTTGTGGCAAGCAGGTCAGGCACCCTTGAAAGTTGGGCACTAG
AAGAAGCCGCAGACTTGGCAAATATCTTTGTCAACTCTAGCGGTCAAGCTTTTGACCCTAATTTATATCTGCCTCTA
GCTACCTTAAGTTTTATACAAAGATTGATTTTTGGCAAAAGAGGCAATCTTGATGATCCTGAAAAGGATACTGATT
TTGTTACAACTGCTCATAGTATGGGCAAGCTCAACAATGGTGCCCAAAATCTTACAAAGTTAGTGCTTCTGCCAAC
AATTTGGCGACCAATATTAATGATCTCTATTTGGAAATCATTACGAGGTTTTGTCAAAGCGGCAGACGCAGCCGAA
GGCTATCTTATAAAAAATGTAGAGCAGCATCAAAAGTCCTTCGATCCGGAAAATTTGCGGGACATTACAGATGCA
CTTTTAAAAGCTAGCAGCGAGCTCACTGAGTCAGACCGAAATAACCTTGGGTTGAGCGAAAATGACATTGTTAA
CGGCTCGTTGACGCAGTTTGTGGGGGCTGGTACAGAGCTTCCCAGTCTTATGTTACGCTGGGCTTTGCTTTATAT
GATTACTTACCCAGCTATTCAGGCTGAAATTCATAAAGAACTTGATGAAGTAGTTGGCAGACAACAACAACCATG
CTCAGAGCATCGTGGCAAATTACCATTCACAGAAGCTTGCATCCACGAAGTCTTCCGCCACTCTTCTGCTACTACT
ACACCTGCCTTCATCTACGCTACTACCACTGACGTTACTTTGGACGGTTACTTTATCCCCCAAAATACACCCTTGCT
TGTCGATTATTATAGTCTGACTCGTGATGAACGTTATTGGGAAAAACCCGAGCAATTTAACCCATATCGGTTTTTGG
ATGAAAACGGCAAACTAAGAAAGAATCTTCTTGATAAGTTTCATCCATTTGGAATCGGCTCGCGCAGGTGTATAG
GAGAGTACATAGGACGTCTTCTCATCTTTACCTTCTTCACTCACCTTATGCATAAATGCAAATTTGAAAAGGTACCT
GGTGAGAAATTGAGTCTTGATCCTCAACCAGCGATAATACTCCCTCCACAGAACTATAAAGTTATAGCAAAACCTC
GCTTCTAAGCTCTAGAGTTTGAATTGCGAGTTAAAAGGATGAGCATACCTCTAAGGTTTTGGTATTCAATTCTCAT
TGACAGGAGTTACAGATGAGCAAAATATACGACCTCAACCAGAAATCAGATTTCTCAGGTGCTACTGATAGCTTTA
AAACCGAGAAGGAACCAGAAAGCTTAAATTCCGCCACTAACCCAGCTATTCTACAAGATGTGGAAATAAAAATTG
AAAAGCTTGAGGGACGGCAGCGGAGGATCTTTGCCAAAATCCAGATTCCCTACCCATTAGAGCAAGTCTGGCAA
GTTCTTACAGACTATGAAGCTTTTGCTAAGTTCATGCCTAATATGACACAAAGCCGACGATTGGAACATTCAACCG
CAAGTATTTGTGTCGAACAAGTTCGCACCAAAAGTTTTATGGGCATGAAATTCTCCGCCCGTTCAGTTTTTGATGT
GGAAGAAAAGTTTCCACACGAGATTCATTACCAGTTAATTGAAGGAGACTTCAAAGCTTGCTCTGGCTACTGGC
GATTAGAACCTTGGAACTCATCAGATGAAAAAGCAGGAGTTGACCTTATCTATAACTTTTTGATTTTGCCAAAGCC
TATCTTTCCAATGCCGCTAGTTGAAAATATTTTAAGCCATGATATACCAGTGGGTATATTAGCGATTCGTCAGCGAG
TGGAAGAGTTATTTAGTTCAAAATAACTTACTAGGATTTACGCACTGTACAAATGACTCATTACGCATTTAATAAGA
TTTGATAGTTTCAGATTGTCGGCGTGCCCAAAATCAATCACCCTAAAATAGATAGTTCATCACTCCTGACAGTAGA
AAAATCTCATTTCACTTTAATACCTGAAAATTACGGCGCCACAATTGATTCTAGCTGTCCATGCGTAAATCCTATTAG
AGAAAGAGACGTTTTCTCAGAAAAGTAAACGAATTAATTATTAAGGATAGTATTTAATTATGATTCATCTCCAAAAG
GAATCTTTATCAACTGTCGACTTGCAGGATGAAGCCAGTTTACCAATTTCTATCCTGACCAATAATTCACAGGAGT
CTCCAAGTCGCAATCCTATAGATCCATCTACTTTGAGTACCTTTCAAAGGATTTTACTGACGACAAATGGAACAGT
CACAGATATTTTAGAGTATTACGCATTTGAACAGATCCGAGTTGTGAAATTAGCGGAGCAACTTGTCTCATTGGCT
CACGAAATTCCAATGATGGAATTGAAAGAAGGAACAGAAGTTCTTGTTAGGAAGATTCTACTTCAGGGCAAAAT
TAGCAGAAAAAACTTTCTTTATGCCGACTCTATTATTGTGCCTGAAAGGCTAGACGAAAGATTTAGAAAAGCCCTT
TTGGAAACTAAGATGCCAATTGGTAAGCTCTGGTTTGAGTTAAGGGTAGAAACATTTAAGGAAGTTTTAGATACT
AGTAAAGAAGTTGCGGGAAACTTAGCTGACTATTTTCAGATTCAGCCAGATGACAACATACTTTCTCGCACCTATC
GTGTCATTAATAATCGTAAACCTGTCATGATGATCACTGAAAAGTTCCCAGAAAACTATTATCTGAAATGCTCTTAA
GTTGTTTGTCTATGAGGTGATTTTAGTGCTCACACTTGAGGGAGGTTTTGAGGTACTCGTATGTTGACCCAATTAT
TCACTGAGGTCGTATCGAATTATCCTGAAAAGACAGCAATTGTCTATGATCAGACTAAAATCAGCTATCAAACGCT
GTACTCTCAAATCAAAAGTTTTAGTCAAGGATTAGGTTCAATTGGTATTGATCAAGGAGATTGTGTTGCACTTCTG
TTGCCTAATTGTCCCGAATTTGTCATCAGCTTTTACGCGATCGCTCGCCTAAATGGAGTTGTTCTGCCGCTTAATCA
TTTGTTTAAGGCAGAAGAAGTAAGTCACTACCTGAATGATAGTGATGTCAAAGCTATCATTACTGATTCTCAACGT
GCCGATATATGCAAGAAGATCATCTTTAATTTAGGCAAGAAGATAGAGTTAATTGTCGTAGATCAAGCTCCACCTC
CAGCAAAATATTTCTACGACTTAATTCTGCCAAACAGTACAGAAATTCATGAAAGTGTATTACCTTACGAAGGTAAT
GTACTCTACCAGTATTCGTCTGGTTCTACAGGACGACCAAAGAGGGTGTCTAGAACTCAGAAGAATCTGTATCAT
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GAGGCGAGAAATTTTACAGAAAGCGTTAAAGTTACACCATCAGACAACATATTGTGTACTGTACCCTTGTACCATG
CTCATGGGTTAGGTAACTGTTTACTAGCTGCTACTTGCAATGGTTTGACGCTGGTGATCCTAGAGCAATCTATACA
AAATGGTGTGTCGGTGGAGGTGCCATTTGTCTTTAAATGTCCAAGAATATTGGAACTGATTAAAACAGAGAAAAT
AAGCATTTTTCCTGGTGTGCCTTACATTTTTAACTCTCTAGCAGAAACTCCTGTCAATATTCAAGCAGATTTATCCA
CACTGAAACTGTGCATCTCTGCAGGAAACTTTTTAGGAAAAGATGTTTTCAATAAGTTTCTCCAACGGTTTGGAG
TACCGATTCGACAGCTTTACGGTTGCACAGAAGCAGGCGCTATGTGCATTAATCTAGATGAAAATCCCGAACAAA
CTTGGGATTCAGTCGGTACTCCTCTAAAAAATGTGGGAATCAAAATCATTAATGAACAAGGTCATGAGTTATCTGT
AGGACAAACTGGTGAGATACTCATCAAAAGTCAAGCTCTTACCAATGGGTATGACAACATACCCGATCTTAACCA
ACAAGCATTTAAAGAAGGGACATTTTTTACAGGTGATTTAGGAAAACTTGATGAAGCAGGTCGTCTTTATATCAC
TGGTAGAAAGAAAATATTGATTGATACAGGGGGTCGCAAGGTTGATCCGATAGAGATAGAGGACATTCTGAATAC
ACACCCACAAGTCAAAGAAGCTGTTGTTGTTGGTGTTAAAGGTGCTCATGCTGGTGAACTCGTCAAAGCTGTGA
TTGTTCTTAAGGAACCAGAACAGTGTGATGAACAAAAAATTTTCTCGTACTGTAAAGAACGTTTAGCAGAATTCA
AAGTTCCAAAGATTATAGAATTCCGTAACGAAATTCCTAAGAGTCCTTTGGGGAAAATCTTGCGAAAAGCTTTGG
TTGTGTGATTCAGAATTTAAATCAGAAATCTCATGTATTTCACATATTTTTTGGTCGAATTTACATAAAGCTAGCTAT
TAAGAAAAAACTAGCTTAAAGTCAAAGAATTCAACTGATTGCTAGATCAAATCTGACAACTATTCCACACTAACTC
TACTGAGTGTTATGGACATTAACAAGATTCTCGATACTAACATTAAATCCTTAAGCGTTTTAATGGCTCCAATGCAG
ATGAAGGAGCAACTGCCCATAACTCCAGTTGCTACAGAAACTGTATTACGAGGTAGACAAGCGGTCAAAGAGAT
TCTAGATGGAAAAGATTCTAGAAAATTCATTATTGTTGGTCCTTGTTCTATCCATGATGTGAAAGCTACTTTGGAAT
ATGCAGAAAAACTGAAGACTCTTGCAGACAAAGTCCAGGATAAACTGCTTATTCTGATGAGAGTTTACTTTGAAA
AACCTAGAACAACAATAGGATGGAAAGGGTTGATCAATGACCCAGACTTAGATGATTCTTTTAATATTCAGAAAG
GATTATTGACAGCACGTAATCTGCTGATCAATATTGCTGAATTAGGATTACCATCTGCTACAGAAGCTCTAGATCCT
GTAACACCTCAATATATCTCTGATTTGATTTCGTGGGCTGCAATTGGAGCTCGCACTATTGAATCTCAAACCCATCG
TGAGATGGCAAGCGGGTTATCTATGCCAGTAGGCTTTAAAAATGGCACTGACGGTAATATTCAAGTTGCTCTAGAT
GCCATTCAATCATCTAGAAATCCCCATCATTTTTTAGGGATTGACCAAATAGGTCAAATCAGTATCTTTCAAACAAA
GGGAAATGTCTACGGTCATATCATTTTACGTGGTGGTGGTGGTCAACCTAATTTTGATGCAGCTACAGTGGCTTGG
GTAGAAAAGAAGTTAGAAAATCTCAAGTTGCCTAAGAGAATTGTCATTGACTGTAGCCATGGTAATTCCTATAAAA
