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“The earth seems to be sitting in a beam of light, as if there were some special significance to this small world. […] 

But for us, it's different. Consider again that dot. That's here. That's home. That's us. On it everyone you love, everyone 

you know, everyone you ever heard of, every human being who ever was, lived out their lives. The aggregate of our 

joy and suffering, thousands of confident religions, ideologies, and economic doctrines, every hunter and forager, every 

hero and coward, every creator and destroyer of civilization, every king and peasant, every young couple in love, every 

mother and father, hopeful child, inventor and explorer, every teacher of morals, every corrupt politician, every 

"superstar," every "supreme leader," every saint and sinner in the history of our species lived there – on a mote of dust 

suspended in a sunbeam. The Earth is a very small stage in a vast cosmic arena. Think of the endless cruelties visited 

by the inhabitants of one corner of this pixel on the scarcely distinguishable inhabitants of some other corner, how 

frequent their misunderstandings, how eager they are to kill one another, how fervent their hatreds. Think of the rivers 

of blood spilled by all those generals and emperors so that, in glory and triumph, they could become the momentary 

masters of a fraction of a dot. Our posturings, our imagined self-importance, the delusion that we have some privileged 

position in the Universe, are challenged by this point of pale light. Our planet is a lonely speck in the great enveloping 

cosmic dark. In our obscurity, in all this vastness, there is no hint that help will come from elsewhere to save us from 

ourselves. […] To me, it underscores our responsibility to deal more kindly with one another, and to preserve and 

cherish the pale blue dot, the only home we've ever known.” 

 

Carl Sagan: Pale blue dot, 1994 

Picture: NASA/JPL-Caltech 
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Zusammenfassung 

 

Mikroorganismen, die lange vor den Menschen existierten und wohl noch lange danach existieren 

werden, haben seit jeher unser Leben geprägt und nachhaltig beeinflusst. Während ihres 

Lebenszyklus produzieren Mikroorganismen eine Vielzahl an Metaboliten, die häufig auch als 

Naturprodukte (NP) bezeichnet werden. Darunter fallen einerseits Primärmetabolite, die die 

Organismen zum Leben und zur Reproduktion benötigen und andererseits Sekundärmetabolite 

(SM), die ihnen z.B. im Überlebenskampf mit Konkurrenten Vorteile verschaffen. Letztere wurden 

häufig auf eine bestimmte pharmakologische Wirkung maßgeschneidert und stellen daher wichtige 

Ausgangspunkte für die Entdeckung und Entwicklung neuer Arzneistoffe dar. Rund die Hälfte der 

von der FDA zugelassenen Arzneimittel sind entweder NP, die direkt angewendet werden oder sie 

stellen Derivate oder Mimetika derselben dar. Da in den letzten Jahren jedoch immer weniger neue 

Arzneistoffe aus NP stammen, ist es umso wichtiger, diesem Trend durch Forschung 

entgegenzuwirken. 

Dies kann durch unterschiedliche Ansätze erreicht werden. Zum einen können bisher unerforschte 

Gene untersucht werden, die eventuell für die Produktion neuer Substanzen verantwortlich sind 

und zum anderen können bereits bekannte Strukturen durch ein genetisches „Mix and Match“ 

Prinzip gezielt modifiziert werden, so dass neue, „unnatürliche“ NP entstehen. In der vorliegenden 

Arbeit wurden beide Ansätze verfolgt. 

Im ersten Projekt wurde die Funktion eines Genclusters aus 

dem marinen Schimmelpilz Penicillium crustosum PRB-2, 

das unter Laborbedingungen nicht aktiv ist, aufgeklärt. 

Dieses „stumme“ Gencluster, hier als xil Cluster 

bezeichnet, besteht aus drei Genen, die für die 

Polyketidsynthase (PKS) XilA, einen Transkriptionsfaktor 

(TF) XilB und ein Cytochrom P450 (P450) Enzym XilC 

kodieren. Zunächst konnte durch gezielte genetische Manipulation des Wirts XilB aktiviert werden 

und die Produktion von Xylariolide D sowie dessen Vorstufe, das nicht-hydroxylierte 

Prexylariolide D, in den rekombinanten Stämmen detektiert werden. Da letzteres allerdings nur in 

sehr geringer Menge produziert wurde, wurde anschließend die PKS selbst überexprimiert, so dass 

deutlich mehr Produkt akkumulierte und eine Strukturaufklärung mittels NMR möglich war. 

Um die Biosynthese dieser beiden Polyketide aufzuklären, wurde die PKS zunächst heterolog in 

Aspergillus nidulans exprimiert. Auch in diesen Transformanten konnte die Produktion von 

Prexylariolide D beobachtet werden. Zusätzlich wurde mit Xylariolide G eine neue Substanz 

entdeckt, die sich in der Position der Hydroxygruppe von Xylariolide D unterscheidet und als 
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Artefakt im heterologen Wirt angesehen werden kann. Um zu bestätigen, dass Prexylariolide D 

durch das P450 XilC in Xylariolide D umgewandelt wird, wurde xilC ebenfalls heterolog in 

Aspergillus nidulans exprimiert. Nach Zufütterung von Prexylariolide D konnte die Umsetzung 

zum Endprodukt des Clusters bewiesen werden. Da die verzweigte Struktur von Xylariolide D 

nicht, wie üblich, aus einer linearen Kohlenstoffkette stammen kann, wurde eine Kultur des 

rekombinanten Penicillium crustosum Stamms mit Überxpression der PKS mit 13C markiertem 

Acetat versetzt. So konnte bewiesen werden, dass die verzweigte Struktur komplett aus 

Acetateinheiten biosynthetisiert wird. Dementsprechend muss während der Biosynthese durch die 

PKS eine unübliche Verzweigung der sonst linearen Kohlenstoffkette erfolgen. 

Das zweite Projekt, das in Kooperation mit Dr. 

Lauritz Harken durchgeführt wurde, basierte auf 

dem erst kürzlich entdeckten gtm Gencluster aus 

Streptomyces cinnamoneus. Das gtm Cluster besteht 

aus fünf Genen, die für vier Enzyme kodieren: einer 

Cyclodipeptidsynthase (CDPS) GtmA, einer 

Cyclodipeptidoxidase (CDO) GtmBC, einem P450 

GtmD und einer FeII/2-Oxoglutarat abhängigen 

(FeII/2OG) Oxidase GtmE. Während GtmA cyclo-L-

Tryptophan-L-Methionin synthetisiert, wird jeweils eine Doppelbindung von GtmBC und GtmE 

am 2,5-Diketopiperazinring eingeführt und GtmD überträgt ein Guanin auf den Tryptophanrest. 

Um eine größere strukturelle Vielfalt an Cyclodipeptiden (CDPs) mit einem 2,5-Diketopiperazin 

(DKP)-Grundgerüst zu erhalten, sollten verschiedene CDPSs nach einem „Mix and Match“-Prinzip 

mit den modifizierenden Enzymen des gtm Clusters kombiniert werden. Um mögliche Kandidaten 

ausfindig zu machen, wurden die modifizierenden Enzyme des gtm Clusters (GtmB – E) zunächst 

heterolog in Streptomyces albus J1074 (S. albus) exprimiert. Den Kulturen des rekombinanten 

Stammes wurden verschiedene CDPs zugefüttert und die Umsetzung der Substrate mittels LC-MS 

ausgewertet. Für die anschließende genetische Kombination wurden jene CDPSs ausgewählt, 

deren Produkt umgesetzt wurde. Dementsprechend wurden fünf CDPSs aus verschiedenen 

Streptomyces-Stämmen ausgewählt und die entsprechenden Gene wurden zusammen mit gtmB – 

E in S. albus exprimiert. Die LC-MS Analyse der Kulturen zeigte, dass acht der zuvor zehn 

detektierten Derivate erhalten werden konnten. Nach Kultivierung im größeren Maßstab wurden 

diese isoliert und deren Struktur mittels NMR und MS aufgeklärt. Somit konnte gezeigt werden, 

dass das rationale Kombinieren von Genen eine einfache und schnelle Methode zur gezielten in 

vivo Produktion von teils neuen und hoch modifizierten Derivaten darstellt. 
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1. Introduction 

1.1 Microorganisms 

1.1.1 Their immense impact on (human) life 

 

Single-celled microorganisms represent the earliest form of life on earth and the existence of 

Bacteria and Archaea can be traced back to roughly 3.5 billion years.1–3 For the next 2 billion years, 

Bacteria and Archaea adapted to the most hostile surroundings and still dominate in terms of 

biomass nowadays.4 Nearly 1.5 billion years ago, a rare endosymbiotic union between an Archaean 

and a proteobacterium led to the formation of mitochondria and the emergence of eukaryotic 

cells.1,4–7 Data suggests that this process occurred only once during evolution - and that all 

eukaryotic cells therefore share mitochondria originating from a common ancestor.1,4 This unique 

event paved the way for the evolution of more complex cells and multicellular organisms. Their 

presence is even written in our genomes, with an estimated 65% of human genes originating from 

microbes.1 Without these tiny organisms that are invisible to the naked eye, humans would not 

exist today and microorganisms are thought to exist well beyond any extinction event in the future.8 

During the last decades, many different theories emerged in an attempt to classify all cellular life 

on earth. The first approach toward a classification was the separation into prokaryotes (bacteria) 

and eukaryotes (organisms with nucleated cells), which dates back as early as 1937.9 

Currently, the most widely used classification system was established by Woese, Kandler and 

Wheelis in 1990.10 Based on their 16S ribosomal RNA homologies, the authors divided all living 

organisms into three main groups, termed domains, as the highest taxonomic level: Bacteria, 

Archaea and Eucarya. This was the first time that Archaea were split from Bacteria  

 

Figure 1. Tree of life. A Three-domain system according to Woese, where Archaea are described 

for the first time and separated from Bacteria. B Recently discussed two-domain system in which 

eukaryotes emerge from Archaea. Figure modified from Keenleyside.11 
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and described as an own, new domain. Very recently, the discovery of Lokiarchaeota and Asgard 

Archaea challenges Woeses three-domain system since data from phylogenomic analyses affiliate 

the two phyla with eukaryotes.7,12 Therefore, a two-domain system solely consisting of the domains 

Bacteria and Archaea, in which eukaryotes emerged from the latter one, is discussed.13 The 

schematic model of these genetic relationships between species is often referred to as the “tree of 

life” and the two different systems described above are depicted in Figure 1.11,14 

 

1.1.2 Their importance in modern life 

 

Microorganisms (derived from the Greek words mikros for "small" and organismós for "organism”, 

also referred to as microbes) are extremely diverse and can be found in all domains of the tree of 

life. They include single-celled organisms like most bacteria or baker’s yeast as well as 

multicellular organisms, e.g. filamentous fungi and Streptomyces bacteria. Although viruses are 

also considered as microorganisms, they are no cellular entities and need living cells for 

propagation. They are usually not considered living organisms and due to their divergent biology 

and characteristics, they are not discussed in this context.15,16 

When we think about microorganisms in our daily live, we often associate those tiny organisms 

with negative effects for our health, probably because pathogens accounted for many deaths 

throughout human history. The Gram-negative bacterium Yersinia pestis caused three episodes of 

the plaque, including the “Black Death” in which roughly 30 – 60% of all Europeans were 

killed.17,18 Further examples of pathogens include the Actinobacterium Mycobacterium 

tuberculosis, the cause of tuberculosis, Helicobacter pylori causing chronic gastroduodenal 

diseases or pathogens of the Plasmodium group which cause malaria through infected Anopheles 

mosquitoes.19–21 Molds are notoriously known for food spoilage and the production of toxic 

mycotoxins.22 For example, the consumption of grains infected with the fungus Claviceps purpurea 

can lead to ergotism, a disease caused by ergot poisoning which manifests itself in spasms, nausea, 

gangrene and eventually death.23  

But many microorganisms contribute positively to modern life in many different aspects. They are, 

for example, used to clean wastewater or for the production of biofuels.24  

Microbes have traditionally played crucial roles in the preparation of food and beverages for 

thousands of years, e.g. species of the ascomycete yeast Saccharomyces are used for the production 

of beer, cider and wine. Yeast harvested as “waste” from beer brewing was already used by Romans 

for bread baking.25 In the process of cheese making, bacteria ferment lactose in mammal milk to 

lactic acid and fungi are used to further ripen and flavor the cheese. Brie and Camembert, for 

example, are salted during the fermentation process and the halotolerant filamentous fungus 
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Penicillium camemberti forms the typical white rind and taste.25 In Asia, soybeans and wheat are 

inoculated with Aspergillus molds for the production of soy sauce and a complex community of 

yeasts and bacteria is involved in cacao fermentation.25 Modern biotechnological applications of 

microorganisms include the industrial production of vitamins, organic acids and drugs.25  

Their ability to produce compounds that can be used as drugs is the most important aspect for this 

work and it will be discussed in more detail below. To understand how those compounds are 

biosynthesized and how we can systematically trigger their production or rationally design new 

drugs, a closer look at the natural habitats, the biology and the metabolism of microorganisms is 

needed.  

 

1.1.3 Microbial habitats 

 

As mentioned above, microbes virtually inhabit our whole planet and are perfectly adapted to 

various environmental and ecological niches, where they can live and thrive even under the most 

extreme conditions.26,27 These “extremophiles” promise huge microbial diversity, which is yet 

largely unexplored due to difficulties in their cultivation under laboratory conditions.27 Halophiles, 

for example, adapted to high salt concentration in their environment, acidophiles to acid, 

psychrophiles to low and thermophiles to high temperatures.26 A prominent representative of the 

latter group is the bacterium Thermus aquaticus, belonging to the phylum Deinococcota, which is 

the source of the heat-resistant Taq DNA polymerase enzyme. Another bacterium from the same 

phylum, Deinococcus radiodurans, is said to be “the world's toughest bacterium” since it survives 

high levels of ionizing radiation.28,29  

Microorganisms have many functions in nature. Although marine phytoplankton accounts for only 

about 1% of global plant biomass, it performs half of the global CO2 sequestration and oxygen 

production by photosynthesis.8 In addition, marine bacteria and archaea contribute to CO2 fixation 

in deep ocean water and they profoundly contribute to our food chain.8 It is estimated that the water 

column of the ocean contains up to 106 bacterial cells/mL.30 In a terrestrial environment, fungi from 

the subkingdom Dikarya (including ascomycetes and basidiomycetes) and bacteria (mainly 

actinomycetes) are the most important decomposers of organic substrates, e.g. wood, leaf litter, or 

dung.31,32 Mycorrhizal fungi form symbioses with over 90% of all plant species and up to 80% of 

the plant’s mineral nutrient requirements are contributed by their microbial partners.33 Some plants 

nearly completely rely on microbes, e.g. some orchids, which must enter symbiotic relationships 

with fungi to germinate because their seeds lack endosperm.33 

But microorganisms do not only occur in our environment: humans and other animals can be 

viewed as microbial ‘motherships’. The number of bacterial cells in the human microbiome is 
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estimated at 100 trillion.34,35 Most of them are found on the skin and in the gut, where they 

contribute e.g. to metabolism, trophic functions and immune stimulation, making humans 

essentially symbiotic organisms.34 The loss of microbial diversity in the gut is associated with 

diseases like Crohn’s or ulcerative colitis.1 It is estimated that at least one fifth of all small 

molecules found in our blood are produced by microbes.1 

In this work, the focus lies on the filamentous fungus Penicillium crustosum PRB-2 and bacterial 

Streptomyces strains. In the following part, the characteristics and biology of the higher-ranked 

phyla are introduced, followed by a more detailed description of the respective genus and strains.  

 

1.1.4 Ascomycota 

 

The kingdom fungi is estimated at 1.5 to 5.1 million different species.36,37 Ascomycota represents 

the largest fungal phylum with more than 64,000 known species and an even higher number of 

undescribed ones.38–40 Among others, it includes filamentous fungi, yeasts and fungal species that 

live in a symbiosis with algae and cyanobacteria forming lichen or mycorrhizal relationships with 

vascular plants.32,39 Well known representatives include morels, truffles (the fruiting bodies of 

species from the genus Tuber) as well as baker’s yeast Saccharomyces cerevisiae and the penicillin 

producer Penicillium rubens. Yeasts are often single cells whereas other ascomycetes form 

multicellular mycelium and fruiting bodies (see Figure 2 for examples).39,41 Therefore, Ascomycota 

is considered one of the most diverse eukaryotic phyla that can be found in practically all habitats 

around the globe. Ascomycota are eukaryotes and thus possess cells with a distinct nucleus and 

other membrane-bound organelles. In contrast to prokaryotic cells, eukaryotic cells are far more 

complex and structurally organized.40,42 

Their unifying and name giving characteristic is a specialized, sexual reproductive structure called 

ascus (Figure 3A).39–41 It typically contains eight ascospores, which are formed by the fusion of 

nuclei and subsequent meiosis.39,41 In contrast to the sexual ascospores, ascomycetes can also 

reproduce asexually by the formation of asexual spores, so-called conidia or mitospores.43 

In fact, many ascomycetes lack a sexual stage and are then referred to as anamorph.41 Nuclei in 

conidia result from mitotic division and are formed on conidiophores, which were widely used for 

the identification of species in the past due to their morphological differences (Figure 3B).39 

Conidia are as different as fungi themselves: more than one hundred terms are used to distinguish 

between the different types (Figures 3C and D).43 Their main function, however, remains the same: 

to carry the DNA of the parent strain through air or water into new surroundings. Conidia are 

mainly formed when fungi run short of nutrients and the evasion to a different habitat is indicated.43 

These ‘survival capsules’ have evolved to endure hostile conditions with thickened cell walls and 

nutrient reserves, making them perfectly suitable for long time storage in the laboratory.43  
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When a spore starts to germinate, a young hypha (germ tube) emerges, followed by elongation and 

branching. A round network of mycelium is formed, resulting in a circular new colony.42 The 

mycelium of filamentous fungi consists of septate hyphae, in which the different compartments are 

connected with one central pore (Figure 3E).42 

 

 

 

Figure 2. Diversity in the phylum of Ascomycota. A The morel Morchella esculenta. Picture taken 

from Raman et al.44 B Saccharomyces cerevisiae. Picture taken from Bernstein et al.45 C A 

mycorrhizal fungus colonizing the roots of a tree. Picture taken from Adhikari46 D The lichen 

Xanthoria parietina growing on a branch. E A ladybug infected with Hesperomyces virescens. F 

Fruiting bodies of Neolecta vitelline. Pictures D – F taken from Naranjo-Ortiz et al.40 

 

These connections allow organelles to flow towards the growing tips or in older compartments. 