ATCATCAGCTACAGACTGCTGTCTTTAACAATGTTCTCCAACAAATTACAGATGGCAATCAGTCCATGATTGGCATG
ATGCTTGAGTCTAATCTGTACGAAGGAAATCAGAAGATTCCTAGCGATCTGAACCAGTTAAAGTACGGTGTATCG
GTGACAGACAAATGTATCGGTTGGGAAGAAACAGAAGAAATTATTCTATCTGCCCATGAAAGGTTAAGTGCAGAT
AGAAATGTTATGTTACATACTTGTGGAATGGTTGTATCTGGAACGCCTGTCCGCAACTTAATGGCAACGAAAGGAT
AGATTTTTTCGGCATTAATGAATTAGGGCATGAAGCTTTTTAATATGAGCCGAAATCTTTGTCCAGACGTCACATTT
CTCCGTCTCTACACTCAAAAAATTGTGAATTCCTACTTCATCAGCAATGCCGTTTTTCTAGTTGCATAATTAGAATCA
ATAGACCACTTTGAAGAGTAGCAATTTTAGTTGTTTTGTTTGGGAAAAATTATGTTTGTTGAAGAACTGAAGCAA
AAAGCTAAAAATATTGTTTCAGAGTTATTGCCCGATATTGGTAATGAAGAGATCACAGATGATACTGACATCTTTAG
TCTTGGGTTAGACTCAATCAATGCAATGACGCTCGTTGCAAATTTGCAAGATACATTTGATATTCAGTTAGAAACA
AACGAGTTTAACTTTGAAAATTTTCAAAACATCGCAAATATCATTAAAATGATTAGGAGAAAGAAAGGTTTATAAA
TTTAATCAAATGTCAATTTAGATAAATGATATCTAGTATGTCACTAGAAACGTTGCGCGATCGCAATCAAAACATTC
ATCCAGCTTCAGGATTGCAACCACAAAACCAGACTAAATCATCAGAAGAAGCTCAGAAAGACCTTTGGGAGGCA
ATTAAAACTGTCATTAGTTTGCAGAATCAAGCTCCGCCCTTAGTGTCAGTTTCACGTCAAGGTAATATCCCTCTGTC
TTTTTCTCAAGAACGGTTGTGGTTTTTGGAGCAGTTAGAACCGAGCAGATCCTCTGCTTACAATATGCCTTCGGCT
TTTCGGATTACAGGGGCATTAAATGTGTCTGTGCTACAGCAGAGCCTCAACGAAATTCTACGCCGCCATGAAGCC
TTGCGAACTACTTTTGCATTTAGAGAAGGCAAATCAGTCCAGGTTATTCACCCTGCACTGACCTTGAATTTACCAA
TCATTGAGCTACAAAATATCTCTTCAGAGCAACAACATATTAAAACAATGCAGTTGATCAGGGAGGAAGTTCAAC
GACCCTTTGATTTGAGCCAACTGCCACTCTTACGAGCTACGTTGTTGCGTCTCAGTGAAAATGAACATTTACTGCT
CCTGAGTGTTCATCATATTGTGATTGATTTTTGGTCTAAAGGGATTTTGTTTCAGGAATTGTCAGTACTTTATGAAG
CCTTCTCGACAGGCAAACCTTCTCCTCTTTCTGAACTACCCATACAATATGCTGATTTTGCAGTCTGGCAGCGCCA
ATGGCTCAAGGGAGAGTTTTTAGAGGTGCTCCTAAACTACTGGAAGCAGCAGCTTGATAGCAATCTTAGTGAGC
TACATCTACCTACAGACCGTGCCCGATCTATGTTACAAACTCGTGATGGTGCTAACCAAAAGTTAGTGCTATCAAA
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GGAATTAACAAAGGAACTCAAAGCGTTGAGTCGCCAAGAGGGTACGACTCTCTTTGTAGTACTACTGGCTGCTTT
TAAGGTGTTGTTGTATCGCTACACCGAGCAGGATGACATCTTTGTATGTAGTCCCATCGCCAACCGCAATCGCAAA
GAAGTTAAAGGACTCATTGGTTACTTTGTCAACTTGCTTATCTTACGTACTAGCCTCTCAGACAACCCTAGCTTTCG
GGAATTGCTGGGTCGGGTACGCAAGGTCACTTCAGGAGGCTATGCTTACCAAGACCTGCCAGTACAGCAGTTGG
TCAAATCTCTCAATTTGCTTCAAACTCCTTTGTCTCGGGTCATGTTTGGTCTGCAAAATACAGCCATACACAGCTTG
AATTTACCTGGTTTAACGGTCAGGAGTGTGGATATTGAGGGTGGAACAGCCGATTTTGATTTGTATCTTTACGTGC
TCGAAGAAGGTAGTACACTGACTGCAACCTTAAAGTATAATACCGATTTATTCGACGATTCGACAATCGTCCAACT
GCTGAACCACTTCCAGACTGTTCTGGAGAACATTGCTGTCGACTCAGGGCAGTCTATCCCGTTATTGCTGCCTTTA
AGCACAGCCGAACAACAGCAGTTAACAGATAAAAGGCTAGAACAATCAAGCTTGAAGCCAGAAGGAGTTTATG
TAGCGCCTCGGAATCCTTTGGAACTCCAGCTCACACAGATTTGGTCTCAGGTTTTGGGTATTCAGTCTGTCGGTG
TGAAGGATAACTTTTTTGAACTCGGGGGAGAGTCGCTGTTAGCAATGTCTCTGTTTGCTAAAATTGAGAAGATAT
TTGGTAAAACTCTCCCCTTAACGACTTTACTTCAAGCACCGACGGTGGAGCAATTCGCTCAGCTTCTCACTCAGG
ACGCAAATTCGGTGTCTTGGTCTTCATTAGTGCCCATTCAACCCAGTGGGACTAAACCACCTTTATTTTGCATACAT
GGTCAACAGGGCAACGTTCTCAATTTCCGGAAATTGTCTCAATATCTGGGTTCAGATCAGCCTTTCTATGGATTGC
AAGCTAAAGGGCTTGACGGAAAAGAGCTTCCACTTTTCCGTATAGAAGATATCGCAACACACTACATTCAGGAAA
TACGTACACTTCAACCAGAGGGACCTTACTTTTTAGCAGGTAACTCAATGGGGGGTACAATAGCCTTCGAGATGG
CTCAGCAATTACATAAACAGGGTCAAAAAGTGGCACTGTTGGTTATGTTTGACACTTTTGGTCTAGATTGTTTCCC
ACGGCTATCGTTGAGACGACAGCATTACTGGGCGTACCTTTTACAACTTGGCATATCTAAATTCCTTCTTAATGAAG
TGAATGAGCTTTGCCAAAGGAGGTTAAAGGAAATGATCAGCAGACTTTATTTGAGTCTGGGTCGTCCCTTACCCC
AAAATCTCCGTGACGAATTGGTTGCCGAGGCTAATATGCAAGCCAAAATAGGGTATCAAGCGCAAGTCTATCCAG
GTCGTGTAACCCTATTGAGAGCTAGCCAACCAGCTTTATTTCCAAAGTTGTATTTGCCTACATCTGAAGATTGGTAC
AACCGAAATCCTGAGCACGGCTGGAGTGAGGTCGTAGGCGGAGGCTTAGAAATCCACGATGTGCCGGGCGATC
ATTTCTCCATCTTTGAAGAACCTCATGTGCAAGTCTTAGCCGAAAAATTAAAGGCTTGTTTAGATGAGGCACAAAC
TAAATATTAACAGAATACAGCAGGATTGGTCACAATTTAGACATCTAAAACTCTTTTTCTCCAGTTGTCAAATCATC
ATTTCTCCGTGAAAGCGTTAAGAAGAAGGTTCATTATGAAGAATATTTATGACGTTGCTATTTGCGGTTCTGGTTT
AGCTGGGTTAACTCTGGCACGACAGCTAAAGTTAAAAATGCCTGATATCTCAGTTGTCGTTCTTGATAGGCTAGCC
CGTCCTTTACCAGAAGCTGGCTTCAAAGTGGGAGAATCATCTGTTGAAGTGGGTGCTTTTTATCTCGCTCATATTG
TGCAGTTAGAAGATTATCTTGAAAAGCAACACCTTCATAAACTTGGGCTTCGTTATTTTCTGGGTGACACAAAAG
GTCCCTTTCACAAAAGACCTGAAATTGGGCTTTCCAAATATCATTTCCCTAACTCTTATCAATTGGATAGAGGTAAG
TTAGAGAATGATTTGCGCTCCATTAATACTGAAGCGGGTGTAGAGTTGCTAGAGGGTTGTTTAGTTAAGGATATTG
AGCTCGGTGACCCACAACAGCTGCACCAAATTATCTACACTCAGGAAAATAATAAAGCAACTCAAGCCATTCAAG
CTCGTTGGGTGGTTGATTCTATGGGTTATCGTCGGTTTCTGCAAAGAAAACTTGGTTTAGCTAAACCCAAGAACT
CCCAATTTAGTGCTGTGTGGTTTCGGGTAGAAGGTCGTTTTGACGTGAGCGATTTTGTTCCTAGCACAGAAATAG
AGTGGCATGAGCGAGTTCCTCACAATAATCGCTATTACTCTACAAATCATTTATGTGGCGAGGGCTATTGGGTCTG
GCTCATTCCTTTATCTACTGGATATACAAGTATTGGGATTGTGACCAATGAAGAGATTCATCCTTTTGGGACATATC
ATACCTATGAAAAAGCATTTCAGTGGTTAGAAAAACATGAGCCTGTAGTGGCATTCCACTTAAAAAGCAACCCAC
CAGTTGACTTTATGAAAATACCTCAGTACAGTTACTCATCTAATCAGGTATTTTCGATCAATCGTTGGGCTTGTGTA
GGAGTAGCTGGTGTATTTGCCGATCCTTTCTATTCACCCGGTACGGATTTGATTGGCTTCGGAAACTCCTTAATCA
CTCAGATGGTGGAACTTGATCGTGAAAACAAGCTGACTCCGGAAATAGTCAATGAGGCTAATCGCTTTCTGATCA
CATACAACGAGAGTGTAACGTCAAATATTCACAACGCTTATCTCTGTTTCGGCAATGAAACGGTTATGGTGATGAA
ATACATTTGGGATGTCTTATCTGCATGGGCATTTAGCGCCCCAATGATGTTTAATTCCCTATTTCTTGATTCAGACAA
GAGAGCCAAAGTTCGCAAAGGGACTGGACAATTTTTCCTATTGGCACAACGGATGAATCAATTATTTAGAGATTG
GGCAGTTCAGTCGCAGCGACGGACATCGTTTGAGTTTATCGATTATTTGCAAATTCCTTTTGTAAGAGAATTGCGT
GCTCGTAATTTAAAAACCAACAAAACAGAGCAGGAACTCATTGATGATCATCTAGCTAGCATAAAACTTTTTGAA
GAATTAGCTCAGGTGATATTCTTACTCGCATTAGAAGACACAATGCCAGAGAAATCAGCCGATTTTCCATCACCAG
TATGGTTAAATGCTTGGGTTGTTAGTTTAGATGACAAGCGATGGGAGATTGATGGACTGTTTCGCCCAACTTCAA
AACCTCGCGATTTACGTCCAATGATGGAACAACTTTGGCAGAATATTCACTTCCGTGCAGCCGATAGAGATTCGA
GTTTAATTACTGCTTGA
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Ab2 codon optimised sequence for expression in E. coli.