The movement is clearly visible under a conventional light microscope.42 Organelles like the 

Woronin bodies (microbodies with a dense protein core, see Figure 3E), which seal septal pores 

after hyphal damage to stop cytoplasmic leakage, are only found in filamentous ascomycetes.41,42 

Another feature of fungi is the above mentioned cell wall, which is built on the surface of the 

plasma membrane, making the cells rigid and resistant to hydrostatic or mechanical stress but 

flexible and porous for nutrients (Figure 3F).42,47 The outer cell wall consists of diverse polymers 

and glycosylated proteins and is attached to the inner cell wall, which is composed of chitin and β-

glucans.47 The generation of the cell wall is highly regulated and roughly one-sixth of all fungal 

genes are involved in this process.47 The exact composition of the fungal cell wall is adapted to a 
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changing environment and is highly variable between fungal species.47 The shape of a fungus is 

solely determined by the cell wall. Removal of the cell wall of conidia, e.g. by enzymatic digestion 

leads to uniformly shaped spherical protoplasts (see Figure 3G).47 

 

 

Figure 3. Biology of Ascomycota. A Ascus and ascospores of Sclerotinia sclerotiorum. Image 

taken from Njamvere et al.48 B Conidiophores with conidia of Aspergillus spp. (left) and 

Penicillium spp. (right). Picture taken from Money.43 C Star-shaped conidium of Brachiosphaera 

tropicalis. Picture taken from Money.43 D Conidia of Alternaria senecionicola. Picture taken from 

Woudenberg et al.49 E Woronin bodies (arrows) in Aspergillus nidulans. The septate hyphae are 

connected by a central pore (asterisk). Picture modified from Momany.50 F Cell wall of Candida 

albicans. Picture adapted from Gow et al.51 G Protoplasts of Aspergillus nidulans LO8030. 
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1.1.5 Penicillium crustosum PRB-2 in the context of its genus 

 

Penicillium crustosum (P. crustosum) PRB-2 is a filamentous fungus belonging to the genus 

Penicillium. The genus was first discovered by the German botanist Link in 1809, who described 

the ’brush-like’ conidiophores of Penicillium candidum, Penicillium glaucum and Penicillium 

expansum (see Figure 3B, right).52 He chose the generic name in reference to the Latin word 

penicillus, meaning brush. Today, more than 350 different species are known within Penicillium.53 

In nature, their main purpose is the decomposition of organic materials. While this function is of 

major importance for the recycling of nutrients, it inflicts immense economical losses caused by 

postharvest infection of fruits, vegetables and grains.54 Penicillium is among the main causes for 

food spoilage and during the growth of these filamentous fungi, mycotoxins harmful for animals 

and humans are produced.52–54  

P. crustosum exhibits a grayish-green phenotype and has been isolated from sources around the 

globe, ranging from glacial ice and sea water of the Arctic to temperate, subtropical and tropical 

regions all way down to the Antarctic.55,56 However, as a food-borne species, it is most frequently 

found on protein rich sources such as nuts, meat, cheese or fruit.55 Laboratory growth of P. 

crustosum was observed at temperatures from 5 to 35 °C with an optimal growth temperature at 

around 25°C.57 A comparative analysis of secondary metabolite profiles between 121 different 

strains of P. crustosum, including 83 Arctic isolates and 38 non-Arctic isolates, revealed that all 

strains produce penitrems, roquefortines, and viridicatol. All but one strain produced terrestric acid, 

and 81 of the Arctic isolates additionally produced andrastin A.55 Their structures are given in 

Figure 4. Penitrem A is a toxin which causes neurological disorders such as tremor,58 while 

roquefortine C represents a 2,5 diketopiperazine derivative with mild neurotoxic properties.59  

 

Figure 4. Secondary metabolites isolated from Penicillium crustosum.  

The strain P. crustosum PRB-2 was isolated from a deep-sea sludge at a depth of 526 m below sea 

level near the Prydz Bay, Antarctica (Figure 5).56 After cultivation and subsequent isolation of 

secondary metabolites, two novel metabolites, penilactones A and B, were reported.56 Later, their 

biosynthetic pathway involving two separate biosynthetic gene clusters was elucidated.60 

Formation of penilactones and peniphenones requires two precursor molecules: 1. Clavatol, which 

is biosynthesized by the non-reducing polyketide synthase ClaF and can after oxidation by ClaD 



 
8   

spontaneously be dehydrated to the highly reactive ortho-quinone methide, and 2. Crustosic acid, 

a previously unknown metabolite, which is converted to terrestric acid by the nonheme FeII/2OG-

dependent oxidase TraH and the flavin-containing oxidoreductase TraD.60,61 Heterologous 

expression of another non-reducing polyketide synthase gene led to the formation of 

orsellinoylpropanoic acid and 4-hydroxy-6-(4-hydroxyphenyl)-α-pyrone was obtained upon 

expression of a non-ribosomal peptide synthetase-polyketide synthase hybrid (Figure 5).62,63  

Besides its potential in the production of secondary metabolites, P. crustosum PRB-2 was also 

optimized as a platform for secondary metabolite gene expression in our laboratory. In analogy to 

the model organism Aspergillus nidulans LO8030, which is widely used for the heterologous 

expression of genes in its wA locus (see 4.1.5 for details), the genetic locus of the pigment forming 

polyketide synthase Pcr4401 was chosen as an integration site to clearly distinguish between 

correct and ectopically integrated transformants by their phenotypes.64 Therefore, a recombinant 

strain with a white phenotype, where the pcr4401 gene was replaced by the gpdA promoter and the 

hygromycin gene for selection, was created. As a proof of principle, three genes from different 

ascomycetes were heterologously expressed in P. crustosum, each replacing pcr4401. As a result, 

production of their respective metabolites was observed.64 To allow selection with uridine and 

uracil, the homolog of the pyrG gene in P. crustosum, pcr6370, was deleted, resulting in strain P. 

crustosum FK15.64 To improve gene-targeting efficiency during transformation using homologous 

recombination, this strain was further modified by the deletion of the ku70 ortholog, pcr4870.65 

Ku70 is part of the Ku70/Ku80 heterodimer that repairs double-strand break by non-homologous 

DNA end-joining (NHEJ).66 NHEJ is the predominant repair mechanism throughout the cell cycle 

and results in ectopic integration of the introduced DNA constructs. The resulting recombinant 

strain lacking pcr6370 and pcr4870, P. crustosum JZ02,65 was used as parent strain for all genetic 

manipulation experiments described in this work. 

 

Figure 5. P. crustosum PRB-2: Its Antarctic origin,56 phenotype on a PDA plate and secondary 

metabolites. Map visualized with Google Earth. 
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1.1.6 Actinobacteria 

 

The phylum of Actinobacteria (Actinomycetota) is represented by Gram-positive bacteria that are 

typically found in terrestrial ecosystems. Many representatives show filamentous growth and the 

production of spores, for which reason these bacteria, especially the ones belonging to the order 

Actinomycetales, were initially considered a transitional form between fungi and bacteria.67,68 As 

prokaryotes, however, Actinobacteria possess a thick peptidoglycan cell wall and their genetic 

information, which shares a high G+C content of 70%, is organized in a prokaryotic nucleoid.67 

The saprophytic organisms are mainly found in soil, where they degrade organic material.67,68 Here, 

106 to 109 cells per gram of soil were reported, the broad majority of them (~95%) belonging to the 

genus Streptomyces.67 Most Actinobacteria adapted to an aerobic lifestyle and their growth 

optimum lies at 25 – 35°C, but several thermophilic representatives adapted to temperatures at 

around 60°C.67 An important characteristic to distinguish among Actinobacteria is the formation 

of spores (Figure 6). Micromonospora, for example, directly produce spores on the substrate 

mycelium, Streptomyces form aerial hyphae and the spores of Actinoplanes are motile.67  

Furthermore, Actinobacteria exhibit a wide variety of morphologies, ranging from coccoid forms 

to fragmenting hyphal forms (Nocardia) and highly differentiated branched mycelia, e.g. 

Streptomyces and Frankia (see Figure 6).67 

But the “typical soil dwellers”69 are far more diverse than assumed on the first glance. Marine 

Actinobacteria with a very low GC-content of only around 30% rank among the smallest free living 

cells.69 Some Actinomycetes are pathogens, e.g. Propionibacterium acnes, a rod shaped, anaerobic 

representative linked to the development of acne or the above mentioned Mycobacterium 

tuberculosis.21,67 The genus Bifidobacterium is well known for its probiotic features and 

exemplifies one exception from the characteristic biology of other Actinobacteria as they are non-

filamentous and do not produce spores.67 The only nitrogen-fixing actinobacteria belong to the 

genus Frankia and form close symbiotic relationship with angiosperms, enabling the actinorhizal 

plants to grow in nitrogen-deficient environments.67,68  

Filamentous Actinomycetes, especially from the genus Streptomyces, are best known for their 

production of antibiotics: they provide 64% of the known NP antibiotic classes70 and over 90% of 

clinically used antibiotics.71 
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Figure 6. Schematic drawing of the growth (A – D) and characteristic spore chains (E) of some 

Actinobacteria. A Thermomonospora B Frankia C Actinoplanes D Mycobacterium. Pictures A – 

D modified from Li et al.72 E Picture adapted from Barka et al.67
 

 

1.1.7 The genus Streptomyces  

 

Streptomyces is the most studied and perhaps the best understood genus among Actinobacteria 

with more than 600 species.73,74 The aerobic, Gram-positive bacteria with a high G+C content of  

around 70% are estimated to be 380-440 million years old.70,73 When the first genomic sequence 

of the model organism Streptomyces coelicolor (S. coelicolor) A3(2) was published in 2002, its 

predicted 7,825 genes were regarded as “the largest number of genes so far discovered in a 

bacterium”.75 Compared to a typical bacterial genome on a circular chromosome with an average 

size of around 5 Mbp and ~ 5000 encoded proteins, the genomes of Streptomyces strains are indeed 

larger: they are usually around 6-12 Mbp in size and organized as linear chromosomes encoding 

5,300 to 11,000 proteins.73,76 Streptomyces albus (S. albus) J1074, which was used as a 

heterologous host in this work, carries one of the smallest genomes among sequenced Streptomyces 

species.77 A tendency for spontaneous large deletions and amplifications has been described for 

Streptomyces, perhaps linked to the linear chromosome.78 Streptomyces occur abundantly in the 

environment and are phylogenetically widely spread.67,67,73,78 
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Their filamentous growth and the production of spores facilitate their survival in soil, where they 

produce many extracellular enzymes to decompose insoluble organic materials originating from 

plants, animals and fungi.78 Most of the time, Streptomyces exist as inactive, semi-dormant spores. 

Their complex life cycle (Figure 7A) starts when the unigenomic spore receives a germination 

trigger from the environment, e.g. the availability of water. The spores darken and due to constant 

water influx, they swell.79,80 A germ tube emerges at one or two ends of the spore and grows by tip 

extension and branch formation.67,78–80 Subsequently, vegetative hyphae form a mycelium in the 

substrate. With the depletion of nutrients, the substrate mycelium is autolytically degraded to regain 

nutrients for the formation of a second mass of mycelium: the aerial hyphae.67,80 It is assumed that 

antibiotic production peaks when the substrate mycelium is degraded to defend the released 

nutrients against other motile micoorganisms.67 The aerial hyphae grow vertically in the air and 

start to form spiral chains, which are separated by multiple septa and the change of shape, 

thickening of the cell wall, and accumulation of pigments finally lead to the formation of 

spores.67,78–81 Extraction of viable Streptomyces cultures from 70 year old soil samples 

demonstrates the resistance and survivability of spores.78 The cellular structure of a germinating S. 

coelicolor spore is given in Figure 7B. The brighter areas include the genomic DNA, which is not 

separated from the cytoplasm by a nuclear envelope. 

 

 

Figure 7. Streptomyces life cycle and cellular organization. A Life cycle of Streptomyces adapted 

from Kieser et al.78 B Electron micrograph of a germinating S. coelicolor spore showing its cellular 

organization. Picture taken from Hopwood.74  
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After depletion of storage compounds, vacuoles remain in the germinating spore.74 The mesosomes 

shown in Figure 7B are not part of the cellular structure but are artifacts resulting from the 

prefixation step when samples of Gram-positive bacteria are prepared for microscopy.82 

As mentioned above, Streptomyces is not only the source of a broad majority of antibiotics used 

today but also many other therapeutically important drugs originated from this genus. Therefore, 

its representatives are described as “Nature’s most competent chemists”67 or the “powerhouse of 

secondary metabolites”.83 It is supposed that the ecological niche plays a role in the number of 

BGC encoded.73 

In this work, genes from different Streptomyces strains, i.e. S. monomycini NRRL B-24309, S. 

varsoviensis NRRL B-3589, S. sp. NRRL F-5053, and S. sp. NRRL S-1868 and S. cinnamoneus 

DSM 40646 were investigated. All strains were ordered from the respective culture collections. 

 

1.2 Natural products  

1.2.1 History of natural product discovery from microorganisms 

 

Based on a trial and error concept, humans have used plants for a long time to cure various 

diseases.84,85 But it was not until morphine was isolated from poppy in 1806 that the specific search 

for active compounds begun.85 In the next few years, different NPs were isolated from medicinal 

plants, including quinine, caffeine, nicotine or atropine.85  

More than one hundred years later, a story began which may be among the most famous ones 

throughout medicinal history and is certainly the most important one in the fight against bacteria: 

the ‘accidental’ discovery of penicillin. Although some sources claim that antibiosis (in this case 

the bacteriostatic properties of a Micrococcus strain) was already described in 1880,86 it was 

Alexander Fleming in 1928 who noticed that an unwanted fungal contamination on his 

Staphylococcus aureus plate led to the inhibition of bacterial growth (Figure 8A).87 He 

subsequently cultivated the fungal strain, which was identified as Penicillium rubens (and not, as 

widely assumed, Penicillium chrysogenum by whole genome sequencing in 2011)88 and referred 

to the filtrated culture broth as ‘penicillin’.89 But it was not until 1939 when Ernst Chain and 

Howard Florey started to work on the isolation of the actual antibacterial metabolite and finally 

obtained a pure compound in 1942, which was later termed penicillin F (Figure 8B).90,91 Industrial 

scale production and broad accessibility to the β-lactam antibiotic led to a significant increase in 

human life span.22 This milestone in medical research won Fleming, Florey and Chain the Nobel 

Prize in Medicine and Physiology in 1945.90 While the discovery of penicillin was random, other 

antibiotics were discovered when rationally applying similar methods during the 1940s and 1950s, 

e.g. streptomycin, chloramphenicol, and erythromycin.90  
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Figure 8. A Fleming’s plate. [1] Fungal contamination, [2] lysing and [3] normally growing 

Staphylococcus aureus colonies. Picture taken from Fleming’s original publication.89 B Structure 

of penicillin F.  