ATGCTGTACCAGGAGGTTGCATCTACTGCATTCAACAAGATCGCTCCTCCAGGTCCTCCTGTACTGCCTTTCGTTG
ATATGCTGCCATGTCTGGGTAAGCACCTGCACCTGGCACTGAATCAACTGGCAAAGAAGTACGGTAACATCTTCC
AGATCCGTGTGGGTGCAAAGACCCTGGTTGTACTGAACGGTCTGGAAACTATCAAGGAGGCTCTGGTAAAACAG
CCGGACTCTTTCAACGCTCGTGCAGACTTCGACATCTACCAGCAGCCACCACAGGCTCAATTCCTGGAACTGAAA
TCCGGTGAGTCTTGGCGTAAACACCACAACATCCTGGGTCAGGCTATGCACACTTTCGTGGTAGGTAAACCGGAC
ATGCTGGAGTCTTGGGCACTGGAAGAAGCAGCTGATCTGGCTAACATCTTCTTCAAATTCAGCGGTCAGCCGTTC
GACCCAGACCTGTACATGCCGCTGGCTACTCTGTCTTTCATGCAGCGTCTGATTTTCGACAAACGTGGTGCTATCA
AAAACCCGGAGGAGGACCACGAGTTCGTCGCGTCTGCGTATACTCTGAAACACATCCCGACTGTACTGGAGGCC
GTTCGTCTGGAGTATATCCCGAAAATCTGGCAGCCGATTTTCCGTCTGTCTCGTTGGAAATCTCTGCGTAACTTCCT
GAAAAGCCTGGTGGCGCTGGAATCTTACGTGTCTAAAAACGTGGCGCAGCACCAGGAATCCTTCGACCCGGAA
AACCTGCGTGATATTACCGACGCGCTGCTGAAAGCCAGCAGCGAACTGACTGAATCCGATCGTAATAACCTGCAT
CTGAGCGAAAACGACATCGTGAACGGTTCCCTGATGCAGCTGGCCGGTGCCGGTGCGGGCCTGGCGAGCTTTA
TGCTGCGTTGGGGCGTTCTGTATATGATGACCTATCCGGCGATTCAAGCCGAAATTCATAAAGAACTGGATGAAG
TTGTTGGCCGTCAACAGCAGCCGTGTCTGGAACATCGTGGCAAACTGCCGTTTACCGAAGCGTGCATTCATGAA
ATTTTTCGTCACTCCAGCATTACCACCATGCCGCCGATTACCTATGCGACCACGACGGATGTTACCCTGGAAGATT
ATTTTATCCCGCAGAATACGCCGCTGCTGATCAATTACTACTCCCTGACCCGCGATCAGCGCTACTGGGAAGAACC
GGAACAGTTTAACCCGTACCGCTTTCTGGATGAAAACGGCAAACTGCGCAAAAACCTGCTGGATAAATTCTACCC
GTTCGGCATGGGCTCCCGCCGCTGCATCGGCGAATACCTGGGCCGCCTGCTGGTTTTTACCTTTTTTACCAACCT
GATGCACAAATGCAAATTCGAAAAAGTGCCGGGCGAAAAACTGTCCTTCGAATCCATCCCGGGCGCGTTCATCAT
CCCGGAAAAATACCGCGTTGTCGTCAAACCGAGCTTCTAA