 

1.2.2 Importance of natural products for modern medicine 

 

During the growth and life of microorganisms, a broad variety of compounds are produced. These 

molecules can generally be referred to as natural products (NPs). The term NP is not limited to 

microbial compounds but applies to all substances produced by living organisms.92 As a 

consequence of this broad definition, NPs comprise many different compound classes with an 

immense variety in chemical structures, functions and properties. They mainly differ from 

conventional synthetic compounds by a higher molecular mass, a larger number of oxygen atoms 

and a reduced number of halogen atoms.93 NPs include primary metabolites that are essential for 

the growth, development and reproduction of an organism, e.g. amino acids, fats, or 

carbohydrates.84,92 In contrast, secondary metabolites (SMs, sometimes also termed specialized 

metabolites) are not necessarily needed for the survival of the producer, but provide it with specific 

advantages.94 For instance, SMs can be produced in the competition with other microorganisms or 

as a reaction to stimuli from the environment, such as a changing pH value, temperature or nutrient 

depletion.84,95 With only a few exceptions, these compounds usually have relative molecular 

masses less than 1500 Da and their structural diversity ranges from very simple molecules, e.g. 

itaconic acid (C5H6O4) to highly complex toxins, e.g. palytoxin (C129H223N3O54).
96,97 

Cragg and Newman postulated “that essentially all natural products have some receptor-binding 

activity; the problem is to find which receptor a given natural product is binding to”.98  

Indeed, especially SMs produced in competition with other microorganisms have been trimmed by 

evolution for a specific pharmacological target, making them precious sources of new drugs or lead 

compounds or serving as starting points for the synthesis and modification of novel drugs.93 
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Starting in 1997, Newman and Cragg wrote a series of reviews covering NPs as sources of new 

drugs with the last update published in 2020.99 During the nearly 39 years analyzed in their reviews, 

a total number of 1881 drugs were approved by the FDA and nearly one fourth of them constitute 

NPs or their derivatives (Figure 9A). Additionally considering all synthetic drugs that mimic NPs 

or are based on a NP pharmacophore, this number rises up to 50%.99 Without doubt, these numbers 

underline the enormous impact of NPs, including SMs, on the discovery and development of new 

drugs. Nevertheless, the authors have depicted a worrying trend during the last years: the amount 

of NPs and derivatives thereof gradually declined (Figure 9B).84,99 On top, several therapeutic 

classes remain without a single approved drug originating from natural sources, e.g. antihistamines, 

diuretics, and hypnotics.98,99 

 

Figure 9. NPs in drug discovery. B: biological macromolecule, N: unaltered natural product, NB: 

botanical drug, ND: natural product derivative, S: synthetic drug. S*: synthetic drug (with NP 

pharmacophore), V: vaccine, /NM: mimic of natural product. A Pie chart of all 1881 FDA approved 

drugs from January 1981 – September 2019 and their respective origin. B N, NB, ND, and S* 

approved by the FDA during 1981 – 2019. Both charts were taken from Newman and Cragg.99 
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1.2.3 Bioactive natural products from fungi used as drugs 

 

Besides the β-lactam penicillin, various other antibiotic compounds were isolated from fungi, e.g. 

fusidic acid and pleuromutilin. The two terpenes interfere with bacterial ribosomes: Fusidic acid 

prevents the translocation of the elongation factor G whereas pleuromutilin binds to the peptidyl 

transferase of the 50S subunit of ribosomes. They are therefore potent inhibitors of protein 

biosynthesis.100,101 Both compounds are used for the topical treatment of Gram-positive bacterial 

infections.22,100,101 In contrast, the peptide cephalosporin C is not used as a drug itself but served as 

a lead compound for the development of other cephalosporins, e.g. cefuroxime, ceftriaxone, or 

cefpodoxime.102 Griseofulvin is directly used as an antifungal agent whereas pneumocandin B0  and 

the structurally related echinocandin B were templates for the antifungal drugs capsofungin and 

anidulafungin, respectively.22,103–105 Griseofulvin’s mode of action has been under discussion for a 

long time and it has been shown to bind to nucleic acids as well as interfere with the mitotic 

machinery.103 At higher concentrations, it also inhibits mitosis by binding to tubulin and therefore 

preventing its polymerization.22,103 This effect, however, is still under debate.103 

Statins are another flagship of fungal SMs that are widely used as cholesterol-lowering drugs in 

the fight against cardiovascular diseases. They inhibit the 3-hydroxy-3-methylglutaryl-CoA 

(HMG-CoA) reductase, an enzyme which reduces HMG-CoA to mevalonate, a precursor in the 

biosynthesis of terpenes and steroids, leading to decreased levels of LDL cholesterol in the blood. 

In 1976, two groups isolated mevastatin, initially referred to as compactin and ML-236B, 

respectively, from culture broths of Penicillium brevicompactum and Penicillium citrinium.106,107 

Due to severe side effects observed in dogs, it was not used as a drug. Several years later, lovastatin 

(mevinolin) was isolated from an Aspergillus terreus culture and was approved by the FDA in 

1987.108 

Other examples of fungal SMs that are used as drugs include the immunosuppressants 

mycophenolic acid and ciclosporin A or the ergot alkaloids ergotamine and ergometrine, which are 

produced by the previously mentioned Claviceps purpurea and are used as treatment of acute 

migraine attacks and postpartum haemorrhage, respectively.22 

Structures of the above mentioned compounds are given in Figure 10. 
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Figure 10. Fungal SMs that are used as drugs or drug leads. 
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1.2.4 Bioactive natural products from bacteria used as drugs 

 

Roughly at the same time as Flemings ground breaking discovery, Waksman observed that 

Actinomycetes kill other bacteria when growing in soil.109 Starting in 1939, he conducted 

systematic screenings (‘Waksman platform’) of estimated 10,000 strains of different microbes in 

order to find more antibacterial metabolites.71 Soon, four new compound were identified: 

actinomycin, streptothricin, fumigacin and clavacin, which were all toxic to animals and therefore 

not used as antibiotic drugs.71,109 It was four years later when the aminoglycoside streptomycin was 

isolated from a Streptomyces griseus strain.67,71 In 1949, the Waksman lab discovered neomycin 

(from Streptomyces fradiae)71 and in the meantime, several other drugs were isolated in other 

laboratories, e.g. chloramphenicol from Streptomyces venezuelae, erythromycin from 

Saccharopolyspora erythraea and chlortetracycline from Streptomyces aureofaciens.70,71 This 

‘Golden Era’ of antibiotics had its peak in the mid-1950s and gave rise to many important classes 

that are still widely used today.70  

Actinomycin D, which was identified as an antibiotic compound from Waksman’s platform, was 

the first antibiotic that also exhibited anti-cancer activity and is still used for the treatment of 

various types of cancer.110 Other examples of blockbuster anti-cancer drugs that were isolated from 

bacteria include e.g. bleomycins from Streptomyces verticillus, doxorubicin from Streptomyces 

peucetius, and the semi-synthetic ixabepilone, an amide analog of epothilone B from Sorangium 

cellulosum.110  

Antifungal agents from bacteria include amphotericin B (Streptomyces nodosus), pentamycin 

(Streptomyces pentaticus), and natamycin (Streptomyces spp.), whereas rapamycin (sirolimus, 

Streptomyces hygroscopicus) and tacrolimus (Streptomyces tsukubensis) represent examples of 

bacterial immunosuppressants.111 Structures are given in Figure 11. 
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Figure 11. Bacterial SMs that are used as drugs or drug leads. 

 

1.2.5 Bioactive cyclodipeptides with a 2,5-diketopiperazine scaffold 

 

CDPs with a 2,5-diketopiperazine (DKP) scaffold are a class of NPs that have recently attracted 

significant attention due to their unique properties and diverse range of applications. They represent 

the smallest possible cyclic peptides since they solely consist of two α-amino acids that are 

condensed by two amide bonds.112 The DKP scaffold imparts several important properties:  

In contrast to their acyclic counterparts, CDPs exhibit an increased stability against proteolysis.112 

Furthermore, the DKP ring confers structural rigidity to the molecule, making it less flexible than 

linear peptides. Nevertheless, the six-membered ring can both adopt a flat conformation or a 

slightly folded ‘boat’ form (as shown for bicyclomycin in Figure 12).112,113 The stereochemistry of 

the constituent amino acids and the DKP ring itself, which possesses 2H-bond acceptor and 2H-

donor sites, can greatly influence the molecule's interactions with biological targets, e.g. receptors 

or enzymes.112 These characteristics endow CDPs with a DKP scaffold with various biological 
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activities. They are mainly found in nature as secondary metabolites produced by various 

microorganisms, in particular fungi and bacteria.112,113  

Many biologically active CDPs with a DKP scaffold are based on tryptophan as one constituent 

amino acid and thus contain an indole moiety. Examples include brevianamide F (cyclo-L-Trp-L-

Pro, cWP), which was isolated from both fungi and bacteria, e.g. Aspergillus fumigatus and 

Streptomyces sp. strain TN58, and exhibits antibacterial as well as antifungal activity.114–116 Other 

fungal modified cWP derivatives include the mycotoxin verruculogen, fumitremorgins, the cell 

cycle inhibitor spirotryprostatin B and related tryprostatins, which have been isolated from 

different Penicillium and Aspergillus species.117–119 A joint biosynthetic pathway in Aspergillus 

fumigatus based on brevianamide F is discussed for spirotryprostatins, with fumitremorgins and 

tryprostatins as precursors.117 The antitumor indole alkaloids stephacidin A and B as well as the 

structurally related avrainvillamide represent further important examples.120 More tryptophan-

containing CDPs with another amino acid are the above mentioned toxin roquefortine C, a cyclo-

L-Trp-L-His derivative, and the bacterial metabolites thaxtomins and naseseazines (NASs). 

Thaxtomins are phytotoxins consisting of a 4-nitrotrytophan and phenylalanine scaffold that are 

mainly produced by Streptomyces scabies and cause potato scab.121,122 NASs are a set of tryptophan 

containing CDP analogs and some of them, e.g. NAS-10, 11, 12, and 27, show potent activity 

against glutamate induced damage and therefore neuroprotective properties which could be used 

in the treatment of Alzheimer’s disease.123  

The structurally unique bicyclomycin from S. cinnamoneus bears a cyclo- L-Leu-L-Ile backbone, 

which is subject to multiple hydroxylations and an intramolecular ring closure. It exhibits activity 

against a broad spectrum of Gram-negative bacteria and is used as an antibiotic drug.124 The 

epipolythiodioxopiperazine mycotoxin gliotoxin, comprising the amino acids L-Phe and L-Ser, was 

originally isolated from Gliocladium fimbriatum and is one of the most abundantly produced 

metabolites in human invasive aspergillosis, where it mediates immunosuppressive activity.125 

Based on the impressive wealth of bioactive CDPs with a DKP scaffold, several synthetic drugs 

harboring a DKP scaffold were designed. The most well-known one might be the 

phosphodiesterase type 5 inhibitor tadalafil. The FDA-approved drug is used to treat erectile 

dysfunction, benign prostatic hyperplasia, and pulmonary arterial hypertension.126–128 The oxytocin 

receptor antagonist retosiban is used to prevent preterm labour and premature birth whereas the 

small molecule plinabulin, initially registered as a antitumor drug against non-small cell lung 

cancer, is now in clinical trial for the reduction of chemotherapy-induced neutropenia.129–131 

Structures of the above mentioned compounds are given in Figure 12. 
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Figure 12. Microbial CDP derivatives and synthetic drugs with a DKP scaffold (red) that exhibit 

biological activity and/or are used as drugs. A cWP and its derivatives with a DKP scaffold from 

microbial sources. B Other CDPs with a DKP scaffold from microbial sources. C Synthetic drugs 

with a DKP scaffold.  
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1.3 Biosynthetic gene clusters and their functional elucidation 

1.3.1 Biosynthetic gene clusters, genome mining and bioinformatics 

 

How do microorganisms produce those medically important molecules? This question busied many 

scientists and a first approach to gain at least indirect insights was given with biomimetic synthesis, 

where NPs were synthesized chemically. These in vitro reactions were thought to mirror 

biosynthesis in nature.96 When 14C labeled precursors became broadly available, isotopic tracing 

was first applied to primary metabolism and later to secondary metabolism starting in 1950.96 In 

the following years, the broad outline of SM biosynthesis was laid. Later, mutation, mostly induced 

by UV light or chemicals, was applied to further investigate the molecular mechanism behind 

primary and secondary metabolism:96 

David Hopwood, a pioneer in Streptomyces genetics, was among the first researchers to gain 

insights into the underlying molecular mechanisms for the production of SMs. During his work on 

the biosynthesis of the red-pigmented antibiotic actinorhodin from Streptomyces coelicolor, he 

used UV light to create mutants lacking the ability to produce the antibiotic, easily observed by 

means of the colonies’ color.111,132,133 Mapping of the induced mutations and comparison to the 

wildtype strain showed that they were all clustered within a small section of the genomic DNA. 

Subsequent cloning of the 21 kb long DNA fragment from the original S. coelicolor strain and 

introduction into the non-producing mutants restored the production of the pigment. More 

importantly, transformation of Streptomyces parvulus with the endogenous DNA fragment also 

initiated actinorhodin production in the heterologous host.111,132,133 These experiments proved two 

major findings: 1. That genes involved in the biosynthesis of SMs seem to be located next to each 

other in a small section of the genome and 2. That DNA from one organism can be introduced into 

a heterologous host, which can be purposely manipulated to produce desired compounds. Ever 

since, biosynthesis of SMs has been the subject of intense research and with the first genomes 

sequenced at the beginning of the century, a new age of genomics-driven NP discovery was 

heralded. 

Genes encoding the enzymes required for the production of microbial SMs are usually co-regulated 

and found in close proximity to each other in so-called biosynthetic gene clusters (BGCs).94,134 

Usually, BGCs consist of a core gene (backbone gene) that determines the class of the produced 

metabolite and one or more genes encoding tailoring enzymes. The latter ones further modify the 

scaffold synthesized by the core enzyme(s) to form a final pathway product. Often, mixed pathways 

involving two distinct core enzymes are observed. In addition, pathway-specific transcription 

factors (TFs), transporters or other genes with unknown functions encoding hypothetical proteins 

can be found in BGCs.134 It is noteworthy that more than half of all fungal BGCs contain a putative 

regulatory gene.135,136 
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Figure 13. Organization of genes in BGCs.  

 

Although the structural diversity of SMs is immense, their biosynthetic principles and their genetic 

signatures, especially those of core enzymes, are usually highly conserved.137,138 To predict BGCs, 

this similarity has been exploited to analyze sequenced genomes and screen them against profiles 

of known enzymes involved in the biosynthesis of SMs.137A drawback of this approach is the 

possibility that novel pathways lacking known signatures may not be uncovered.139  

Using bioinformatic tools to mine the genome of an organism in search of BGCs involved in the 

biosynthesis of SMs is usually summarized in the term “genome mining”.138 It represents a very 

powerful and versatile approach which has significantly accelerated the discovery of novel 

bioactive compounds and expanded our understanding of the genetic potential of various 

organisms.  

Many software tools were developed for the detection of BGCs, e.g. SMURF, BAGEL, ClustScan, 

CLUSEAN or antiSMASH.137,140 AntiSMASH (antibiotics and secondary metabolite analysis 

shell) is among the most widely used, comprehensive and accurate platforms nowadays.141 When 

submitting a genome for analysis, it is possible to distinguish between bacterial, fungal and plant 

genomes, making the predictions even more precise. Established in 2011, antiSMASH has been 

updated regularly and its latest version (7.0, as of 2023) differentiates between 81 cluster types.141  

 

1.3.2 Elucidation of cryptic biosynthetic pathways 

 

While many compounds were isolated from microorganisms in the last century, we only began to 

understand the true wealth of SMs that could possibly be produced by microorganisms when the 

first whole-genome sequences of actinobacteria and fungi were available at the beginning of this 

century.142 Although the genome sequences can easily be analyzed and scanned for BGC, the 

programs cannot (yet?) predict expression levels of biosynthetic genes.143 Most genes involved in 

the production of SMs are not expressed under laboratory conditions, mainly because the stimuli 

needed for their production, e.g. competition with other microbes, are not represented in this sterile 

set up.142,144–146 Therefore, the amount of predicted BGCs in microorganisms is far greater than the 
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one of isolated compounds.142,145 Gene clusters that are inactive under laboratory conditions are 

also referred to as ‘silent’ or ‘cryptic’ and their vast numbers mirror an untapped SM treasure chest 

of often novel compounds.142,145–148 Only considering fungal BGCs, Keller estimated that their 

numbers “lie over several million, a potentially several-fold underestimation”.134 To elucidate the 

function of cryptic gene clusters, different methods have been employed, established, and 

exhaustively applied. These approaches can either be specific for a given biosynthetic pathway or 

pleiotropic, inducing global changes and therefore altering the expression of several different genes 

at the same time.142 In the following part, some of these methods are introduced in more detail. 

Independent from the chosen approach, the metabolite profiles of altered and unaltered strains are 

compared and newly produced compounds can be isolated and their structure elucidated. When 

pleiotropic approaches result in the production of an interesting compound, genome mining can 

help to identify the respective BGCs involved and the pathway can be probed. Figure 14 provides 

an overview of a possible workflow for the discovery of SMs. 

 

 

Figure 14. Possible workflow for the discovery and elucidation of cryptic biosynthetic pathways.  

  



 
24   

1.3.3 Pleiotropic activation of BGCs 

 

The most simple and inexpensive methods to compensate missing triggers from the environment 

include co-cultivation of microorganisms or the cultivation of a single organism under different 

conditions. The last strategy was established as the “OSMAC (One Strain–Many Compounds) 

approach” by Bode et al.149 and focuses on variation of fermentation conditions, where different 

culture media, type of culture vessels, temperatures, pH values, light sources or aeration rates are 

chosen.144,147–149 Advanced OSMAC approaches were later developed and include the addition of 

low-concentration antibiotics, signal molecules, histone deacetylase inhibitors or rare earth 

elements to culture media.145,147 

Genetic manipulation of global transcription regulators can alter the SM profile, both by up- and 

downregulation of different pathways.134 Among many others, only a few known global regulators 

are discussed below. 

LaeA, known as Lae1 in most fungi, is a nuclear protein found in many Aspergillus strains. 

Together with VelA and VelB it forms the Velvet complex, which is a powerful transcriptional 

complex in the global regulation of SM biosynthesis in fungi.134 After deletion of laeA homologs, 

some known and previously produced metabolites could not be detected in the mutant strains 

anymore, e.g. sterigmatocystin and penicillin in Aspergillus nidulans (A. nidulans) or gliotoxin in 

Aspergillus fumigatus.143 Upon overexpression, increased levels of penicillin and lovastatin were 

observed in the A. nidulans and Aspergillus terreus OE::laeA mutants. Additionally, production of 

terrequinone A was induced in A. nidulans, a compound which was not detected in this strain 

before.143 McrA seems to negatively regulate BGCs in Aspergillus and Penicillium species.134 

Similar pleiotropic global regulatory genes, afsR and afsS, were reported for S. coelicolor A3(2).150 

In Gram-negative Burkholderia bacteria, the global regulator encoded by scmR was shown to 

suppress secondary metabolism.151 

In eukaryotes, modification of histone, e.g. acetylation or methylation, alters the chromatin 

landscape, resulting in better accessibility of DNA for the transcriptional machinery and 

transcription factors and therefore influencing gene transcription.148 For example, deletion of cclA 

involved in histone methylation in A. nidulans resulted in the detection of six additional aromatic 

compounds.152  

Pleiotropic activation of secondary metabolism often results in the activation of different BGCs at 

the same time and is therefore a fast approach for the discovery of several (new) compounds. Due 

to its unspecific nature, the function of the respective gene clusters must be proven separately to 

verify its function. 
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1.3.4 Gene expression in a heterologous host 

 

Perhaps the most prevalent, powerful and effective method for the elucidation of cryptic BGCs is 

the expression of genes in a heterologous host.145,153 This approach is based on the assumption that 

the underlying biochemical mechanisms between a native and a heterologous host are similar or 

same.  

Classically, the single targeted genes or the whole BGCs are cloned into an expression vector, 

which is subsequently used to introduce the foreign DNA into the heterologous host using different 

transformation methods. The expression construct can either be integrated into the genome of the 

heterologous host or remain extrachromosomal.142,148 Although the cloning process may be time 

consuming (especially when working with large BGCs), heterologous expression of genes harbors 

several advantages: newly observed products can directly be linked to the expressed enzymes, 

product formation can be accelerated in comparison to slowly growing native hosts and gene 

clusters from uncultivable organisms (e.g. obligate symbionts that cannot grow without their host) 

can be investigated.146,148,154,155 

Choosing the optimal heterologous host for gene expression is a critical factor limiting the success 

of this approach. Therefore, many model organisms have been extensively studied, genetically 

optimized and protocols for the genetic manipulation have been established. Depending on the 

native organism, the heterologous host should be chosen accordingly for best results, e.g. a bacterial 

strain for the expression of bacterial BGCs or a fungal strain for fungal ones.  

A plethora of bacterial heterologous hosts has been described in literature, perhaps the most 

important ones being strains of Escherichia coli (E. coli) and Streptomyces, i.e. S. coelicolor, S. 

lividans, and S. albus.154 In general, prokaryotes are easier to work with because they are better 

understood and they offer many attractive advantages, such as shorter growth times, easy genetic 

manipulation protocols using inexpensive equipment and materials and high productivity.  

Eukaryotic cells, especially yeasts and filamentous fungi, can be used as an alternative. Due to their 

complex biology, Ascomycetes are far more challenging to manipulate but represent well suited 

hosts, especially for the expression of fungal genes. Filamentous fungi, in particular A. nidulans, 

Aspergillus niger (A. niger) and Aspergillus oryzae (A. oryzae), have broadly been used as 

heterologous hosts.156 As eukaryotes, fungi do not only process introns more accurately but also 

harbor endogenous PPTases ensuring correct post-translational modifications. More practical 

advances are displayed in cheap cultivation media using for example cellulose as a carbon source 

and their “Generally Recognized As Safe” (GRAS) status.156,157 

Promoters are another crucial factor that should be considered when genes are expressed in 

heterologous hosts. To ensure high production of SMs, strong promoters should be included in the 

expression construct. Constitutive promoters, like the fungal gpdA (A. nidulans), adhA (A. niger), 

pki (Trichoderma reesei) or the bacterial ermEp* (Saccharopolyspora erythrea), sp44 (S. albus), 
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p21 (S. albus) permanently boost transcription of downstream DNA.155,158–161 Inducible promoters 

can be activated chemically or physically and examples include the ethanol-, maltose-, thiamine- 

or starch-dependent promoters alcA (A. nidulans), amyB (A. oryzae), thiA (A. oryzae), or glaA (A. 

niger), respectively, or vvd (Neurospora crassa) responding to light.159,162 To achieve full 

functionality of heterologously expressed BGCs, Moore and colleagues demonstrated that four 

strong, constitutive promoters were required for the activation the cryptic streptophenazine cluster 

expressed in S. coelicolor M1146.155 

However, many genes or BGCs remain silent after expression in a well-established and validated 

expression system and no heterologous production of SMs is detectable.142,155 The flexible 

applications and yet limiting aspects of heterologous expression is best demonstrated by some 

examples. Although belonging to different phyla, 30 genes from the basidiomycete fungi Clitopilus 

pseudo-pinsitus and Stereum hirsutum were expressed in A. oryzae, resulting in product formation 

in 15 cases. In the other cases, no product was obtained due to incorrectly spliced RNA. In 14 

cases, however, correct splicing and subsequent product formation was observed after manually 

predicting and eliminating intron sequences in expression constructs by PCR.153 Another example 

where incorrect splicing hampered product formation was reported by Cox’s lab. Here it was 

observed that one out of three introns from Magnaporthe oryzae genes in A. oryzae were not 

processed correctly, resulting in a frameshift and premature stop codon. Expression of these two 

genes in the host itself, on the other hand, did not cause any problems.163  

Another factor influencing successful heterologous expression of genes is the inability to recruit 

essential building blocks for biosynthesis, especially when uncommon substrates are used.155 

Addition of precursors, on the other hand, was shown to increase product yield in a heterologous 

host: When para-hydroxybenzoic acid was added to culture medium of A. nidulans expressing a 

non-ribosomal peptide synthetase-polyketide synthase gene responsible for the production of 4-

hydroxy-6-(4-hydroxyphenyl)-α-pyrone, the amount of product obtained significantly increased.63 

In this work, two heterologous hosts were used: The Gram-positive bacterium S. albus J1074 and 

the filamentous fungus A. nidulans LO8030. The strains, detailed genetic features and their 

utilization in this work are described in more detail in the results section (4.1.5 and 4.2.5). 

 

1.3.5 Genetic manipulation of the native host 

 

As exemplified for Magnaporthe oryzae above, manipulation of the native host represents an 

elegant alternative to heterologous expression of genes. This strategy can be employed to strains 

amenable to genetic manipulation, and is especially fast to execute when protocols for the host 

have already been established. A huge benefit is the correct processing of genes, e.g. RNA splicing 
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and usage of codons, which is not necessarily given when expressing genes in a heterologous 

host.153,163  

As mentioned above, many biosynthetic gene clusters harbor pathway-specific transcription 

regulators.148 Usually, TFs regulate the expression of genes involved in the biosynthesis of one 

compound either positively or negatively (repressors) and hence influence transcription.142 They 

can be manipulated in different ways, e.g. by the deletion of negative regulators or over-expression 

of positive regulators.142,147,147,148,156 The TFs can either de replaced by or fused with strong 

promoters.148 Activation, e.g. by replacement of the endogenous regulatory element or insertion of 

a stronger exogenous promoter, often leads to expression of genes and subsequent product 

formation.148,162 

The smaller size of classically employed transformation constructs, which usually only consist of 

up- and downstream regions for targeting, a selection marker and, if needed, a promoter, 

additionally ease this approach. 

 

1.4 Biosynthesis of secondary metabolites 

 

1.4.1 Classes of SMs and their biosynthesis 

 

Core enzymes involved in the biosynthesis of microbial SMs mainly use building blocks from 

central metabolic pathways, e.g. acetyl coenzyme A (acetyl-CoA), which usually enters the citric 

acid cycle or amino acids, e.g. used for protein biosynthesis.134 In his review, Bentley accurately 

summarized: “Secondary metabolism utilizes a limited number of metabolites available from 

primary metabolism in novel ways”.96 Those small building blocks are connected during SM 

biosynthesis by the respective core enzymes to form the scaffold of a metabolite. This way, the 

core enzyme also defines the chemical class of the produced SM: Polyketide synthases (PKSs) and 

terpene synthases (TSs) or terpene cyclases (TCs) utilize acyl building blocks to form polyketides 

(PKs) or terpenes, respectively, and non-ribosomal peptide synthetases (NRPSs) or cyclodipeptide 

synthases (CDPSs) synthesize non-ribosomal peptides (NRPs) from free amino acids and 

aminoacyl-tRNAs, respectively (Figure 15).134 Mixed pathways employing two distinct families of 

core enzymes result in the production of hybrid products. Based on their biosynthetic origin, the 

main classes of SMs that can be found in microorganisms, especially bacteria and fungi, are PKs, 

terpenes and NRPs. They are depicted in Figure 15 and shortly introduced in the following part.  



 
28   

 

Figure 15. Overview of microbial SM classes (orange) based on their biosynthetic origin. Building 

blocks from primary metabolism are depicted in blue. Adapted according to Keller 2019.134 

 

Terpenes 

With over 80,000 known compounds, terpenes constitute the largest class of NPs.97,164 They are 

biosynthesized by only two building blocks: dimethylallyl pyrophosphate (DMAPP) and its isomer 

isopentenyl diphosphate (IPP), which can be derived either from acetyl-CoA in the mevalonate 

pathway as depicted in Figure 15 or from 2-C-methyl-D-erythritol 4-phosphate (MEP) in the 

corresponding pathway.164–166 Although terpenes are mainly produced by plants, where they are 

responsible for their typical fragrances, tastes and pigments that serve e.g. as an attractant or 

repellent, they can also be found in bacteria, fungi and animals.165,166 Examples include the fungal 

mycotoxin aristolochene (the precursor of PR toxin), the above mentioned antibiotics fusidic acid 

and pleuromutilin or geosmin, which is responsible for the earthy smell after rainfall or in the 

forest.22,101,134,167 
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Polyketides 

PKs are a diverse group of NPs and a prolific source of new drugs.168,169 Their structural diversity 

ranges from simple molecules such as 6‐methylsalicylic acid (6‐MSA) or its derivative orsellinic 

acid to more complex structures like the above mentioned actinorhodin or maitotoxin, a toxin with 

the chemical formula C164H256O68S2Na2 and 32 fused rings.170 The typical 1,2-substitution pattern 

of PKs can easily be recognized and stems from their biosynthetic pathway.171,172 Their 

biosynthesis is discussed in detail in 1.4.2. 

Peptides 

Peptides are short amino acids chains joined together by peptide bonds. NRPs and ribosomally 

synthesized and posttranslationally modified peptides (RiPPs) are two distinct classes of peptide 

SMs synthesized in living organisms.173,174 In analogy to ribosomal peptides formed in primary 

metabolism, RiPPs are synthesized on ribosomes.175,176,176 RiPPs undergo additional modification 

steps after the initial translation, e.g. shortening of the peptid chain, addition of methyl groups or 

sugars, cyclization reactions, or rearrangements.174,175 NRPs, on the other hand, are synthesized 

independently of ribosomes.177,178 They are produced by NRPSs: large, multifunctional enzymes 

that incorporate specific amino acids into the growing peptide chain in a predetermined order based 

on the enzyme's structure and mechanism.178–181 Among others, substrates of NRPSs include both 

proteinogenic and non-proteinogenic amino acids, making them structurally diverse.178,179,182 

Examples of NRPs include the above mentioned penicillins, pneumocandin B0, and ciclosporine 

A. The biosynthesis of CDPs is discussed in detail in 1.4.3. 

Although the SM profile of bacteria and fungi can be diverse and species-specific, the basic 

biosynthetic pathways and the resulting chemical classes of SMs apply to both. Some metabolites 

have been isolated from fungi as well as bacteria. One example is the terpene geosmin, first isolated 

from Streptomyces griseus.167 Because its BGC is conserved in virtually all Streptomyces strains, 

it is a trademark of this bacterial genus; however, geosmin was also isolated form myxobacteria, 

cyanobacteria, ascomycete and basidiomycete fungi, amoebae, insects and plants, e.g. beetroot, 

where it causes the earthy flavor.167,183,184 Horizontal gene transfer, at least between bacterial 

strains, is a likely explanation for the widespread distribution of the geosmin BGC.184  
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1.4.2 Polyketide biosynthesis 

 

PK biosynthesis has been subject of intense research during the last decades and an immense 

amount of original research papers, books, and review articles on this topic was published. 

Although the basic molecular mechanism of PKSs was already established at the beginning of this 

century and our knowledge seems inextricable, with many review articles covering several dozen 

pages, most of them only dedicated specifically to fungal or bacterial PK biosynthesis; e.g. the 86 

pages long review article on trans-AT systems by Helfrich and Piel,185 PK biosynthesis continues 

to reveal unexpected secrets. Here, only details required for the understanding of this work are 

represented.  

PKs display a structurally diverse group of SMs that are produced by PKSs. These usually large, 

multi-domain enzymes condense simple acyl building blocks in repetitive decarboxylative Claisen 

condensations to form C-C bonds and generate a linear carbon chain.171,172,185,186 PK biosynthesis 

is closely related to fatty acid biosynthesis employing fatty acid synthases (FASs). The main 

difference between the two pathways is the optional full reduction of the PK backbone and the 

selection of substrates.169,186 Due to their biosynthetic origin, PKs display the typical 1,2-

substitution pattern. Additionally, and also in contrast to FASs, the growing PK chain can be 

methylated.186 PKSs are found in bacteria, fungi, and plants and contain different domains, each 

performing a specific task during PK biosynthesis. Typical domains of PKSs and their role during 

biosynthesis are listed in Table 1 and described in more detail below.171,172,186–188 

Despite their biological differences, the molecular mechanism of PK biosynthesis in fungi and 

bacteria are very similar, and the successful heterologous expression of bacterial PKSs in a fungal 

host was reported.188 

 

Table 1. Domains in PKSs.171,172,186–188 

Domain Abbr. Function 

Keto synthase KS Selection of starter unit and condensation  

Acyl transferase AT Selection of extender unit 

Acyl carrier protein ACP Carriage of the nascent PK chain 

Keto reductase KR Reduction of ketone  

Dehydratase DH Water elimination: conversion of β-alcohol to β-double bond 

Enoyl reductase ER Reduction of C-C double bond  

Methyltransferase MT Methylation at the α-position 

Product template PT Cyclization of poly-ketone intermediate 

Thioesterase TE Release of the PK from the enzyme 
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Figure 16. Types of PKSs found in microorganisms and plants. The different domains are given 

in Table 1. Picture modified from Shen.189 

 

PKSs can be classified into three distinct groups, i.e. types I, II, and III PKSs (Figure 16). In 

analogy to the nomenclature of fatty acid biosynthesis, type I describes linearly arranged and 

covalently fused catalytic domains within one enzyme.172 Type II PKSs represent dissociable 

complexes of discrete enzymes that use CoA as an anchor for chain extension and not the ACP 

domain. Up to date, type II systems remain unique for bacteria and the above mentioned 

actinorhodin is one example of a PK biosynthesized by a type II PKS.190,191 Type III PKSs, also 

known as chalcone synthase like PKSs, are homodimers of subunits based on KS domains. In 

contrast to type I and II systems, they directly act on acly CoA substrates and do not need an ACP 

domain. They are found in plants, fungi, and bacteria.172,188,189 The focus will only lie on type I 

PKSs in the following section since these enzymes were examined in the first project of this work. 

Type I PKSs represent the most prevalent enzymes for PK biosynthesis since they can abundantly 

be found in bacteria and fungi. Type I PKSs can either be modular or iterative (Figure 16).172,188 

Modular type I PKSs (mPKSs) are organized as modules, where each module harbors different 

domains that are only used once in the order of their appearance during biosynthesis.189,192 As a 

consequence of this ‘assembly line’ biosynthesis, mPKSs are huge enzymes.186,187 The molecular 

mass of the 6-deoxyerythronolide B synthase from Saccharopolyspora erythraea, perhaps one of 

the most well-studied mPKS, exceeds 2 MDa.192 These megasynthases can mainly be found in 

bacteria. In contrast, iterative type I PKSs (iPKSs) are considered a trademark of fungi although 

some representatives have recently been discovered in bacteria.168,187 iPKSs use the distinct 

domains repeatedly in a cyclic fashion, making the enzymes much smaller. Since not every domain 

is used in each round of elongation and the exact programming of iPKSs is not fully understood, it 

is almost impossible to predict product formation.172,186,188 
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The minimal domain structure of a iPKS includes KS, AT, and ACP domains (Figure 17A). To 

initiate PK synthesis, both starter unit, usually acetyl-CoA and extender unit, e.g. malonyl-CoA, 

are loaded onto the PKS. The starter unit is selected by the KS domain and the externder unit, 

which is loaded onto the ACP domain, chosen by the AT domain. Subsequently, both substrates 

are condensed by the KS domain in a decarboxylative Claisen condensation. During this reaction, 

a C-C bond is formed between the starter unit und the extender unit and CO2 is released, resulting 

in the formation of a β-ketothioester intermediate tethered to the ACP domain and a free KS 

domain.171,185 

The ACP domain shuffles the backbone chain between the active centers of other domains, e.g. 

DH, ER, KR etc. To do so, it utilizes the 4′-phosphopantetheinyl (Ppant) prosthetic group from 

CoA, which is transferred to the ACP domain by Ppant transferases186,187 and is often referred to 

as ‘the flexible arm’ of the ACP domain.185,187,192,193 The β-position of the PK chain can be mofified 

stepwise after the condensation reaction (Figure 17B): Reduction of the ketone to a secondary 

alcohol is performed by a NADPH-dependent KR domain.171,186 The DH domain further alters the 

β-position to an α,β-unsaturated thiolester and the flavin mononucleotide (FMN)-containing 

NADPH-dependent ER domain catalyzes the formation of a fully saturated thiolester.171,185,186,193 

Other tailoring reactions of the growing PK chain include methylation by a MT that uses the methyl 

group from S-adenosyl methionine (SAM) to produce an α-methyl-β-ketothiolester171,172,186,193 or 

cyclization by PT domains, which specifically catalyze C2–C7, C4–C9 and C6–C11 cyclization of 

the nascent PK chain.171,172 

Subsequent to these optional modification reactions, the growing PK chain is shuffled to the KS 

domain and the AT domain catalyzes the loading of another extender unit onto the ACP domain. 