Ab3 codon optimised sequence for expression in E. coli.

ATGGTCTCTCAGCAGTCTGCTTCTACCGAACTGAACACCCTGAACAAGATCAGCCCTCCAGGTCCTCCTGCACTG
CCTTTTGTCGGTATGCTGCCATTCCTGGGTAAGCATCTGCATCTGGCACTGAACCAGCTGGCAAAGAAGTACGGT
AACATCTACCAGATCCGTGTGGGCGCACGTACTCTGGTCGTACTGAACGGTCTGGAAACTATCAAGGAGGCTCTG
GTAAAGCAGCCAGACTCTTTCAACGCTCGTGCAGACTTCGACCTGTACCAGCAGCCACCACAGTGTCATTTCATG
GAGCAGAAATCCGGTGAGTCCTGGCGTAAACACCGTACCATCATCGGTCAGGTGATGCACACCTTCGTGGCATCT
CGTTCTGGTACTCTGGAAAGCTGGGCACTGGAAGAAGCAGCTGACCTGGCTAATATCTTCGTTAACTCCAGCGG
CCAAGCGTTCGACCCGAATCTGTACCTGCCGCTGGCTACTCTGTCTTTTATCCAACGTCTGATCTTCGGCAAACGT
GGTAACCTGGACGACCCGGAAAAAGACACTGACTTCGTGACCACTGCTCATAGCATGGGTAAACTGAACAACGG
CGCCCAAAACCTGACCAAACTGGTGCTGCTGCCGACTATCTGGCGTCCGATTCTGATGATCAGCATCTGGAAATC
CCTGCGTGGTTTCGTGAAAGCGGCTGACGCTGCCGAAGGTTATCTGATCAAAAACGTTGAGCAGCACCAGAAAT
CCTTCGACCCGGAGAACCTGCGTGATATTACCGATGCGCTGCTGAAAGCCAGCAGCGAACTGACTGAATCCGATC
GTAACAACCTGGGTCTGAGCGAAAACGATATTGTTAACGGCTCCCTGACGCAGTTCGTTGGCGCCGGTACCGAA
CTGCCGTCTCTGATGCTGCGTTGGGCCCTGCTGTATATGATTACTTACCCGGCGATTCAGGCGGAAATTCACAAAG
AACTGGATGAGGTAGTTGGCCGTCAGCAACAACCGTGTTCTGAACACCGTGGTAAACTGCCGTTTACCGAAGCG
TGCATTCACGAAGTTTTCCGTCACTCTTCTGCGACCACGACGCCGGCGTTTATTTACGCGACGACCACCGATGTTA
CCCTGGATGGTTATTTCATCCCGCAGAATACCCCGCTGCTGGTTGATTATTACTCCCTGACCCGCGATGAACGCTAT
TGGGAAAAACCGGAACAGTTCAACCCGTACCGCTTCCTGGATGAAAACGGCAAACTGCGCAAAAACCTGCTGG
ATAAATTCCACCCGTTCGGCATCGGCTCCCGCCGCTGCATTGGCGAATACATTGGCCGCCTGCTGATCTTTACCTT
TTTTACCCACCTGATGCACAAATGCAAATTCGAGAAAGTACCGGGCGAAAAACTGAGCCTGGACCCGCAGCCGG
CGATCATCCTGCCGCCGCAGAATTACAAAGTTATCGCGAAACCGCGCTTTTAA
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3. Heterologous Expression of the ab BGC in E. coli BAP1

E. coli BAP1 E. coli BAP1 E. coli BAP1
pET28b-SUMO::ab-gfp pET28b-ptetO::ab-gfp pET28b-ptetO::gfp

Fig. S5 Cell pellets harvested 24 h after induction of expression. No fluorescence is detected for E. coli BAP1
pPET28b-SUMO::ab-gfp, therefore indicating incomplete gene transcription. In contrast, E. coli BAP1 pET28b-
ptetO::ab-gfp and E. coli BAP1 pET28b-ptetO::gfp (positive control) show bright green fluorescence indicating
full gene transcription.

4. SDS PAGE Gels of Purified Ab2, Ab3, Fpr and PetF used for in vitro Assays

[kDa] Ab2 Ab3 [kDa] Fpr PetF
116.0 116.0
[ | (]
66.2 | 66.2 W

450 [~ | MBPtag 450 =

35.0 350

25 () - 250 -
2 il

Figure S6 SDS-PAGE analysis of the purified enzymes Ab2 (97.5 kDa), Ab3 (101.1 kDa), Fpr (30.2 kDa) and PetF
(12.9 kDa, occurs as dimer) used for in vitro assays.
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5. Experimental Procedures
5.1 Synthesis of Methoxy Protected Aryl lodides (9—-11)

1,5-Dichloro-3-iodo-2-methoxybenzene (9)
OH

K, | o K,CO QMe
s 12y 2 3
c K.l cl | CO cl |
H,0, DMF,
0°C to rt, 24h rt, 3h
cl cl cl
9

6

2,4-Dichloro-6-iodophenol was prepared according to a published procedure. Analytical data were in
agreement with literature values.®

1H-NMR (400 MHz, CDCls): & = 7.61 (d, J = 2.4 Hz, 1 H), 7.34 (d, J = 2.4 Hz, 1 H), 5.90 (bs, 1 H). *C-NMR
(100 MHz, CDCl3): 6 =150.1, 137.1, 129.4, 126.5, 119.3, 83.4. MS (ESI-): m/z =308.9 [M+Na—2H],
324.9 [M+K—=2H]".

1,5-Dichloro-3-iodo-2-methoxybenzene (9) was prepared according to a published
procedure. Analytical data were in agreement with literature values.°

'H-NMR (300 MHz, CDCl3): 6§ =7.66 (d, J= 2.5 Hz, 1 H), 7.37 (d, J = 2.4 Hz, 1 H), 3.85 (s, 3 H). *C-NMR
(75 MHz, CDCls): 6 =154.9, 137.3, 130.7 (two signals), 128.1, 92.7, 60.9. MS (ESI-): m/z= 322.9
[M+Na—2H]".

1,5-Dichloro-2-iodo-3-methoxybenzene (10)

OH OH OMe
NaH, I, | K,CO3, Mel |
dry PhMe, DMF,
Cl cl rt, 20h cl cl rt, 3h cl Cl
8 10

3,5-Dichloro-2-iodophenol was prepared according to a published procedure. Analytical data were in
agreement with literature values.!

1H-NMR (400 MHz, CDCls): & = 7.08 (d, J = 2.3 Hz, 1 H), 6.91 (d, J = 2.3 Hz, 1 H), 5.62 (bs, 1 H). *C-NMR
(100 MHz, CDCl3): 6 =157.0, 139.2, 136.1, 121.7, 113.5, 89.1. MS (ESI-): m/z=309.0 [M+Na—-2H]",
324.9 [M+K=2H]".

3,5-Dichloro-2-iodophenol (7.41 g, 25.6 mmol, 1.0 eq.) was dissolved in DMF (26.0 mL, 1.00 mL/mmol)
and potassium carbonate (4.01 g, 30.8 mmol, 1.2 eq.) was added. After dropwise addition of methyl
iodide (4.37 g, 1.92 mL, 30.8 mmol, 1.2 eq.), the reaction solution was stirred for 3 h at room
temperature. After completion, the reaction was diluted with water and Et,0. The aqueous layer was
extracted with Et,0 (2x). The combined organic layers were washed with 1N HCI (6x), brine, dried over
Na,SO4 and filtered. The solvent was removed to give 1,5-dichloro-2-iodo-3-methoxybenzene (10,
7.44 g, 24.6 mmol, 96%) as a white solid. Analytical data were in agreement with literature values.?
1H-NMR (400 MHz, CDCls):  =7.13 (d, J = 2.1 Hz, 1 H), 6.68 (d, J = 2.1 Hz, 1 H), 3.89 (s, 3 H). *C-NMR
(100 MHz, CDCls): 6 = 160.3, 140.4, 135.7, 121.7, 109.6, 89.2, 57.2. MS (ESI+): m/z = 303.0 [M+H]".
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1,3-Dichloro-2-iodo-5-methoxybenzene (11)

OH OMe
K,COg, Mel Ag>SOy, I /@\
DMF, dry MeCN,
cl o] rt, 3h cl cl t, 4d cl c

8

3,5-Dichlorophenol (8, 4.00 g, 24.5 mmol, eq.) was dissolved in DMF (24.5 mL, 1.00 mL/mmol) and
potassium carbonate (3.83 g, 29.4 mmol, 1.2 eq.) was added. After dropwise addition of methyl iodide
(4.17 g, 1.83 mL, 29.4 mmol, 1.2 eq.), the reaction solution was stirred for 3 h at room temperature.
After completion, the reaction was diluted with water and Et,0. The aqueous layer was extracted with
Et,0 (2x). The combined organic layers were washed with 1N HCI (6x), brine, dried over Na,SO4 and
filtered. The solvent was removed to give 1,3-dichloro-5-methoxybenzene (11, 4.14 g, 23.4 mmol,
95%) as a white solid. Analytical data were in agreement with literature values.*?

1H-NMR (300 MHz, CDCl5): 6 = 6.95 (t, /= 1.8 Hz, 1 H), 6.79 (d, J = 1.8 Hz, 2 H), 3.79 (s, 3 H). *C-NMR
(75 MHz, CDCl3): & = 160.8, 135.5, 121.1, 113.3, 55.8. MS (ESI+): m/z = 176.8 [M+H]*.

1,3-Dichloro-2-iodo-5-methoxybenzene was prepared according to a published procedure. Analytical
data were in agreement with literature values.*
'H-NMR (400 MHz, CDCl3): 6 = 6.95 (s, 2 H), 3.79 (s, 3 H). 3C -NMR (100 MHz, CDCl3): & = 160.3, 140.8,

114.0,92.3, 56.0. MS (ESI+): m/z = 271.0 [M=MeOH+H]*. MS (ESI-): m/z = 269.0 [M—MeOH—-H]", 322.8
[M+Na—2H]".

5.2 General Procedure for the Synthesis of Arylboronic Acids (12-14)

The reaction was performed under dry conditions. Methoxy protected aryl iodide (1.0 eq.) was
dissolved in dry diethyl ether (5.00 mL/mmol) and cooled down to —15 °C. 2M 'PrMgCl solution in Et,0
(1.5 eq.) was added dropwise to the reaction solution, which was stirred at —15 °C for 1 h. Freshly
distilled trimethyl borate (2.0 eq.) was added rapidly. The reaction was stirred at —10 °Cto 0 °Cfor 2 h
before being treated with 4M HCl solution (1.00 mL/mmol). After another 30 min at room
temperature, the reaction solution was extracted with Et,0 (3x). The combined organic layers were
washed with water, brine, dried over Na,SO4 and filtered. The solvent was removed, and the obtained
residue was washed with hexane to give the corresponding arylboronic acid as a white solid.

(3,5-Dichloro-2-methoxyphenyl)boronic acid (12)

OMe
Cl B(OH),

cl
Synthesised from 1,5-dichloro-3-iodo-2-methoxybenzene (9, 5.00 g, 16.5 mmol) in 92% yield (3.36 g,
15.2 mmol) as a white solid.

'H-NMR (300 MHz, DMSO-d¢): & = 8.40 (bs, 2 H), 7.59 (d, J = 2.6 Hz, 1 H), 7.35 (d, J = 2.6 Hz, 1 H), 3.78
(s, 3H). *C-NMR (75 MHz, DMSO-ds): & = 156.9, 132.1, 129.9, 127.6, 126.7, 61.1. C-B signal not
observed due to quadrupolar relaxation. MS (ESI-): m/z =219.0 [M—H]". HRMS (ESI-) m/z calcd for
C7HeBCl,05 [M—H]™: 218.9793, found: 218.9793.
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(2,4-Dichloro-6-methoxyphenyl)boronic acid (13)

OMe

/@[B(OH)Z
cl cl

Synthesised from 1,5-dichloro-2-iodo-3-methoxybenzene (10, 1.00g, 3.30 mmol) in 74% vyield
(538 mg, 2.44 mmol) as a white solid.

'H-NMR (300 MHz, DMSO- d¢): 6 = 8.30 (bs, 2 H), 7.06 (d, J = 1.6 Hz, 1 H), 6.98 (d, J = 1.6 Hz, 1 H), 3.76
(s, 3 H). 3C-NMR (75 MHz, DMSO-d¢): 6 =162.2, 135.9, 133.8, 119.9, 109.4, 56.0. C-B signal not
observed due to quadrupolar relaxation. MS (ESI-): m/z = 218.9 [M—H]". HRMS (ESI-) m/z calcd for
C7HeBCl205 [M—H]™: 218.9793, found: 218.9794.

(2,6-Dichloro-4-methoxyphenyl)boronic acid (14)

OMe

Cl Cl
B(OH),

Synthesised from 1,3-dichloro-2-iodo-5-methoxybenzene (11, 3.00g, 9.90 mmol) in 38% yield
(843 mg, 3.82 mmol) as a white solid.

1H-NMR (300 MHz, DMSO-ds): & = 8.20 (bs, 2 H), 6.96 (s, 2 H), 3.78 (s, 3 H). 3C-NMR (75 MHz, DMSO-
de): 6=160.2, 136.4, 112.9, 56.0. C-B signal not observed due to quadrupolar relaxation. MS (ESI-):
m/z =218.9 [M—-H]~. HRMS (ESI-) m/z calcd for C;HsBCl,03 [M—H]™: 218.9793, found: 218.9794.

5.3 General Procedure for the Synthesis of Diaryliodonium Tetrafluoroborates (15-17)

The symmetrical iodonium salts were prepared according to a published procedure.’® meta-
Chloroperbenzoic acid (77% active oxidant, 1.1 eq.) was added to a Schlenk tube and dissolved in dry
DCM (2.00 mL/mmol). The iodated aryl species (1.0 eq.) was added and the reaction mixture was
heated up to 80 °C. After 10 min of stirring at 80 °C, the mixture was cooled down to =78 °C. A0 °C
cold solution of BF;-OEt, (48% BFs3, 2.2 eq.) and arylboronic acid (1.0 eq.) in dry DCM (2.00 mL/mmol)
was transferred into the reaction mixture. The obtained yellow solution was stirred for 30 min at
—78 °C and warmed to room temperature. The crude reaction solution was purified by flash column
chromatography (DCM to DCM/MeOH = 20:1). The product fraction was concentrated and to the
obtained residue was added diethyl ether to induce precipitation of the iodonium salt. The solid was
washed with diethyl ether and dried under reduced pressure to give the corresponding iodonium salt
as a white to beige solid.
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Bis(3,5-dichloro-2-methoxyphenyl)iodonium tetrafluoroborate (15)

oMe BF4 ome
Cl I* Cl

Cl Cl

Synthesised from 1,5-dichloro-3-iodo-2-methoxybenzene (9, 908 mg, 3.00 mmol, 1.0 eq.) and (3,5-
dichloro-2-methoxyphenyl)boronic acid (12, 663 mg, 3.00 mmol, 1.0 eq.) in 52% yield (876 mg,
1.55 mmol) as a white solid.

H-NMR (300 MHz, DMSO-dg): & = 8.55 (d, J = 2.4 Hz, 2 H), 8.05 (d, J = 2.4 Hz, 2 H), 4.00 (s, 6 H). 13C-
NMR (75 MHz, DMSO-d¢): 6 =153.3, 135.2, 135.1, 130.4, 127.4, 115.2, 62.5. MS (ESI+): m/z = 476.8
[M-BF,4]*. HRMS (ESI+) m/z calcd for C14H10Cl410, [M—BF4]*: 476.8474, found: 476.8476.

Bis(2,4-dichloro-6-methoxyphenyl)iodonium tetrafluoroborate (16)

oMe BF4 ome

|+
cl CICI Cl

Synthesised from 1,5-dichloro-2-iodo-3-methoxybenzene (10, 454 mg, 1.50 mmol, 1.0 eq.) and (2,4-
dichloro-6-methoxyphenyl)boronic acid (13, 332 mg, 1.50 mmol, 1.0 eq.) in 24% vyield (200 mg,
0.35 mmol) as a white solid.

'H-NMR (400 MHz, DMSO-dg): 6 = 7.61 (d, J = 2.0 Hz, 2 H), 7.37 (d, J = 2.0 Hz, 2 H), 3.92 (s, 6 H). 3C-
NMR (100 MHz, DMSO-d¢): 6 = 159.3, 140.0, 138.8, 121.9, 112.2, 108.8, 64.9. MS (ESI+): m/z = 476.7
[M—BF,4]*. HRMS (ESI+) m/z calcd for C14H10ClslO, [M—BF4]*: 476.8474, found: 476.8475.