Then, another elongation and modification cycle can take place. At the end of the PK assembly, 

release of the PK chain can be achieved by various mechanisms, which are either catalyzed by PKS 

domains itself or by distinct enzymes. AT (like) domains are known to be involved in off-

loading188,194 and in other cases, C-terminal TE domains cleave the PK from the enzyme, usually 

by hydrolysis or macrocyclization.187,194 Since many PKSs do not harbor integral domains that 

catalyze product release, the PK chain remains tethered to the ACP after the final extension. These 

systems completely rely on other enzymes for product release, such as hydrolases or 

oxygenases.188,194  

The degree of β-keto reduction depends on the presence of the reductive domains (KR, DH and ER 

domains) and their involvement in each cycle. According to their reductive behavior, fungal iPKSs 

can be further subdivided into highly reducing (HR-), partially reducing (PR-) and non-reducing 

(NR-) PKSs.169,171,172,186,188 HR-PKSs, responsible for the production of highly reduced PKs, 

usually harbor all three reductive domains; the ER domain, however, is not necessarily present in 

HR PKSs.169,185,186,193 They are closely related to type I fatty acid synthases, which rely on the same 

reaction mechanism to generate fully reduced alkyl chains.185 
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Figure 17. Polyketide biosynthesis exemplified for a iPKS including optional tailoring reactions. 

Domains involved in the respective steps are given on top of each arrow. A Detailed mechanism 

of PK biosynthesis involving a minimal set of KS, AT and ACP domains in an iPKS, acetyl-CoA 

as a starter unit and malonyl-CoA as an extender unit. B Optional α- and β-tailoring reactions of 

the growing PK chain catalyzed by KR, DH, ER and MT domains.  

NR-PKSs, on the other hand, lack all reductive domains and form primarily aromatic 

ompounds.171,188 The PT domain is unique for NR-PKSs.171 

This ‘textbook model’ of PK biosynthesis described above is simplified and has experienced many 

exceptions and expansions during the last years.172,185 One example includes a more detailed 

knowledge on AT domains: In mPKSs and NR-PKSs, a SAT (starter unit ACP transacylase or 

starter unit acyl transferase) domain, closely related to the AT domain, is responsible for the 

selection of the starter unit, allowing broader substrate flexibility and product variety.186,188 A 

malonyl-CoA specific AT domain solely using malonyl as an extender unit, on the other hand, is 

sometimes also referred to as MAT (malonyl AT or malonyl-specific AT),171,172,186,193 which must 

not be confused with the dual-specific MAT from FASs.171 PKSs with the involvement of a free-

standing AT domain, that is not part of the enzyme itself but encoded separately in the genome, are 

called trans-AT systems.188 More than one third of bacterial mPKSs represent trans-AT PKSs. In 

this context, AT domains within the PKS are called cis-AT domains.185 The HR-PKS CalA, for 
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example, employs both trans-ER and trans-MT for calbistrin A biosynthesis – despite harboring a 

fully functional MT domain of its own.188 In several cases, it has been observed that domains are 

not used at all during the biosynthesis of PKs but are still part of the enzyme. These non-catalytic 

domains are often called ‘pseudo’ domains and marked with the Greek letter Ψ, e.g. ΨMT or 

ΨKR.171 

Recently, Piel’s team discovered a PKS core component that catalyzes oxygen insertion into the 

growing PK chain in a trans-AT PKS form the bacterium Serratia plymuthica.195 

Progress has also been made considering the variety of starter- and extender units uncovered in PK 

biosynthesis. Propionyl-CoA, succinyl-CoA, intermediates from FAS, p-nitrobenzoic acid or 

modified amino acids were observed as substrates for the initial priming of the PKS. Structural 

diversity of extender units seems to be more limited and includes for example methylmalonyl-CoA, 

chloroethylmalonyl-CoA, allylmalonyl-CoA, or hexylmalonyl-CoA.187,196 

 

1.4.3 Cyclodipeptide biosynthesis 

 

As mentioned in 1.2.5, CDPs with a DKP scaffold consist of a six-membered ring with two amide 

bonds and represent the smallest cyclic peptides.113 In microorganisms, they are usually 

biosynthesized by the condensation of two L-α-amino acids, a reaction that is catalyzed by three 

distinct enzyme families: either by NRPSs, arginine-containing cyclodipeptide synthases 

(RCDPSs) or CDPSs. While NRPSs also produce larger NRPs consisting of several amino acids, 

CDPSs solely produce the small dimers (hence the name). These three enzyme families and their 

main differences are described below. 

NRPSs are mainly found in fungi and bacteria and use different domains to synthesize the 

respective products. In analogy to FAS and PKSs, a type I, II and III nomenclature was also 

established for NRPSs.177 Similar to type I PKSs, type I NRPSs are megasynthases that employ 

essential domains: the condensation (C) domain, which forms the peptide bond between two 

substrates, the thiolation (T, or peptidyl carrier protein [PCP]) domain and the adenylation (A) 

domain, responsible for selection and activation of amino acids. Further optional domains involved 

in the propagation of the growing peptide are, for example, epimerisation (E), formylation (F), N-

methyltransferase (N-MT) or cyclization (Cy) domains. A C-terminal thioesterase (TE) domain 

cleaves the mature peptide from the enzyme.177–180,182 Differing from bacterial TE domains, fungal 

NRPSs for DKP synthesis instead possess a couplet of a condensation-like (CT) and a terminal 

thiolation (TC) domain, which catalyze peptide release.197–199 

In contrast to the ribosomal peptide synthesis and to CDPSs, NRPSs utilize the A domain to activate 

substrates themselves and are therefore independent of aminoacyl-tRNA (aa-tRNA). It is also the 
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A domain that allows a broad scope of substrates for NRP synthesis, leading to extreme product 

diversity. Examples of utilized substrates include D-, β- or δ-amino acids, methylated or 

glycosylated residues, or fatty acids.178,179,182 

CDPSs are mainly found in bacteria but have also been identified in fungi, protozoa, and animals.197 

Their size ranges somewhere in between 200 – 300 amino acids, making them much smaller 

(approximately 1/10 in size) than NRPSs for CDP synthesis.197,200 CDPSs utilize already activated 

aa-tRNAs designated for protein biosynthesis of the ribosomal machinery.200 The first CDPS, AlbC 

from the albonoursin cluster of Streptomyces noursei, was discovered in 2001 and initially 

designated as a “cyclic dipeptide oxidase”.201 Later, the term CDPS was used for the novel 

enzymes202 and since, a whole family with more than 120 members, as of 2020, was 

characterized.200 Notably, their sequence identity is less than 10% in some cases.200 The strictly 

conserved residues Ser37 , Tyr178 and Glu182 (AlbC numbering) are part of the catalytic center 

of CDPSs.197 

Each CDPS possesses two pockets located close to each other, i.e. pocket 1 (P1) and pocket 2 (P2). 

During CDP biosynthesis, the aminoacyl moiety of a first aa-tRNA is transferred and covalently 

bound to P1.197,200 Subsequently, the tRNA is released and a second amino acid from tRNA is 

transferred to P2, again accompanied by the release of the corresponding tRNA. After peptide bond 

formation between the two amino acids, the CDP is cleaved from the enzyme (Figure 18). 

 

Figure 18. Biosynthesis of CDPs by CDPSs. Picture taken from Giessen et al.203 
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Arginine-containing cyclodipeptide synthases have only been described very recently.204 The first 

RCDPS was discovered in an unknown BGC with an unknown metabolite category, so called 

“unknown–unknowns”, in the filamentous fungus Aspergillus thermomutatus. The core gene ankA 

encodes a 581 amino acids long enzyme that biosynthesizes cyclo-L-Arg-L-Tyr (cRY).204 

Heterologous expression of AnkA homologs from other fungi resulted in the production of 

different arginine-containing CDPs, e.g. cRW, cRE, cRD, cRP. Biochemical studies further 

revealed that these enzymes are aminoacyl-tRNA dependent.204 

 

1.5 Tailoring enzymes 

 

The chemical scaffold of compounds produced by core enzymes can further be modified and 

diversified by distinct tailoring enzymes, which are usually encoded within the same BGC. They 

catalyze a specific step in the biosynthesis of SMs, and often their substrate specificity is adapted 

to the structure of the respective pathway products. In the following part, the tailoring enzymes 

relevant to this work are introduced. 

 

1.5.1 Cytochrome P450 enzymes 

 

P450s, “nature’s most versatile biological catalyst[s]” constitute a large superfamily of heme-

containing oxidases that are widely distributed through all kingdoms of live.205  

Their name is derived from the discovery as a pigment (P) in rat liver microsomes and the 

characteristic Soret maximum at 450 nm in the absorption spectrum of the reduced FeII complexed 

with CO (Figure 19B).206–208 

In public databases, more than 370,000 P450 sequences were identified, which are classified based 

on the degree of sequence identity: Families must share at least 40% and subfamilies 55% identity 

on the amino acid level.207–209 Families are designated with numbers (CYP1, CYP2, etc.) and 

subfamilies with letters (A, B, etc.), which are further differentiated by numbers for the isoform, 

e.g. CPY1A2.206,207,210 In bacteria and fungi, more than 602 and 805 distinct P450 families have 

been established, respectively.209 

Humans possess 57 different P450s from 18 distinct families, where 12 families are responsible for 

the biotransformation of xenobiotics. Other functions include the synthesis of fatty acids, vitamins 

or steroids.206,211 The number of P450s in other animals is usually higher and it is significantly 

more variable in microorganisms. In the genome of E. coli, for example, no homologs were 

identified and S. cerevisiae is known to possess only three P450s (CYP51, CYP56 and CYP61). 
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Streptomyces coelicolor A3(2) and Streptomyces avermitilis harbor 18 and 33 genes encoding 

P450s, respectively, and A. nidulans 111.206,207,209,212,213 Plants, in contrast, have hundreds of P450s 

encoded in their genomes, constituting ~1% of the genome, e.g. rice (Oryza sativa) with a total of 

356 P450s.206,207,214  

In microorganisms, P450s mediate crucial steps in SM biosynthesis, where they catalyze a plethora 

of reactions using numerous different substrates. Although hydroxylation of unactivated C-H 

remains the trademark of P450s, other reactions include epoxidation, C-C bond cleavage, C-C and 

C-O phenol coupling, rearrangement reactions and many others.207,208,215–217 Some P450s catalyze 

multiple reactions on different substrates, e.g. PikC from Streptomyces venezuelae.218 

 

The general catalytic cycle of P450s for hydroxylation reactions has been investigated extensively 

and is described in the next part as it is widely accepted today (Figure 19A).206–208,210,211,219,220 Most 

P450s use molecular oxygen to introduce one atom into the substrate and reduce the other one to 

water.215 The components of P450 systems usually comprise the P450 enzymes and redox 

partner(s), which can be separate enzymes or fused to the P450s and transport electrons from 

electron donors, often NAD(P)H, to the center of the P450 enzyme. 

The active site of P450s is located deep inside of the enzyme, with cannels allowing H2O, substrates 

and O2 to flow through the protein.219,221 In its catalytic center, it contains a heme-iron center 

(Figure 19C) consisting of a ferric ion (FeIII) in low spin, which is coordinated to a porphyrin ligand 

in its four equatorial positions, and a molecule of H2O and a highly conserved cysteine residue in 

the axial positions.207,219 Upon substrate binding, the H2O molecule is released and the iron is 

converted to a five-coordinate high-spin complex (step 1). Due to its higher redox potential, 

electron transfer from the redox partner is initiated, leading to the reduction of the iron to the ferrous 

FeII (step 2). Subsequent binding of molecular oxygen leads to the formation of a peroxy-ferric 

(FeIII-O2) complex (step 3), and transfer of a second electron and protonation leads to the formation 

of a ferric-hydroperoxide, FeIII–OOH, also known as compound 0 (step 4). Another protonation of 

compound 0 is accompanied by H2O elimination and the highly reactive intermediate, an oxo-ferryl 

cationic porphyrin radical (FeIV=O+•), referred to as compound I, is generated (step 5).222 It 

abstracts one hydrogen atom from the substrate, resulting in an FeIV hydroxide (compound II) and 

a radical substrate residue (step 6). Binding of a hydroxyl radical to the carbon radical of the 

substrate leads to hydroxylation of the substrate and is accompanied by reduction of FeIV to FeIII 

(step 7). In the last step, the product is released and H2O is re-coordinated to the iron to restore the 

resting state of the P450 (step 8).206–208,210,211,217,219,220 
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Figure 19. A Catalytic cycle of P450 enzymes catalyzing hydroxylation and structure of the P450 

PikC from Streptomyces venezuelae. Picture of PikC taken from Sherman et al.223 B Shift of the 

absorption maximum after complexation with CO. C Schematic representation of the heme-iron 

center. 

The main difference between P450 systems lies in their electron transfer systems, displayed by 

distinct redox partners and electron donors. According to the method by which electrons are 

delivered to the catalytic site, P450s can be further classified. Here, only the two main classes to 

which most bacterial and eukaryotic P450 belong, are described. 

Class I systems, to which most soluble bacterial P450s count, use three components including 

ferredoxin (Fdx) and ferredoxin reductase (FdR, Figure 20).210,217 The NAD(P)H-dependent and 

FAD-containing FdR transfers electrons to Fdx, which then transfers the electrons to the P450. The 

general electron transfer chain is: NAD(P)H  FAD  Fe-S cluster  heme.210,217 Bacterial 

P450s usually utilize NADH and [2Fe-2S] type Fdx,210 but other redox systems have also been 

reported.206 

In the two-component class II systems, which mainly consists of eukaryotic P450s from the 

endoplasmatic reticulum, the membrane bound P450 usually relies on electrons transferred by a 

NAD(P)H-dependent FAD- and FMN-containing cytochrome P450 reductase (CPR, Figure 

20).206,207,210,217 In some cases, an additional cytochrome b5 reductase is employed.206,207,220  

Most P450s can be categorized in either class I or class II P450s; however, single-component 

systems of fused proteins and self-sufficient systems have also been described.206,207,216,217 
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As mentioned above, bacterial P450s usually belong to class I enzymes employing the three-

component system. Therefore, identifying their native FdR and Fdx partners can be challenging. 

Luckily, bacteria, in particular Streptomyces, are flexible and often accept electrons from 

heterologous redox systems, e.g. from other Streptomyces strains or even from eukaryotes, e.g. 

spinach ferredoxin reductase and ferredoxin.217 Bacterial P450s are soluble enzymes, facilitating 

biochemical examination of the purified enzyme itself.206,208,220 Fungal P450s, on the other hand, 

are usually membrane-bound enzymes belonging to class II systems, making enzymatic 

investigation more complex. Here, expression of P450 genes in a heterologous host and precursor 

feeding is well suited to uncover their role in biosynthetic pathways.220 

 

Figure 20. Prokaryotic class I and eukaryotic class II P450s. Picture adapted from Chen et al.210 

 

1.5.2 FeII/2-oxoglutarate-dependent oxidases 

 

FeII/2-oxoglutarate-dependent (FeII/2OG) oxidases, also known as α-ketoglutarate-dependent 

monooxygenases, are a major family of non-heme proteins that harbor FeII in the active site and 

utilize 2-oxoglutarate (2OG) as cosubstrate to catalyze oxidative biotransformations, including 

hydroxylation, desaturation, halogenation, demethylation or epoxidation.224–227 Besides their 

tailoring functions in biosynthetic pathways for SMs in bacteria, fungi and plants, FeII/2OG 

oxidases are involved in many fundamental genetic processes in mammals, e.g. chromatin 

modification, control of transcription and translation, RNA splicing and post-translational 

modifications of proteins.224–228 
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Figure 21. Reactions catalyzed by FeII/2OG oxidases. Picture adapted from Martinez et al.227 

 

The iron atom is coordinated to the enzyme via a His1-Asp/Glu-His2 motif, also called the “facial 

triad”.226,227,229 The best understood reaction mechanism of FeII/2OG oxidases is the hydroxylation 

of unactivated C–H bonds as shown in Figure 21. In its resting state, three molecules of H2O are 

bound to the octahedral FeII of the FeII/2OG oxidases (A). Binding of 2OG replaces two H2O (B) 

and the third one is released upon binding of the substrate next to the active site (C) and replaced 

by molecular oxygen (D). Subsequently, 2OG is attacked by the distal oxygen atom building a 

bicyclic intermediate (E). Oxidative decarboxylation of 2OG leads to the formation of an FeIV-oxo 

species (F), which abstracts a hydrogen from the substrate (G). Generation of a radical and an FeIII-

hydroxide followed by hydroxyl radical rebound result in hydroxylation of the substrate and 

reduction to FeII (H). In the last step, product release and re-coordination of three H2O restores the 

resting state of the enzyme (H).224,225,227–229 
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1.5.3 Cyclodipeptide oxidases 

 

Cyclodipeptide oxidases (CDOs) are enzymes that catalyze the oxidative dehydrogenation of CDPs 

into α, β-dehydro derivatives. The enzymatically catalyzed reaction from cyclo-L-Phe-L-Leu (cFL) 

to its double dehydrogenated derivative albonoursin was first reported from a cell-free extract of 

Streptomyces sp. KO-2388.230 The purified enzyme AlbA/B was isolated two years later from 

Streptomyces noursei and subsequently characterized, showing conversion not only of cFL, but 

also of several other CDPs, indicating its broad substrate flexibility.201,231 CDPs with an aromatic 

side chain seem to be well accepted by CDOs in general.231,232 CDOs were the first enzymes 

discovered in CDPS-dependent pathways and are commonly involved in the modification of CDPs. 