Bis(2,6-dichloro-4-methoxyphenyl)iodonium tetrafluoroborate (17)

BF, al

@(“7@
MeO CICl OMe

Synthesised from 1,3-dichloro-2-iodo-5-methoxybenzene (11, 490 mg, 1.62 mmol, 1.0 eq.) and (2,6-
dichloro-4-methoxyphenyl)boronic acid (14, 357 mg, 1.62 mmol, 1.0eq.) in 16% vyield (143 mg,
0.25 mmol) as a white solid.
'H-NMR (400 MHz, DMSO-de): & = 7.44 (s, 4 H), 3.88 (s, 6 H). 3C-NMR (100 MHz, DMSO-d¢): 6 = 163.4,
140.0, 115.4, 56.9. MS (ESI+): m/z = 476.7 [M—BF4]*. HRMS (ESI+) m/z calcd for C14H10Cl410; [M—BF,4]*:
476.8474, found: 476.8474.

5.4 General Procedure for the Suzuki Coupling (18-20)

The reaction was performed under dry conditions. Pd,(dba)s (5 mol%) and DavePhos (15 mol%) were
added in a Schlenk tube equipped with a stir bar. The Schlenk tube was evacuated and then refilled
with argon. Dry 1,4-dioxane (5.00 mL/mmol) was added and three more evacuation-refill cycles
(degassing) were performed. The catalyst mixture was heated up to 90 °C using a preheated oil bath.
After 20 min, aryl iodide (1.0 eq.), boronic acid (2.0 eq.), potassium carbonate (2.0 eq.) and silver(l)
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oxide (0.5 eq.) were added and another three evacuation-refill cycles were performed. The reaction
mixture was stirred at 90 °C for 24 h before being diluted with EtOAc at room temperature. The
reaction solution was filtered, evaporated and the obtained residue was purified by MPLC to give the

corresponding methoxy protected C—C dimers as yellow oils.

3,3',5,5'-Tetrachloro-2,2'-dimethoxy-1,1'-biphenyl (18)
cl

Cl

Synthesised from 1,5-dichloro-3-iodo-2-methoxybenzene (9, 300 mg, 0.99 mmol, 1.0 eq.) and (3,5-
dichloro-2-methoxyphenyl)boronic acid (12, 437 g, 1.98 mmol, 2.0eq.) in 37% yield (132 mg,
0.37mmol) as a vyellow oil. The substrate 1,5-dichloro-3-iodo-2-methoxybenzene (84.0 mg,
0.28 mmol) was re-isolated in 28% vyield, based on which the desired product was obtained in 52%
isolated yield.

1H-NMR (300 MHz, CDCl3): = 7.44 (d, J = 2.6 Hz, 2 H), 7.19 (d, J = 2.6 Hz, 2 H), 3.61 (s, 6 H). 3C-NMR
(100 MHz, CDCl3): 6 =152.7, 133.1, 130.4, 129.5, 129.2 (two signals), 61.2. MS (ESI-): m/z = 385.1
[M+CIT™.

2',3,4',5-Tetrachloro-2,6'-dimethoxy-1,1'-biphenyl (19)

Cl Cl
OMe
Cl
O OMe

Cl

Synthesised from 1,5-dichloro-2-iodo-3-methoxybenzene (10, 300 mg, 0.99 mmol, 1.0 eq.) and (3,5-
dichloro-2-methoxyphenyl)boronic acid (12, 437 mg, 1.98 mmol, 2.0eq.) in 45% yield (158 mg,
0.45 mmol) as a yellow oil. The substrate 1,5-dichloro-2-iodo-3-methoxybenzene (10, 41.0 mg,
0.14 mmol) was re-isolated in 14% yield, based on which the desired product was obtained in 53%
isolated yield.

1H-NMR (300 MHz, CDCls): & = 7.42 (d, J = 2.6 Hz, 1 H), 7.13 (d, J = 1.9 Hz, 1 H), 7.01 (d, J = 2.6 Hz, 1 H),
6.88 (d, J= 1.9 Hz, 1 H) 3.75 (s, 3 H), 3.57 (s, 3 H). 3C-NMR (75 MHz, CDCls): & = 158.5, 153.2, 135.4,
135.2, 131.6, 130.2 (two signals), 129.1, 128.9, 123.8, 121.7, 110.4, 61.0, 56.5. MS (ESI-): m/z = 385.1
[M+CI]™.

2',3,5,6'-Tetrachloro-2,4'-dimethoxy-1,1'-biphenyl (20)

Cl OMe
OMe
o ST
(5
cl
Synthesised from 1,3-dichloro-2-iodo-5-methoxybenzene (11, 300 mg, 0.99 mmol, 1.0 eq.) and (3,5-
dichloro-2-methoxyphenyl)boronic acid (12, 437 mg, 1.98 mmol, 2.0eq.) in 54% yield (188 mg,
0.53 mmol) as a yellow oil.
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1H-NMR (400 MHz, CDCls): 6 = 7.45 (d, J = 2.5 Hz, 1 H), 7.04 (d, J = 2.5 Hz, 1 H), 6.98 (s, 2 H), 3.85 (s,
3 H), 3.60 (s, 3 H). 3C-NMR (75 MHz, CDCls): & = 160.0, 153.1, 135.6, 133.5, 130.5, 130.2, 129.2, 129.1,
127.0, 114.2, 61.0, 56.0. MS (ESI-): m/z = 385.0 [M+CI]".

5.5 General Procedure for the Biaryl Ether Formation (21-26)

The diphenyl ethers were prepared according to a published procedure.? KO'Bu (1.1 eq.) was dissolved
in dry THF (4.5 mL/mmol) and cooled down to 0 °C. Dichlorophenol (1.0 eq.) was added and the
reaction solution was stirred for 15 min at 0 °C. After addition of the diaryliodonium salt (1.2 eq.), the
reaction mixture was stirred at 40 °C for 1 h. H,O was slowly added at 0 °C and the organic phase was
separated. The aqueous layer was extracted with Et,0 (2x). The combined organic layers were washed
with brine, dried over Na,SO4 and filtered. The solvent was removed and the obtained residue was
purified by MPLC to give the corresponding biaryl ether.

1,5-Dichloro-3-(2,4-dichlorophenoxy)-2-methoxybenzene (21)

Cl OMe
/©/o cl
cl
cl

Synthesised from 2,4-dichlorophenol (6, 35.9 g, 0.22 mmol, 1.0 eq.) and bis(3,5-dichloro-2-methoxy-
phenyl)iodonium tetrafluoroborate (15, 150 mg, 0.27 mmol, 1.2 eq.) in 97% yield (72.0 mg,
0.21 mmol) as a yellow oil.

'H-NMR (400 MHz, CDCl3): § = 7.44 (d, J = 2.5 Hz, 1 H), 7.10 (d, J = 2.3 Hz, 1 H), 7.05 (dd, J = 8.8, 2.5 Hz,
1H), 6.90 (d, J=2.3Hz, 1H), 6.41 (d, J=8.8Hz, 1H), 3.78 (s, 3 H). 3C-NMR (100 MHz, CDCl3):
6=153.8,151.9, 138.7, 131.8, 130.4, 129.6, 127.6 (two signals), 123.5, 122.1, 115.2, 112.3, 56.7. MS
(ESI+): m/z = 337.0 [M+H]".

1,5-Dichloro-3-(3,5-dichlorophenoxy)-2-methoxybenzene (22)

OMe
CI\©/O\©/CI
cl cl

Synthesised from 3,5-dichlorophenol (8, 96.0 mg, 0.59 mmol, 1.0 eq.) and bis(3,5-dichloro-2-
methoxyphenyl)iodonium tetrafluoroborate (15, 400 mg, 0.71 mmol, 1.2 eq.) in 82% yield (163 mg,
0.48 mmol) as a yellow oil.

'H-NMR (400 MHz, CDCl3): § = 7.27 (d, J = 2.5 Hz, 1 H), 7.11 (t, J = 1.8 Hz, 1 H), 6.94 (d, J = 2.5 Hz, 1 H),
6.84 (d, J = 1.8 Hz, 2 H), 3.82 (s, 3 H). *C-NMR (100 MHz, CDCls): 6 = 158.1, 149.2, 147.5, 136.0. 130.2,
129.5,126.9, 124.0, 121.0, 116.2, 61.4. MS (ESI+): m/z = 336.9 [M+H]*.
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1,5-Dichloro-2-(2,4-dichlorophenoxy)-3-methoxybenzene (23)

Cl OMe

Fepel

Synthesised from 2,4-dichlorophenol (6, 96.0 g, 0.59 mmol, 1.0 eq.) and bis(2,4-dichloro-6-methoxy—
phenyl)iodonium tetrafluoroborate (16, 400 mg, 0.71 mmol, 1.2eq.) in 48% vyield (96.0 mg,
0.28 mmol) as a white solid.

'H-NMR (400 MHz, CDCl): 6 = 7.44 (d, J = 2.5 Hz, 1 H), 7.10 (d, J = 2.3 Hz, 1 H), 7.05 (dd, J = 8.8, 2.5 Hz,
1H), 6.90 (d, J=2.3Hz, 1H), 6.41 (d, J=8.8Hz, 1H), 3.78 (s, 3 H). *C-NMR (100 MHz, CDCls):
6=153.8, 151.9, 138.7, 131.8, 130.4, 129.6, 127.6 (two signals), 123.5, 122.1, 115.2, 112.3, 56.7. MS
(ESI+): m/z =336.9 [M+H]".

1,5-Dichloro-2-(3,5-dichlorophenoxy)-3-methoxybenzene (24)

pesey

Cl

Synthesised from 3,5-dichlorophenol (8, 96.2 g, 0.59 mmol, 1.0 eq.) and bis(2,4-dichloro-6-methoxy—
phenyl)iodonium tetrafluoroborate (16, 400 mg, 0.71 mmol, 1.2eq.) in 29% vyield (56.2 mg,
0.17 mmol) as a white solid.

'H-NMR (300 MHz, CDCl3): § =7.10 (d, J= 2.3 Hz, 1 H), 7.04 (t, /= 1.8 Hz, 1 H), 6.92 (d, J = 2.3 Hz, 1 H),
6.72 (d, J= 1.8 Hz, 2 H), 3.80 (s, 3 H). **C-NMR (75 MHz, CDCls): & = 158.4, 153.8, 138.0, 135.7, 132.0,
129.7,123.0,122.1,114.2, 112.3, 56.7. MS (ESI+): m/z = 336.9 [M+H]".

1,3-Dichloro-2-(2,4-dichlorophenoxy)-5-methoxybenzene (25)

Cl Cl

Q"J@
Cl Cl OMe

Synthesised from 2,4-dichlorophenol (6, 48.4 mg, 0.30 mmol, 1.0 eq.) and bis(2,6-dichloro-4-methoxy-
phenyl)iodonium tetrafluoroborate (17, 185mg, 0.33 mmol, 1.1eq.) in 43% yield (43.0 mg,
0.13 mmol) as a white solid.

1H-NMR (400 MHz, CDCl3): & = 7.46 (d, J = 2.5 Hz, 1 H), 7.07 (dd, J = 8.8, 2.5 Hz, 1 H), 6.95 (s, 2 H), 6.39
(d, J=8.8Hz, 1H), 3.82 (s, 3 H). 3C-NMR (100 MHz, CDCl5): § = 157.4, 151.6, 140.5, 130.6, 129.9,
127.8, 127.6, 123.5, 122.1, 115.0, 56.2. MS (ESI+): m/z = 305.1 [M—MeOH+H]", 336.9 [M+H]".
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1,3-Dichloro-2-(3,5-dichlorophenoxy)-5-methoxybenzene (26)

Cl
Cl 0]

Cl OMe
Cl

Synthesised from 2,4-dichlorophenol (8, 48.4mg, 0.30 mmol, 1.0eq.) and bis(2,6-dichloro-4-
methoxyphenyl)iodonium tetrafluoroborate (17, 185 mg, 0.33 mmol, 1.1 eq.) in 16% yield (16.0 mg,
0.05 mmol) as a white solid.

'H-NMR (400 MHz, CDCls): 6 =7.05 (t, J= 1.7 Hz, 1 H), 6.95 (s, 2 H), 6.72 (d, J= 1.7 Hz, 2 H), 3.83 (s,
3 H). 3C-NMR (100 MHz, CDCl3): § = 158.2, 157.5, 139.9, 135.8, 129.9, 123.1, 115.1, 114.2, 56.2. MS
(ESI+): m/z = 305.1 [M—MeOH+H]*, 337.1 [M+H]*, 375.1 [M+K]*, 381.1 [M+2Na—H]".

5.6 General Procedure for the Methoxy Deprotection (27-34)

The reaction was performed under dry conditions. The corresponding methoxy protected dimer was
dissolved in dry DCM (10.0 mL/mmol) and cooled down to =78 °C. 1M Boron tribromide solution
(5.0 eq. for biaryl, 2.5 eq. for biaryl ether) was added dropwise and the reaction solution was stirred
for 2 h at—78 °C and for 24 h at room temperature. The reaction was quenched with water at 0 °C and
the organic phase was separated. The aqueous layer was extracted with DCM (2x). The combined
organic layers were washed with brine, dried over Na,SO, and filtered. The solvent was removed and
the obtained residue was purified by MPLC to give the corresponding deprotected phenols.

3,3',5,5'-Tetrachloro-2,2'-dihydroxy-1,1'-biphenyl (27)
cl

OH O
cl o
OH

Cl
Synthesised from 3,3',5,5'-tetrachloro-2,2'-dimethoxy-1,1'-biphenyl (18, 125 mg, 0.36 mmol) in 29%
yield (33.0 mg, 0.10 mmol) as a white solid.

1H-NMR (400 MHz, CDCls): & = 7.41 (d, J = 2.5 Hz, 2 H), 7.19 (d, J = 2.5 Hz, 2 H), 5.84 (bs, 2 H). *C-NMR
(100 MHz, CDCls): 6 = 147.6, 130.1, 129.1, 125.9, 125.6, 121.9. *H-NMR (300 MHz, DMSO-d¢): & = 9.60
(bs, 2H), 7.53 (d, J=2.6 Hz, 2 H), 7.17 (d, J=2.6 Hz, 2 H). **C-NMR (75 MHz, DMSO-ds): 6 = 149.9,
129.5,128.6,127.7,122.7,122.1. MS (ESI-): m/z = 320.8 [M—H]". HRMS (ESI-) m/z calcd for C1,HsCl40>
[M—H]™: 320.9049, found: 320.9050; calcd for C24H11ClsO4 [2M—-H] : 642.8171, found: 642.8174. HPLC:
tr = 15.9 min (Amax = 208, 296 nm).

2',3,4',5-Tetrachloro-2,6'-dihydroxy-1,1'-biphenyl (28)

Cl Cl
OH
Cl
S

Cl

Synthesised from 2',3,4',5-tetrachloro-2,6'-dimethoxy-1,1'-biphenyl (19, 153 mg, 0.43 mmol) in 65%
yield (91.0 g, 0.28 mmol) as a white solid.
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'H-NMR (300 MHz, CDCl3): § =7.47 (d, J=2.5Hz, 1 H), 7.134 (d, J=2.6 Hz, 1 H), 7.126 (d, /= 2.1 Hz,
1H), 6.96 (d, J=2.0Hz, 1 H), 5.68 (bs, 1 H), 5.09 (bs, 1 H). *C-NMR (75 MHz, CDCl3): § = 154.7, 148.4,
135.8, 135.2, 130.8, 130.0, 126.2, 122.2, 121.9, 121.8, 120.6, 115.5. MS (ESI-): m/z =320.9 [M-H]".
HRMS (ESI-) m/z calcd for C1,HsCls0, [M—H]™: 320.9049, found: 320.9050; calcd for Ca4H11ClsO4 [2M-H]™
:642.8171, found: 642.8174. HPLC: tg = 14.2 min (Amax = 204, 292 nm).

2',3,5,6'-Tetrachloro-2,4'-dihydroxy-1,1'-biphenyl (29)

Cl OH
OH
Cl
(L

Cl
Synthesised from 2',3,5,6'-tetrachloro-2,4'-dimethoxy-1,1'-biphenyl (20, 105 mg, 0.30 mmol) in 93%
yield (90.0 mg, 0.28 mmol) as a white solid.

H-NMR (300 MHz, CDCl3): & = 7.41 (d, J = 2.5 Hz, 1 H), 7.05 (d, J = 2.5 Hz, 1 H), 6.93 (s, 2 H), 5.52 (bs,
2 H). 3C-NMR (75 MHz, CDCl5): § = 156.4, 148.1, 135.9, 130.4, 129.0, 126.3,125.9, 125.3, 121.1, 115.7.
MS (ESI-): m/z=320.8 [M-H]". HRMS (ESI-) m/z calcd for Ci;HsCl;0, [M—H]™: 320.9049, found:
320.9050; calcd for C4H11ClsO4 [2M—H]™: 642.8171, found: 642.8169. HPLC: tz = 13.8 min (Amax = 204,
288 nm).