They consist of two subunits, which are encoded by two genes usually overlapping by 20 – 30 

nucleotides and form a single transcriptional unit.231,233 The subunits with an approximate size of 

21 and 11 kDa assemble a much bigger multimeric enzyme complex.231 This CDO complex further 

consists of a flavinic cofactor and has a molecular weight of approximately 4,000 kDa.233 Very 

recently, Andreas and Giessen reported the structural characterization of the AlbA/B enzyme to be 

a megadalton heterooligomeric enzyme filament consisting of alternating dimers of AlbA and B 

(Figure 22). Filament formation is proposed to be crucial for enzyme activity.234  

CDOs use molecular oxygen to catalyze dehydrogenation of CDPs.231 Often, the presence of E- 

and Z-isomers is observed after single dehydrogenation.233 Examples include the antibiotic 

albonoursin, nocazine E, the guaninylated cWY derivative guanitrypmycin A2-2 and XR3344. 

Their structures are given in Figure 22.  

 

Figure 22. A Crystal structure of the AlbA/B subunits and the helical structure of the CDO filament 

formed by alternating AlbA/B subunits. Pictures taken from Andreas and Giessen.234 B CDP 

derivatives which were modified by CDOs (highlighted in red).
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2. Aims of this thesis 

 

The overall aim of this thesis was to broaden the spectrum of secondary metabolites utilizing the 

biosynthetic potential of microorganisms. To achieve this objective, the hidden treasure chest 

encoded in microbial genomes was exploited for the elucidation of unknown BGCs and the rational 

design of novel, engineered derivatives of known natural product scaffolds. 

In contrast to traditional screening of natural sources based on bioactivity, the genomics-driven 

methods described in this work are all based on the genetic information of the respective 

microorganisms. Computational mining of their genome sequences enabled the prediction of 

hypothetical BGCs involved in the production of secondary metabolism and guided further 

biochemical investigations. 

Due to its promising metabolite profile, the marine ascomycete P. crustosum PRB-2 collected from 

a deep-sea sediment in Antarctica was selected for further biochemical investigations in our 

laboratory.56 Many secondary metabolites were isolated and linked to their respective gene clusters, 

e.g. peniphenones, penilactones, terrestric and crustosic acid, etc.56,60,61,64  

The remaining gene clusters involved in secondary metabolism, which were detected by 

antiSMASH analysis and which could not be linked to a produced or known compound, were 

subjects of further examination. 

In this work, different methods were chosen to elucidate the function of cryptic BGCs with a core 

PKS gene in P. crustosum PRB-2. Since our laboratory already established protocols for the 

polyethylene glycol (PEG) mediated protoplast transformation of this marine ascomycete, genetic 

manipulation in the native host itself displayed the most promising approach.61,64 Therefore, two 

methods were chosen, in which a constitutive promotor was cloned in front of the coding regions 

of I) transcription factors of the gene clusters and II) the respective PKS core genes. This way, gene 

transcription and hence the production of compounds by cluster enzymes should be increased. 

Simultaneously, the respective core gene was heterologously expressed in A. nidulans to determine 

the scaffold produced by the PKSs.  

The above mentioned approaches led to the discovery of xylariolide D as the product of one cryptic 

gene cluster. These results are presented in 4.1: Xylariolide D biosynthesis in Penicillium strains. 
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To increase the structural scope of secondary metabolites, a completely different concept can be 

applied for the generation of novel, “unnatural” natural products that possess unique properties. 

Here, known biosynthetic pathways are rationally engineered to produce derivatives with desired 

structural features. Combinatorial biosynthesis is especially suited to create regio- and 

stereospecific complex molecules which are difficult to access by classical synthetic chemistry. In 

this work, tryptophan-containing CDPs with a DKP scaffold were chosen for further diversification 

by rationally engineering their biosynthethic pathways.  

Prior to this project, different CDPS-dependent pathways were elucidated in various Streptomyces 

strains in our laboratory: 

The foundation was laid when the function of nine CDPSs for the formation of tryptophan-

containing CDPs from eight Streptomyces strains was investigated by heterologous expression in 

E. coli. Subsequent isolation and structure elucidation of products revealed the production of 

different CDPs, e.g. cWY, cWF, cWL, cWA or cWP.235 Later, the function of a BGC from S. 

cinnamoneus DSM40646 containing the cWM synthase GtmA and four tailoring enzymes, i.e. the 

CDO GtmBC, the P450 GtmD and the FeII/2OG oxidase GtmE, was decoded and revealed 

intriguing tailoring reactions. These included in particular the coupling of the CDP to the 

nucleobase guanine by GtmD, which was only reported for very few enzymes until then and a 

novel reaction catalyzed by GtmE, i.e. a second dehydrogenation of the DKP scaffold.236 Based on 

these two preceding results, enzymes from both projects were combined in the second part of this 

work to enable the production of novel derivatives based on known scaffolds. Therefore, the 

genomic sequences encoding the cWY, cWF, cWL, cWA, and cWP synthases and the tailoring 

enzymes GtmB – E were each heterologously co-expressed in S. albus and lead to the production 

of CDP derivatives with different modification stages. A detailed description is given in 4.2: 

Engineering of cyclodipeptide derivatives in Streptomyces. 
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3. Materials and methods 

 

3.1 Bioinformatics and software 

 

For the prediction of secondary metabolite BGCs of sequenced genomes, AntiSMASH 4.0 and 

later versions were used.141,237–239 The Basic Local Alignment Search Tool (BLAST) provided by 

the National Center for Biotechnology Information was used to search for homolog genes/proteins. 

Other software tools used were MIBiG (Minimum Information about a Biosynthetic Gene cluster, 

https://mibig.secondarymetabolites.org/) and 2ndFind (https://biosyn.nih.go.jp/2ndfind/).240 

SnapGene 3.2.1 (Dotmatics/GSL Biotech LLC) was used for plasmid design and visualization of 

BGCs. ChemDraw 20.1.1, Microsoft Office programs (Word, PowerPoint, Excel), and GIMP 

2.10.8 were used for the preparation of manuscripts and figures.  

Data obtained from LC-MS measurements were analyzed using DataAnalysis 4.2 or 

MetaboliteDetect 2.0 (Bruker Daltonik GmbH) and GraphPad Prism 5 (GraphPad Software, Inc.) 

was used to visualize chromatograms. NMR spectra were analyzed using MestReNova 12.0.0 

(Mestrelab Research). 

 

3.2 Chemicals and equipment 

3.2.1 Chemicals and consumables 

 

Unless stated otherwise, all chemicals and consumables used in this work were purchased either 

from AppliChem (Darmstadt), Merck (Darmstadt), Carl Roth (Karlsruhe), Sarstedt (Nümbrecht), 

Sigma-Aldrich (Steinheim), Thermo Fischer Scientific (Dreieich) or VWR International 

(Darmstadt). They were stored and used according to the manufacturer’s instructions. 

The cyclodipeptides cWF, cWL, and cWY were purchased from Bachem AG (Bubendorf, 

Switzerland). cWA, cWP, and cWM were isolated in our laboratory during previous studies and 

verified by LC-MS and NMR analysis.  
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3.2.2 Equipment 

 

Table 2. Equipment used in this work. 

Device Name Manufacturer 

Autoclave VX-150 Systec 

Centrifuges Heraeus Fresco 17 Centrifuge, Refrigerated Thermo Scientific 

Heraeus Multifuge X1R Thermo Scientific 

Sorvall RC 6 Plus Superspeed Thermo Scientific 

Electrophoresis 

equipment 

Horizontal gel electrophoresis tank GH303 Biostep 

PowerPacHC High-Current Power Supply Bio-Rad 

Freeze dryer Alpha 1-2 LDplus Martin Christ 

HPLC system and 

columns 

Agilent HPLC 1260 series system with a 

photo diode array detector and a 

VDSpher PUR 100 C18-SE HPLC column 

(250 x 10 mm, 5 μm) for reverse phase or 

MultoHigh 100-5 SI column (250 x 10 mm) 

for normal phase chromatography 

Agilent Technologies 

GmbH,  

VDS optilab GmbH, 

CS-Chromotographie 

Service GmbH 

Incubators Orbital incubator  Gallenkamp 

Multitron shaking incubator INFORS HT 

Ecotron shaking incubator INFORS HT 

Jouan EB280 static incubator Thermo Scientific 

LC-MS system and 

colum 

Agilent HPLC 1260 series system with a 

photo diode array detector, a Bruker micro 

TOF QIII mass spectrometer and a VDSpher 

PUR 100 C18-M-SE column (150 x 2 mm, 3 

μm) 

Agilent Technologies 

GmbH, 

Bruker Daltonics,  

VDS optilab GmbH 

Magnetic stirrer RCT Basic IKA Labortechnik 

Microscope B1-252SP Motic Europe 

Microwave NN-SD452W Panasonic 

NMR ECA-500 JEOL 

pH meter pH 211 Microprocessor Hanna Instruments 
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Table 2. continued. 

Device Name Manufacturer 

Pipets Discovery Comfort (0.1-2 µL; 2-20 µL, 20-

200 µL, 100-1000 µL) 

Corning HTL SA 

Rotary evaporator Rotovapor-R Büchi 

Pumping system BrandTech VACUUBRAND PC3001 

VARIO Pro 

Thermo Scientific 

Safety cabinet (S2) ScanLaf Mars LaboGene 

Scales Pioneer® Precision Balance PA4102C Ohaus 

Explorer® EX124 Ohaus 

Spectrophotometer NanoDrop Thermo Scientific 

 LLC-uniSPEC2 LLG Labware 

Speedvac RVC 2-18 CPlus Martin Christ 

 Univapo 100H UniEquip 

Thermomixer AccuBlock Digital Dry Bath Labnet International 

Thermocycler T100TM Thermal Cycler  Bio-Rad 

Ultrasonic bath Sonorex Super RK 510 H Bandelin 

UV transilluminator FAS-Digi PRO NIPPON Genetics 

UV visible 

spectrophotometer 

Ultraspec 1000 Pharmacia Biotech 

Vortex mixer and 

homogenizer 

Vortex-Genie 2 Scientific Industries 

MiniLys Homogenizer Bertin 
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3.3 Oligonucteotide primers, plasmids and vectors 

3.3.1 Plasmids and vectors used in this work 

 

Table 3. Plasmids and vectors used in this work. 

Name Description Used as/for Source 

pYH-wA-

pyrG 

E. coli/S. cerevisiae shuttle vector 

for heterologous expression (HE) 

in A. nidulans 

Template for PCR amplification of 

AfpyrG (cloning of pSSt05) 

241 

pJN017 E. coli/S. cerevisiae shuttle vector 

for HE in A. nidulans 

Template for PCR amplification of 

gpdA, amp/URA3, and wA flanking 

regions (cloning of pSSt01) 

64 

pPWW50A E. coli/Streptomyces shuttle vector 

for HE in Streptomyces 

Vector for the expression in 

Streptomyces albus J1074 

78 

pLH23 pPWW50A harboring the whole 

gtm cluster (gtmA-gtmE) 

Positive control for the cultivation 

of recombinant Streptomyces 

 

236 

pLH30 pPWW50A harboring only the gtm 

tailoring genes (gtmB-gtmE) 

Positive control for feeding CDPs 

to recombinant Streptomyces; 

expression vector for different 

other CDPSs 

this 

work 

pLH32 Expression of CDPS gutA24309 

together with gtm tailoring genes 

(gtmB-gtmE) in S. albus J1074 

Isolation of cWF and derivatives this 

work 

pLH33 Expression of CDPS gutA3589 

together with gtm tailoring genes 

(gtmB-gtmE) in S. albus J1074 

Isolation of cWF and cWY and 

derivatives 

this 

work 

pLH34 Expression of CDPS cwls1 together 

with gtm tailoring genes (gtmB-

gtmE) in S. albus J1074 

Isolation of cWL and derivatives this 

work 

pHY106 Expression of CDPS nasA in S. 

albus J1074 

Template for PCR amplification of 

nasA (cloning of pSSt45) 

235 

pHY107 Expression of CDPS aspA in S. 

albus J1074 

Template for PCR amplification of 

aspA (cloning of pSSt46) 

235 
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3.3.2 Plasmids, vectors and primers designed in this work 

 

All oligonucleotide primers were ordered from Microsynth AG. They were designed with SnapGene 3.2.1, containing overhangs of 30 bp 

for cloning via homologous recombination in S. cerevisiae or E. coli. Overlapping sequences are underlined in Table 4.  

US = upstream 

 

Table 4. Plasmids, vectors and primers created in this work.  

 Primer  Primer sequence (5’-3’) 
Amplified fragment 

(+ overhang to) 

pSSt02: activation of TF pcr4474 (WGM49241.1) from P. crustosum PRB-2 with gpdA in P. crustosum JZ02 

 amp/URA-f* CAGGGGATAACGCAGG 
Amp/URA3 

amp/URA-r* ACACAGGAAACAGCTATGAC 

SSt11 CGTAATCATGGTCATAGCTGTTTCCTGTGTGTCCCAATCTCTAGTTTGGGACAG 1500 bp US of xilB  
(amp/URA3, AfpyrG) SSt12 ACATATTTCGTCAGACACAGAATAACTCTCGGTGAAGGTGCGAATGGTTG 

pyrG-f GAGAGTTATTCTGTGTCTG 
AfpyrG 

pyrG-r ATTCTGTCTGAGAGGAG 

SSt07 CACGCATCAGTGCCTCCTCTCAGACAGAATCCGATAGCTCTGCAAAGGGC gpdA  
(AfpyrG) SSt08 GGTGATGTCTGCTCAAGCGG 

SSt13 AACAGCTACCCCGCTTGAGCAGACATCACCATGCAGGGCCGAAAACG first 1500 bp of xilB 
(gpdA, amp/URA3) SSt14 CTCACATGTTCTTTCCTGCGTTATCCCCTGTCTGGGTGGGCTATAGCGAAG 

 Verification of correct gene integration in P. crustosum SSt02 

 SSt27 CAGGAGAATGGCAGGCTCAA  

 SSt28 AATCACCGGCAGTAAGCGAA  

 SSt29 CGCGTGTAAAAATTGCGTGC  

 SSt30 AGCCGATGCGTCGAAAGTAT  
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Table 4. Continued.  

 Primer  Primer sequence (5’-3’) 
Amplified fragment 

(+ overhang to) 

pSSt05: vector for the heterologous expression of genes in the wA PKS locus of A. nidulans  

 amp/URA-f* CAGGGGATAACGCAGG 
amp/URA3 

amp/URA-r* ACACAGGAAACAGCTATGAC 

SSt31 CGTAATCATGGTCATAGCTGTTTCCTGTGTCTCTGGAACAGTCTCGCCGT wA-promoter 
(amp/URA3, gpdA) SSt32 CATTGTGCAACGCCCTTTGCAGAGCTATCGGGATCAGGAGAAGGAGAGTCAAGTCC 

SSt33 CCGATAGCTCTGCAAAGGGC gpdA 
 (AfpyrG) SSt34 CATATTTCGTCAGACACAGAATAACTCTCGGCGCCGGTGATGTCTGCTCAAGCGG 

pyrG-f* GAGAGTTATTCTGTGTCTG 
AfpyrG 

pyrG-r* ATTCTGTCTGAGAGGAG 

SSt35 CACGCATCAGTGCCTCCTCTCAGACAGAATCATGACGCGAATCACTTTACTATGAC wA-PKS-down 
(AfpyrG, amp/URA3) SSt36 CTCACATGTTCTTTCCTGCGTTATCCCCTGTGCTGTCAGTACGCGAAGATCTC 

 Verification of correct gene integration in A. nidulans SSt01  

 SSt81 GCGAGCCTTCCATAGTTACG  

 SSt54 GAAGTAGCCGAGCAATGAGG  

    

pSSt04: expression of PKS pcr4475 (WGM49240.1) from P. crustosum PRB-2 in A. nidulans using pSSt05 as the expression vector 

 SSt39 AACAGCTACCCCGCTTGAGCAGACATCACCGGCATGACTGCACCATTGCCC xilA  
(gpdA) SSt04 GCTCAGTCACTTCACCGACA 

SSt03 CCAGTGTCCAGCTTCCGATT 
xilA  

(AfpyrG) 
SSt40 CATATTTCGTCAGACACAGAATAACTCTCGGCATCCAGTCCATACATCAATGC

TG 

Verification of correct gene integration in A. nidulans SSt04 

SSt81 GCGAGCCTTCCATAGTTACG  

SSt83 CAGCATTCTCGAAGGCCTC  
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Table 4. Continued.  

 Primer  Primer sequence (5’-3’) 
Amplified fragment 

(+ overhang to) 

pSSt12: activation of PKS pcr4475 from P. crustosum PRB-2 with gpdA in P. crustosum JZ02 

 amp/URA-f* CAGGGGATAACGCAGG 
Amp/URA3 

amp/URA-r* ACACAGGAAACAGCTATGAC 

SSt94 CGTAATCATGGTCATAGCTGTTTCCTGTGTGAGGCATTGTTTAGCTGTGTATC 1500 bp US of xilA 
(Amp/URA3, AfpyrG) SSt95 ACATATTTCGTCAGACACAGAATAACTCTCGTTGCCAATTTGTCAAAGGTGC 

pyrG-f* GAGAGTTATTCTGTGTCTG 
AfpyrG 

pyrG-r* ATTCTGTCTGAGAGGAG 

SSt07 CACGCATCAGTGCCTCCTCTCAGACAGAATCCGATAGCTCTGCAAAGGGC gpdA  

(AfpyrG) SSt08 GGTGATGTCTGCTCAAGCGG 

SSt96 AACAGCTACCCCGCTTGAGCAGACATCACCATGACTGCACCATTGCCC first 1500 bp of xilA  
(gpdA, amp/URA3) SSt97 CTCACATGTTCTTTCCTGCGTTATCCCCTGCGTTTTGTCCATTCAGTCGCT 

 Verification of correct gene integration in P. crustosum SSt12 

 SSt110 CTGCTCGACATGCAGAGC  

 SSt56 TCGGGTTGTCGTCACATCAG  

 SSt57 GTTGACAAGGTCGTTGCGTC  

 SSt114 GAGTGCTGGTGGATGACTTG  

   

pSSt26: expression of PKS pc16g04890 from P. rubens Wisconsin 54-1255 in A. nidulans using pSSt05 as the expression vector 

 SSt137 AGCTACCCCGCTTGAGCAGACATCACCGGCATGACTGCACCATGGCCC pc16g04890  
(gpdA)  SSt138 CTCCAACGTTCTCTTGGCAAC 

 SSt139 GGTCTCATGGCCTGCAAC pc16g04890  
(AfpyrG)  SSt140 TATTTCGTCAGACACAGAATAACTCTCGGCGTCTGGGGAAGTGGACAGAAG 
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Table 4. Continued. 

 Primer  Primer sequence (5’-3’) 
Amplified fragment 

(+ overhang to) 

 Verification of correct gene integration in A. nidulans SSt26 

 SSt81 GCGAGCCTTCCATAGTTACG  

 SSt83 CAGCATTCTCGAAGGCCTC  

   

pSSt28: expression of P450 pcr4473 (WGM49242.1) from P. crustosum PRB-2 in A. nidulans using pSSt05 as the expression vector 

 SSt147 CAGCTACCCCGCTTGAGCAGACATCACCGGCATGTCGAGGCTTGAGATAGCC xilC 
(gpdA, AfpyrG) SSt148 TATTTCGTCAGACACAGAATAACTCTCGGCCTATCCCATGACCACCTTGTCC 

Verification of correct gene integration in A. nidulans SSt28 

SSt81 GCGAGCCTTCCATAGTTACG  

SSt67 TCTCGGGCATTTCCAACGTCT 

    

pSSt45: expression of CDPS nasA from Streptomyces sp. NRRL S-1868 in S. albus using pLH30 as vector 

 nasA-f CACAGCAGCGGCCATATCGAAGGTCGTCATATGGCCACACACGCCTCC nasA 

(pPWW50A, gtmD) nasA-r CCGCAGGGGGGAGAGTCGCGTGTGGGTCATTCACTGCTGCGTCACGTGG 

    

pSSt46: expression of CDPS aspA from Streptomyces sp. NRRL S-1868 in S. albus using pLH30 as vector 

 aspA-f CACAGCAGCGGCCATATCGAAGGTCGTCATATGAACACTTCCCTCGCTGC aspA 

(pPWW50A, gtmD) aspA-r CCGCAGGGGGGAGAGTCGCGTGTGGGTCATTCAGCGTTCGGCCGCCC 

*These primers were designed and provided by Dr. Jonas Nies.  
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3.4 Organisms 

3.4.1 Organisms used in this study 

 

Table 5. Bacterial strains. 

Bacterium Genotype Source 

Escherichia coli DH5α 

F- endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR 

nupG Φ80dlacZΔM15 Δ(lacZYA-argF)U169, 

hsdR17(rK
- mK

+), λ– 

Thermo 

Scientific  

Escherichia coli XL10-

Gold 

Tetr∆(mcrA)183 ∆(mcrCB-hsdSMR-mrr)173 endA1 

supE44 thi-1 recA1 gyrA96 relA1 lac Hte [F´ proAB 

lacIqZ∆M15 Tn10 (Tetr) Tn5 (Kanr) Amy] 

Agilent 

Escherichia coli 

ET12567/pUZ8002 

dam-13::Tn9, dcm-6, hsdM CmlR, carrying the non-

transmissible pUZ8002 
78,242 

Streptomyces albus 

J1074 
wildtype; SalI deficient (R-M-)243,244 77 

    

Table 6. Fungal strains. 

Fungus Genotype Source 

Saccharomyces 

cerevisiae HOD114-2B 
MATα ura3-52 his3Δ1 leu2-3112 245 

Aspergillus nidulans 

LO8030 

pyroA4, riboB2, pyrG89, nkuA::argB 

deletion of BGCs: (AN7804-AN7825)Δ, (AN2545-

AN2549)Δ, (AN1039-AN1029)Δ, (AN10023-

AN10021)Δ, (AN8512-AN8520)Δ, (AN8379-

AN8384)Δ, (AN9246-AN9259)Δ, (AN7906-

AN7915)Δ, (AN6000-AN6002)Δ 

246 

Penicillium crustosum 

PRB-2 
wildtype 56 

Penicillium crustosum 

JZ02 
Δpcr4870Δpcr6370 65 

Penicillium rubens 

Wisconsin 54-1255 
wildtype DSMZ* 

*DSMZ: German Collection of Microorganisms and Cell Cultures GmbH. 
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3.4.2 Organisms created in this study 

 

Following strains were created in the course of this work.  

Table 7. Bacterial strains. 

Bacterium Genotype Parent strain 

Streptomyces albus 

J1074/pSSt45 

harboring pSSt45 (heterologous expression of 

nasA) 
S. albus J1074 

Streptomyces albus 

J1074/pSSt46 

harboring pSSt46 (heterologous expression of 

aspA) 
S. albus J1074 

    

Table 8. Fungal strains. 

Fungus Genotype Parent strain 

Aspergillus nidulans 

SSt01 

wA-PKS::gpdA(p)-AfpyrG in A. nidulans 

LO8030 

A. nidulans 

LO8030 

Aspergillus nidulans 

SSt04 

wA-PKS::gpdA(p)-xilA + 999bp 3’UTR-AfpyrG 

in A. nidulans LO8030 

A. nidulans 

LO8030 

Aspergillus nidulans 

SSt26 

wA-PKS::gpdA(p)- Pc16g04890 + 501bp 3’UTR-

AfpyrG in A. nidulans LO8030 

A. nidulans 

LO8030 

Aspergillus nidulans 

SSt28 

wA-PKS::gpdA(p)- xilC + 501bp 3’UTR-AfpyrG 

in A. nidulans LO8030 

A. nidulans 

LO8030 

Penicillium crustosum 

SSt02 
AfpyrG::gpdA(p)::xilB in P. crustosum JZ02 

P. crustosum 

JZ02 

Penicillium crustosum 

SSt12 
AfpyrG::gpdA(p)::xilA in P. crustosum JZ02 

P. crustosum 

JZ02 

 

3.5 Cultivation of microorganisms 

 

Microorganisms were cultivated as described below. All media and solutions were prepared using 

double-distilled water (ddH2O), autoclaved and stored at room temperature if not stated otherwise. 

Selection markers were added to the media shortly before usage. 
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3.5.1 Cultivation of E. coli strains 

 

E. coli strains were cultivated at 37°C for 16 – 20 hours on Lysogeny broth (LB) agar plates under 

static conditions or in LB shaking at 230 rpm (Table 9). If necessary, antibiotics were used for 

selection (see 3.5.5 and Table 18).  

Table 9. LB. 

Trypton  10.0 g/L 

NaCl  10.0 g/L 

Yeast extract  5.0 g/L 

For agar plates, 20.0 g/L agar was added.  

 

3.5.2 Cultivation of Streptomyces strains 

 

Streptomyces strains were cultivated at 28°C on mannitol soy flour (MS) plates (Table 10) for 5 – 7 

days. Liquid cultures were prepared in baffled flasks using modified liquid R5 medium (Table 11) 

and incubated at 28°C shaking at 180 rpm. If necessary, selection markers were used (Table 18). Both 

media were adapted from Kieser et al.78 

 

Table 10. MS agar plates. 

Mannitol 20.0 g/L 

Soy flour 20.0 g/L 

Agar 15.0 g/L 

  

Table 11. Modified liquid R5 medium. 

Sucrose 103.0 g/L 

MOPS 21.0 g/L 

MgCl2•6 H2O 12.0 g/L 

Glucose 10.0 g/L 

Yeast extract 5.0 g/L 

K2SO4 0.25 g/L 

Tryptone/peptone ex casein 0.10 g/L 

Trace element solution (Table 12) 2.0 mL/L 

pH was adjusted to 7.2 using NaOH. After autoclaving, 2 mL/L sterile trace element solution 

was added. 
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Table 12. Trace element solution. 

ZnSO4•7 H2O 0.1 g/L 

FeSO4•7 H2O 0.1 g/L 

MnCl2•4 H2O 0.1 g/L 

CaCl2•6 H2O 0.1 g/L 

NaCl 0.1 g/L 

Trace element solution was filter sterilized and stored at 4°C. 

 

3.5.3 Cultivation of Saccharomyces cerevisiae 

 

YPD medium (Table 13) was used for the cultivation of Saccharomyces cerevisiae HOD114-2B and 

synthetic complete medium lacking uracil (SC-Ura, Table 14) for recombinant strains carrying 

plasmids. Agar plates were incubated for 2 – 3 days and liquid cultures were shaken at 230 rpm for 

16 – 20 hours, both at 30°C. 

Table 13. YPD medium.  

Yeast extract  10.0 g/L 

Peptone  20.0 g/L 

Glucose  20.0 g/L 

For agar plates, 15 g/L agar was added.  

  

Table 14. SC-Ura medium. 

Yeast nitrogen base with ammonium sulfate 6.70 g/L 

CSM-His-Leu-Ura (MP Biomedicals) 0.65 g/L 

L-Histidine  20 mg/L 

L-Leucine 60 mg/L 

For agar plates, 15.0 g/L agar was added. The volume was adjusted to 900 mL and 100 mL sterile 

20% (w/v) glucose solution was added after autoclaving.  

 

3.5.4 Cultivation of filamentous fungi 

 

Liquid glucose minimal medium (GMM, Table 15), potato dextrose broth (PBD) or Czapek-Dox (CD) 

medium were used for the cultivation of Penicillium strains.247 Yeast extract was added for faster 

growth if desired. For P. crustosum JZ02, uridine and uracil were added to the medium (see 3.5.5). 
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Penicillium strains were cultivated at 25°C under static conditions. GMM agar plates were incubated 

for 5 – 7 days and liquid cultures for up to 21 days.  

Aspergillus nidulans LO8030 was cultivated using GMM agar plates supplemented with uracil, 

uridine, riboflavin, pyridoxine and yeast extract at 37°C for 2 – 3 days. For recombinant A. nidulans 

strains, GMM agar plates were only supplemented with riboflavin and pyridoxine (3.5.5). Liquid 

cultures consisted of GMM or CD medium supplemented with the respective selection markers and 

were kept at 25°C under static conditions for up to 21 days. 

Table 15. GMM. 

Nitrate salts (20x, see Table 16) 50.0 mL/L 

Glucose 10.0 g/L 

Trace element solution (see Table 17) 1.0 mL/L 

Yeast extract (optional) 1.0 g/L 

For agar plates, 15.0 g/L agar was added. 

  

Table 16. Nitrate salts, 20x. 

NaNO3  120.0 g/L 

KCl  10.4 g/L 

MgSO4•7 H2O 10.4 g/L 

KH2PO4  30.4 g/L 

  

Table 17. Trace element solution (100 mL). 

ZnSO4•7 H2O 2.2 g  

H3BO3  1.1 g  

MnCl2•4 H2O 0.5 g  

FeSO4•7 H2O 160 mg  

CoCl2•5 H2O 160 mg  

CuSO4•5 H2O 160 mg  

(NH4)6Mo7O24•7 H2O 110 mg  

EDTA  5.0 g  

80 mL of ddH2O was filled in a beaker and above listed salts were added in the given order. The 

final volume was adjusted to 100 mL, the solution was filter sterilized and stored at 4°C. 
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3.5.5 Antibiotics and auxotropic markers used for selection 

 

Depending on the selection genes of plasmids and resistance of microbial strains, following antibiotics 

(Table 18) or selection markers (Table 19) were used for their cultivation: 

E. coli DH5α does not display antibiotic resistance itself and therefore, transformants were selected 

according to selection markers of the respective plasmids, i.e. apramycin for plasmids based on 

pPWW50A and ampicillin for all other plasmids used in this work. For the preparation of competent 

E. coli XL10-Gold, chloramphenicol and tetracycline were supplemented in cultivation media to 

minimize contamination risk. For subsequent plasmid propagation, only ampicillin was used. E. coli 

ET12567/pUZ8002 is resistant to kanamycin and chloramphenicol, which were additionally used for 

this strain. Hence, recombinant E. coli ET12567/pUZ8002 carrying plasmids based on pPWW50A 

were selected with apramycin, kanamycin and chloramphenicol. Trimethoprim and apramycin were 

used after plasmid conjugation to Streptomyces albus J1074.  

Table 18. Antibiotics used for the selection of bacterial strains. 

Antibiotic 
Stock solution 

[mg/mL] 
Solvent 

Working concentration 

[µg/mL] 

Ampicillin  100 ddH2O 100 

Apramycin 50 ddH2O 50 

Chloramphenicol 50 ddH2O 12.5 

Kanamycin 50 ddH2O 50 

Tetracycline 50 ethanol 12.5 

Trimethoprim 50 DMSO 10 

 

 

S. cerevisiae HOD114-2B transformants were selected with media lacking uracil. Auxotrophic 

markers used for the cultivation of Penicillium and Aspergillus strains, see 3.5.4 

 

Table 19. Auxotrophic markers used for selection of fungal strains. 

Auxotrophic marker Amount 

Pyridoxine 0.5 mg/L 

Riboflavin 2.5 mg/L 

Uracil 1.0 g/L 

Uridine 1.2 g/L 
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3.6 General molecular biological methods 

3.6.1 Isolation of genomic DNA from fungi 

 

Genomic DNA (gDNA) was used as a template for PCR amplification. Fungal strains were cultivated 

in 5 mL liquid GMM at 25°C for 2 – 4 days depending on their growth. The mycelium was collected 

using a sterile tip, dried on filter paper and transferred to a 1.5 mL tube containing glass beads (2,85 

– 3,45 mm and 0,25 – 0,5 mm). 800 µL of LETS buffer (Table 20) were added and the mycelium was 

crushed using a Minilys Homogenizer at 5000 rpm for 3 minutes. 700 µL were transferred to a new 

1.5 mL tube, the same volume of phenol/chloroform/isoamyl alcohol (25:24:1) was added and mixed 

thoroughly. After centrifugation at 13,000 rpm for 10 minutes, 600 µL of the aqueous phase was 

transferred to a new tube, washed with 700 µL chloroform/isoamyl alcohol (24:1) and centrifuged at 

13,000 rpm for 10 minutes. The aqueous phase was transferred to a new tube and mixed with 900 µL 

ice-cold absolute ethanol. Genomic DNA was obtained as a pellet after centrifugation at 13,000 rpm 

for 30 minutes at 4°C and washed with 70% ethanol. The pellet was dried, re-dissolved in 200 µL 

ddH2O and the DNA concentration was measured using a NanoDrop spectrophotometer. For 

subsequent PCR amplification, the gDNA was diluted to a concentration of ~ 100 ng/µL. 

Table 20. LETS buffer. 

LiCl  0.1 M  

EDTA  20 mM  

Tris-HCl 10 mM  

SDS  0.5 % (w/v)  

 

3.6.2 PCR amplification 

 

PCR amplification was carried out using Phusion® High-Fidelity DNA Polymerase from NEB in 

Phusion HF Buffer or GC Buffer. A gradient PCR with an annealing temperature ranging from 65 – 

52°C was carried out to determine best temperature for binding of primers. PCR reactions were 

prepared in a volume of 10 µL according to the manufacturer’s instructions (Tables 21 and 22). For 

cloning of plasmids, several 10 µL reactions were pooled at the end of the PCR and further purified 

if needed.  

Primers for PCR were designed using SnapGene 3.2.1 and ordered from Microsynth AG.  
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Table 21. PCR setup. 

Volume Components Final concentration 

2.0 µl 5x Phusion GC buffer 1x 

0.2 µl 10 mM dNTPs* 200 µM 

0.5 µl 10 µM forward primer 0.5 µM 

0.5 µl 10 µM reverse primer 0.5 µM 

0.6 – 1.0 µl Template DNA ~ 60 – 100 ng/10 μL 

0.3 µl DMSO 3% (v/v) 

0.1 µl Phusion DNA polymerase 0.5 units/10 µl PCR 

to 10 μL Nuclease-free water  

*10 mM of each dATP, dCTP, dGTP, and dTTP. 

Table 22. Thermocycling conditions. 

Step Temperature Time [seconds]  Cycles 

1. Initial denaturation  98°C 30  1 

2. Amplification   

 

30-40 
 Denaturation 98°C 15 

 Annealing 52°C – 70°C 30 

 Elongation 72°C 30/1000 bp 

3. Final elongation  72°C 300  1 

4. Storage  4°C ∞  

 

3.6.3 Preparation of chemically competent E. coli cells 

 

The E. coli strains DH5α, XL10-gold and ET12567/pUZ8002 were cultivated on LB agar plates 

supplemented with respective antibiotics for selection (see 3.5.5). A single colony was picked and an 

overnight culture of 5 mL LB was inoculated and cultivated for 16 hours. 100 mL of SOC medium 

(Table 23) were inoculated at a density of OD λ600 = 0.1 and grown at 37°C and 230 rpm until an 

OD600 of 0.4 – 0.5 was reached. The culture was transferred to sterile 50 mL tubes and cooled on ice 

for 10 minutes. Cells were harvested by centrifugation (5,000 rpm, 10 minutes, 4°C), the supernatant 

was discarded, the cells were resuspended in 7.5 mL CM solution (Table 24) and pooled. After another 

15 minutes of incubation on ice, bacteria were centrifuged (5,000 rpm, 10 minutes, 4°C) and 

resuspended in 3.6 mL CM solution. Subsequently, the bacteria were incubated on ice for 5 minutes, 

followed by two steps each including the addition of 125 µL of DMSO and another 5 minutes of 

incubation on ice. The competent cells were divided into 200 µL aliquots and transferred to pre-cooled 

1.5 mL tubes, which were frozen in liquid nitrogen and stored at -80°C until used.  
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Table 23. SOC medium. 