2,4-Dichloro-6-(2,4-dichlorophenoxy)phenol (30)

cl OH
/©/o cl
cl
cl

Synthesised from 1,5-dichloro-3-(2,4-dichlorophenoxy)-2-methoxybenzene (21, 149 mg, 0.44 mmol)
in 81% yield (116 mg, 0.36 mmol) as a white solid.

'H-NMR (400 MHz, CDCls): 6 = 7.51 (d, J = 2.5 Hz, 1 H), 7.28 (dd, J = 6.6, 2.1 Hz, 1 H), 7.15 (d, J = 2.4 Hz,
2H), 7.00 (d, J=8.7Hz, 1H), 6.63 (d, J=2.4Hz, 1H), 5.82 (bs, 1H). 3C-NMR (100 MHz, CDCls):
5=149.9,144.8,142.1,131.0, 128.6, 126.9, 125.1, 124.8, 121.8, 116.3. *H-NMR (300 MHz, DMSO-d):
§=10.37 (bs, 1 H), 7.76 (d, J = 2.5 Hz, 1 H), 7.40, (dd, J = 8.8, 2.6 Hz, 1 H), 7.37 (d, J = 2.5 Hz, 1 H), 7.02
(d, J=8.8Hz, 1H), 6.91 (d, J=2.5Hz, 1H). 3C-NMR (75 MHz, DMSO-d¢): § = 150.9, 145.0, 144.1,
130.1, 128.7, 128.3, 125.0, 124.7, 122.7 (two signals), 120.5, 118.1. MS (ESI-): m/z =320.8 [M-H]".
HRMS (ESI-) m/z calcd for C1,HsCls0, [M—H]™: 320.9049, found: 320.9050; calcd for C24H11ClsO4 [2M—
H]™: 642.8171, found: 642.8175. HPLC: tz = 21.4 min (Amax = 204, 284 nm).

2,4-Dichloro-6-(3,5-dichlorophenoxy)phenol (31)

oH
CI\©/0\©/CI
cl cl

Synthesised from 1,5-dichloro-3-(3,5-dichlorophenoxy)-2-methoxybenzene (22, 138 mg, 0.41 mmol)
in 82% yield (108 mg, 0.33 mmol) as a white solid.
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1H-NMR (400 MHz, CDCls): & = 7.23 (d, J = 2.4 Hz, 1 H), 7.15 (t, J = 1.8 Hz, 1 H), 6.90 (d, J = 2.5 Hz, 1 H)
6.89(d,J = 1.8 Hz, 2 H), 5.64 (bs, 1 H). 3C-NMR (100 MHz, CDCl3): & = 157.6, 143.3, 143.2, 136.1, 125.9,
125.4,124.5,122.2,199.7, 116.6. MS (ESI-): m/z = 320.8 [M—H]". HRMS (ESI-) m/z calcd for C1,HsCl,0,
[M—H]™: 320.9049, found: 320.9050; calcd for C24H11ClsO4 [2M—H]™: 642.8171, found: 642.8169. HPLC:
tp = 25.6 min (Amax = 204, 284 nm).

3,5-Dichloro-2-(2,4-dichlorophenoxy)phenol (32)

Cl OH

Fepel

Synthesised from 1,5-dichloro-2-(2,4-dichlorophenoxy)-3-methoxybenzene (23, 83.0 mg, 0.25 mmol)
in 93% yield (74.0 mg, 0.23 mmol) as a white solid.

'H-NMR (400 MHz, CDCl3): & = 7.47 (d,J = 2.5 Hz, 1 H), 7.11 (dd, J = 8.8, 2.5 Hz, 1 H), 7.06-7.00 (m, 2 H),
6.54 (d,J = 8.8 Hz, 1 H), 5.60 (bs, 1 H). 3C-NMR (100 MHz, CDCls): 6 = 151.0, 150.3, 137.1, 132.2, 130.8,
128.9,128.3,128.1, 123.8,122.4, 116.2, 115.8. MS (ESI-): m/z = 320.8 [M—H]". HRMS (ESI-) m/z calcd
for C12HsClsO, [M—H]™: 320.9049, found: 320.9050; calcd for C4H11ClsO4 [2M—-H]™: 642.8171, found:
642.8170. HPLC: tz = 23.3 min (Amax = 204, 284 nm).

3,5-Dichloro-2-(3,5-dichlorophenoxy)phenol (33)

OH
cl ojij\
: cl cl
ci

Synthesised from 1,5-dichloro-2-(3,5-dichlorophenoxy)-3-methoxybenzene (24, 31.3 mg, 92.6 umol)
in 69% yield (20.7 mg, 63.9 umol) as a white solid.

'H-NMR (400 MHz, CDCl3): § = 7.10 (t,J = 1.7 Hz, 1 H), 7.05 (d, J = 2.4 Hz, 1 H), 7.02 (d, J = 2.4 Hz, 1 H),
6.79 (d,J = 1.7 Hz, 2 H), 5.54 (bs, 1 H). 3C-NMR (100 MHz, CDCls): & = 157.5, 150.3, 136.3, 136.2, 132.4,
128.6,124.0,122.5,116.3, 114.4. MS (ESI-): m/z = 320.9 [M—H]". HRMS (ESI-) m/z calcd for C1,HsCl40>
[M-H]™: 320.9049, found: 320.9050; calcd for C24H11ClgO4 [2M—H]™: 642.8171, found: 642.8168.

3,5-Dichloro-4-(2,4-dichlorophenoxy)phenol (34)

Cl Cl

A0,

Synthesised from 1,3-dichloro-2-(2,4-dichlorophenoxy)-5-methoxybenzene (25, 43.0 mg, 127 umol) in
51% yield (21.0 mg, 64.8 umol) as a white solid.

'H-NMR (400 MHz, CDCl3): & = 7.46 (d, J = 2.5 Hz, 1 H), 7.07 (dd, J = 8.8, 2.5 Hz, 1 H), 6.91 (s, 2 H), 6.40
(d, J=8.8 Hz, 1H), 5.42 (bs, 1 H). 3C-NMR (100 MHz, CDCl3): 6 = 153.5, 151.5, 140.7, 130.6, 130.0,
127.8,127.7,123.5, 116.5, 115.1. MS (ESI-): m/z = 320.7 [M—=H]", 642.8 [2M-H]". HRMS (ESI) m/z calcd
for Ci2HsCl,0; [M—H]™: 320.9049, found: 320.9051; calcd for C34H1:ClsO4 [2M—-H]™: 642.8171, found:
642.8165.
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3,5-Dichloro-4-(3,5-dichlorophenoxy)phenol (35)

Cl
Cl (6}

Cl OH
Cl

Synthesised from 1,3-dichloro-2-(3,5-dichlorophenoxy)-5-methoxybenzene (26, 16.0 mg, 47.0 umol)
in 13% yield (2.00 mg, 6.17 umol) as a white solid.

'H-NMR (400 MHz, CDCl3): § = 7.05 (t, J = 1.7 Hz, 1 H), 6.92 (s, 2 H), 6.72 (d, J = 1.7 Hz, 2 H), 5.15 (bs,
1 H). 3C-NMR (100 MHz, CDCl3): & = 158.1, 153.6, 140.2, 135.8, 130.0, 123.1, 116.6, 114.2. MS (ESI-):
m/z =320.9 [M-H]~, 356.8 [M+Cl]", 642.7 [2M—H]". HRMS (ESI-) m/z calcd for Ci;HsCl,0, [M—H]":
320.9049, found: 320.9049; calcd for Cy4H11Cls04 [2M—H]™: 642.8171, found: 642.8161.
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6. LC-MS Data
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Fig. S7 Comparison of retention times of synthesised dichlorophenol-biaryl-ether-dimers with Ab2 2,4-DCP in

vivo assay (black) and S. elongatus NSl:ab1-5 NSIl:ab6-10 expression (grey).
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Fig. S8 ESI-spectrum of the 2,4-DCP dimer produced by Ab2, including the characteristic isotopic pattern for a

tetrachlorinated substance.
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Fig. S9 Comparison of retention times of synthesised dichlorophenol-biaryl-dimers with Ab3 2,4-DCP in vitro
assay.
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Fig. S10 ESI- spectrum of the 2,4-DCP dimer produced by Ab3, including the characteristic isotopic pattern for
a tetrachlorinated substance.
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ESI- [trimer-Cl]
m/z = 447.0-450.0
16.13
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15.10
daba. ] Unaiindy M4 akea {l . 2
ADb3 in vitro assay 16.12
15.07
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Fig. S11 HPLC-MS analysis (EIC m/z = 447.0-450.0) of in vivo and in vitro catalytic activity of Ab3 when
incubated with 2,4-DCP. The formation of two DCP-trimers lacking one chlorine can be observed.
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