Tryptone 2.0 g/L 

Yeast extract 0.5 g/L 

NaCl 10 mM 

KCl 2.5 mM 

MgCl2 10 mM 

MgSO4 10 mM 

Glucose 20 mM 

The solution was autoclaved and sterile 20% glucose solution was added prior to usage. 

Table 24. CM solution. 

CaCl2 50 mM 

MgCl2  50 mM 

Glycerol 100 g/L 

The CM solution was filter sterilized and stored at 4°C. 

 

3.6.4 Transformation of S. cerevisiae for plasmid construction 

 

S. cerevisiae HOD 114-2B was used for plasmid cloning via homologous recombination as described 

previously.248,249 The strain was grown on YPD plates for 3 – 4 days at 30°C. A preculture of 5 mL 

liquid YPD was inoculated with a single colony and grown over night at 30°C and 230 rpm. 50 mL 

YPD in 250 mL flasks were inoculated with the preculture to λ600nm = 0.5 and grown until mid log 

phase growth was reached (cell density approximately λ600nm = 1.0 – 1.5). Cells were harvested by 

centrifugation (5,000 rpm, 3 minutes) in a 50 mL falcon tube, washed with 25 mL of sterile ddH2O, 

subsequently resuspended in 1 mL of 0.1 M LiOAc and transferred to a new 1.5 mL tube. After 

centrifugation (13.000 rpm, 30 seconds), the supernatant was discarded, the cell pellet suspended in 

400 µL of 0.1 M LiOAc and 50 µL were aliquoted in new 1.5 mL tubes. Tubes that were not used 

immediately were stored at +4°C for up to one week. After centrifugation (13,000 rpm, 30 seconds), 

the supernatant was removed by pipetting and the cell pellet was resuspended in a mixture of 5 µL 

carrier DNA from fish sperm (10 mg/mL, purchased from Roche Diagnostics) and the DNA fragments 

used for plasmid construction (each <500 ng in max. 30 µL of sterile ddH2O). After the addition of 

240 µL 50 % PEG 4000 solution and 36 µL 1 M LiOAc, the mixture was carefully vortexed to 

homogeneity and incubated at 30°C for 30 minutes and 42°C for another 30 minutes. Cells were 

pooled by centrifugation (5,000 rpm, 2 minutes), the supernatant was removed by pipetting and the 

cells were resuspended in 50 µL of sterile H2O and spread evenly on SC-Ura plates (Table 14). Plates 

were incubated at 30°C for 2 – 3 days until small colonies were visible. 
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3.6.5 Plasmid recovery from S. cerevisiae 

 

The transformation method described in 3.6.4 usually resulted in more than 100 colonies for each 

transformation mixture. Therefore, the colonies were pooled by washing off the SC-Ura plates using 

1 mL of sterile ddH2O. 50 µL were used to inoculate 7 mL of liquid SC-Ura medium, which was 

incubated at 30°C, 230 rpm for 16 hours. It was transferred to a 15 mL tube, spun down (5,000 rpm, 

3 minutes) and washed with 5 mL sterile ddH2O. The cell pellet was resuspended in 500 µL Buffer I 

(Table 25), transferred to a 1.5 mL tube and 5 µL 1 M dithiothreitol (DTT) and 15 µL zymolyase 

(12.5 mg/mL in ddH2O, purchased from Carl Roth) were added. After 4 hours of incubation at 37°C, 

800 rpm on a thermal block, 0,25 – 0,5 mm glass beads (Carl Roth) were added and cells were 

mechanically disrupted using MiniLys at full speed for 120 seconds. 300 µL were transferred to a new 

tube and carefully mixed with 300 µL of Buffer II (Table 26). After 5 minutes of incubation, 300 µL 

of Buffer III (Table 27) were added, mixed and spun at 4°C, 13,000 rpm for 10 minutes. The 

supernatant was transferred to a fresh 1.5 mL tube and spun down for another five minutes. 700 µL 

of the supernatant were transferred to a new 1.5 mL tube and mixed with 1 volume of isopropanol. 

After centrifugation for 30 minutes, the supernatant was poured off and the DNA pellet was washed 

with 400 µL of ice cold 70% ethanol and spun down for 5 minutes, 13,000 rpm at 4°C. Again, the 

supernatant was poured off and the dry DNA pellet was dissolved in 10 µL sterile water. The whole 

10 µL were subsequently used for the transformation of chemically competent E. coli.  

Table 25. Buffer I for plasmid isolation. 

Tris-HCl 50 mM  

EDTA  10 mM  

RNase I  10 µg/ml  

A RNase I stock solution (10 mg/mL in ddH2O) was prepared and stored at -20°C. RNase I was 

added to Buffer I directly before use. 

 

Table 26. Buffer II for plasmid isolation. 

NaOH  0.2 M  

SDS  1 % (w/v)  

  

Table 27. Buffer III for plasmid isolation. 

Potassium acetate 3 M 

Glacial acetic acid 2 M 
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3.6.6 Transformation of competent E. coli cells with plasmid DNA 

 

Chemically competent E. coli DH5α and XL10-Gold cells were used for further plasmid propagation: 

E. coli DH5α was used for plasmids up to ~ 15,000 bp and XL10-Gold for larger constructs. E. coli 

ET12567/pUZ8002 was used for plasmid transfer to Streptomyces. 1 µL of purified plasmid DNA, 10 

µL of plasmid DNA freshly isolated from S. cerevisiae (see 3.6.5) or 100 ng of linearized empty vector 

and insert were used for the transformation. 100 µL of competent cells were defrosted on ice and 

carefully mixed with plasmid DNA. After incubation for 20 – 30 minutes on ice, the tubes were 

transferred to a thermal block preheated to 42°C for 45 seconds. After incubation on ice for another 5 

minutes, 800 µL of sterile LB (see Table 9) was added to the tubes and they were incubated at 37°C, 

230 rpm for 1 hour. After centrifugation (5,000 rpm, 2 minutes), the supernatant was poured off and 

the cells were resuspended in the remaining liquid and spread evenly on LB plates supplemented with 

the respective antibiotics for selection (see 3.5.5). Plates were incubated for approximately 16 hours 

at 37°C. 

 

3.6.7 Isolation of plasmid DNA from E. coli 

 

Single E. coli colonies from plates obtained after transformation (see 3.6.6) were picked and used to 

inoculate 3.5 mL of liquid LB supplemented with the respective antibiotics (see 3.5.5 and Table 18) 

and incubated overnight (~ 16 hours) at 37°C and 230 rpm. 2.0 mL were transferred to a tube and 

centrifuged for 2 minutes at 10,000 rpm. The liquid was discharged and the cells resuspended in 250 

µL of Buffer I (Table 25). 250 µL of Buffer II (Table 26) were added and carefully mixed by pipetting. 

After 5 minutes, 250 µL of Buffer III (Table 27) were added, carefully mixed and centrifuged for 10 

minutes at 13,000 rpm and 4°C. The supernatant was transferred to a new tube, centrifuged (5 minutes, 

13,000 rpm, 4°C), and the supernatant was again transferred to a new tube. To achieve precipitation 

of plasmid DNA, the same volume of isopropanol was added, mixed and the mixture was centrifuged 

at 13,000 rpm for 30 minutes. The supernatant was discarded, the DNA pellet washed with ice cold 

70% ethanol, centrifuged for 5 minutes at 13,000 rpm and subsequently dried. The plasmid DNA was 

dissolved in 20 µL of sterile ddH2O. 

If larger amounts of plasmid DNA were needed, 5 mL of LB medium was inoculated in the first place 

and the tube was refilled with 2.0 mL after the first centrifugation step. The isolated plasmid DNA 

was later dissolved in 40 µL of sterile ddH2O. If needed, a second washing step with 70% ethanol was 

performed. 
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3.6.8 Verification of plasmid integrity 

 

Most plasmids were digested using restriction enzymes either purchased from Jena Bioscience, New 

England Biolabs or Thermo Fischer Scientific. An analytical restriction digestion was prepared in a 

total volume of 10 µL according to Table 28. All components were carefully mixed and the reaction 

mixture was collected at the bottom of the tube by a short spin. The mixture was incubated according 

to the manufacturer’s instructions. When larger amounts of DNA were needed, e.g. for subsequent 

transformation of fungi, the reaction mixture was scaled up accordingly. For the linearization of 

plasmids, the incubation time was extended to ~ 16 hours (overnight). Plasmids harboring only a short 

insert of up to 2000 bp, i.e. pSSt45 and pSSt46, were sequenced by Microsynth Seqlab GmbH. 

Samples were prepared as described by the company. 

 

Table 28. Restriction digestion setup. 

Component Volume 

Plasmid DNA 1.0 µL 

10x restriction buffer 1.0 µL 

Restriction enzyme 0.5 µL 

ddH2O to 10.0 µL 

 

3.6.9 Preparation of fungal spore suspensions and glycerol stocks 

 

Two agar plates were inoculated with fungal spores and incubated as described in 3.5.4. 10 mL of 0.1 

% (v/v) TWEEN® 20 solution was used to scrape off the mycelium from the plates using a bent sterile 

pipet tip. The mycelial suspension was transferred to a 50 mL tube containing sterile glass beads (2,85 

– 3,45 mm) and vortexed thoroughly. The solution was filtered by pouring it into a sterile syringe 

containing cotton to retain the mycelium and the spores were centrifuged subsequently (5,000 rpm, 5 

minutes). The supernatant was discarded, the pellet was washed with sterile water and centrifuged 

again. After omitting the water, the spores were either used for subsequent transformation as described 

in 3.6.11 or resuspended in 1 mL of 20 % (v/v) glycerol solution and transferred to new tubes for long 

time storage at -80°C.  
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3.6.10 Preparation of spore glycerol stocks for Streptomyces 

 

Streptomyces strains were cultivated on MS agar plates (Table 10) for 5 – 7 days, depending on 

sporulation. A sterile toothpick or a pipet tip was used to scrape off the spores from the plates and 

spores were transferred to 1.5 mL tubes containing 500 µL of 20% (v/v) glycerol in water. The tubes 

were closed, thoroughly mixed by vortexing and stored at -80°C.  

3.6.11 PEG-mediated protoplast transformation of filamentous fungi 

 

Genetic modification of A. nidulans was carried out using a polyethylene glycol (PEG)-mediated 

protoplast transformation protocol according to Yin et al.241 For P. crustosum PRB-2, the protocol 

was adapted slightly.64 The media used are given in Tables 29 – 33, the different conditions for each 

strain are given in Table 34 and the enzymes used are listed in Table 35. 

The spore suspension from two GMM plates was used to inoculate 50 ml of liquid GMM 

supplemented with the respective selection markers and yeast extract in a 250 ml Erlenmeyer flask. It 

was incubated at 37°C, 230 rpm until the freshly germinated hyphae reached 2 – 3x the length of the 

spore diameter. The germlings were centrifuged at 5000 rpm for 5 minutes and washed with 30 ml 

sterile water. The germlings were resuspended in 10 ml of freshly prepared osmotic medium (Table 

29) and an enzymatic mixture (Table 35) was added. The cell wall was digested at 37° C with shaking 

at 90 rpm for approximately 2.5 hours and the formation of protoplasts was monitored using a 

microscope. After cell wall digestion, the protoplasts were constantly kept on ice. The protoplast 

suspension was transferred to a 50 mL tube and carefully covered with 10 ml cold trapping buffer 

(Table 30). Centrifugation with decreased acceleration and deceleration at 5,000 rpm, 4°C for 15 

minutes accumulated the protoplasts as a white cloud in the interphase between trapping buffer and 

osmotic medium. The protoplasts were transferred to a 15 ml reaction tube using a cut-off pipette tip 

to avoid shearing and one volume of cold STC buffer (Table 31) was added. After centrifugation at 

5,000 rpm, 4°C for 5 minutes, the supernatant was discarded and the protoplasts were carefully 

resuspended in 4 mL cold STC buffer and centrifuged again. After decanting the supernatant, the 

protoplasts were resuspended in 100 μl STC buffer for each transformation reaction and an additional 

100 µL for the negative control. The linearized plasmids used for transformation were added to the 

100 µL of protoplasts in a new 15 mL tube and after gentle mixing, the protoplast/DNA mixture was 

incubated on ice for 50 minutes. 1.25 ml of PEG solution (Table 32) was added and mixed by gently 

rolling the tube. The transformation mixture was incubated for 20 – 30 minutes at room temperature, 

mixed with 1 ml STC buffer and poured onto stabilized minimal medium (SMM) bottom agar plates 

(Table 33). 5 mL of hand-warm SMM top agar was gently poured on top of the protoplast mixture 
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and mixed by rotating the plates. They were incubated at the appropriate temperature (Table 34) until 

protoplasts regenerated and small single colonies were visible.  

Table 29. Osmotic medium. 

MgSO4  1.2 M  

Sodium phosphate buffer  10 mM  

pH was adjusted to 5.8 using Na2HPO4. Osmotic medium was filter sterilized and stored at 4°C. 

 

Table 30. Trapping buffer. 

Sorbitol  0.6 M  

Tris-HCl, pH 7.0 0.1 M  

Trapping buffer was stored at 4°C after autoclaving. 

 

Table 31. STC buffer.  

Sorbitol  1.2 M  

CaCl2  10 mM  

Tris-HCl, pH 7.5 10 mM  

STC buffer was stored at 4°C after autoclaving.   

  

Table 32. PEG solution.  

PEG 4000  60 % (w/v)  

CaCl2  50 mM  

Tris-HCl, pH 7.5 50 mM  

  

Table 33. SMM.  

Nitrate salts (20x, Table 16) 50 ml/L 

Glucose  10 g/L 

Sorbitol  1.2 M  

Trace elements (Table 17) 1 ml/L 

pH was adjusted to 6.5 ± 0.1 and selection markers were added freshly prior to use. For SMM 

bottom, 16 g/L and for SMM top, 7.5 g/L agar were added. 
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Table 34. Conditions used for the transformation of A. nidulans and P. crustosum. 

Step A. nidulans LO8030 P. crustosum PRB-2 

Conidiation 37°C, 2-3 days 25°C, 5-7 days 

Germination 37°C, 230 rpm, 5-8 hours 25°C, 230 rpm, 10-12 hours 

Protoplastation 37°C, 90 rpm, 2.5 hours 37°C, 90 rpm, 2.5 hours 

Regeneration 37°C, 2-3 days 25°C, 5-7 days 

 

Table 35. Enzymatic mixture used for protoplastation in 10 mL osmotic medium. 

Enzyme Quantity Purchased from 

Cellulase 200 µL ASA Spezialenzyme GmbH 

Chitinase 40 µL ASA Spezialenzyme GmbH 

Protease 10 µL ASA Spezialenzyme GmbH 

Yatalase 20 mg Takara Bio 

 

3.6.12 Plasmid conjugation to Streptomyces albus  

 

Single E. coli ET12567/pUZ8002 colonies obtained after transformation with the respective plasmid 

(3.6.6) were used to inoculate 5 mL LB supplemented with kanamycin, apramycin and 

chloramphenicol, each at 75% of normal working concentration, i.e. 37.5 µg/mL, 37.5 µg/mL and 9.4 

µg/mL. They were incubated overnight at 37°C, 230 rpm and three tubes each containing 5 mL LB 

with the above mentioned antibiotics were inoculated with 500 µL of the overnight culture and kept 

at 37°C, 230 rpm until an OD600 of 0.8 was reached. The cells were pooled in a 50 mL falcon tube and 

centrifuged at 4,000 rpm, 4°C for 10 minutes. E. coli ET12567/pUZ8002 cells were washed twice 

using 20 mL pure LB and they were resuspended in 500 µL of pure LB. In the meantime, glycerol 

stocks of Streptomyces albus spores (3.6.10) were thawed on ice and centrifuged at 4,000 rpm, 4°C 

for 10 minutes. Glycerol was removed by pipetting and the cells were resuspended in 200 µL of pure 

LB. To initiate germination, they were incubated at 50°C for 10 minutes. Both E. coli 

ET12567/pUZ8002 cells and Streptomyces albus spores were combined and incubated for 5 minutes 

at room temperature. The mixture was spread evenly on a MS plate (Table 10) containing 20 mM 

MgCl2 and the plate was left open until all liquid was dried. After incubation at 28°C for 21 hours, 1 

mL of ddH2O supplemented with 25 µL of each apramycin and trimethoprim stock solution were 

spread on the plate for the selection of transformants. Plates were incubated at 28°C for another 3 – 7 

days until first colonies of Streptomyces transformant were visible. 
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3.6.13 Verification of recombinant strains 

 

After transformation of fungal strains (3.6.11) or Streptomyces (3.6.12), single colonies were picked 

as soon as they were visible and streaked onto new GMM or MS agar plates, respectively, maintaining 

selection pressure. Again, a freshly grown single colony was picked and spread evenly onto a new 

selection plate for preparation of a spore suspension (3.6.9 and 3.6.10).  

Fungal colonies were simultaneously used to inoculate liquid GMM for gDNA extraction (3.6.1). The 

isolated gDNA served as a template for a PCR amplification proving the correct integration of the 

transformation construct. Since fungal strains were manipulated on a genomic level, selection pressure 

was not maintained after this point for verified transformants. Recombinant Streptomyces on the other 

hand, carrying extrachromosomal plasmid DNA, were exposed to antibiotic selection the whole time.  

3.6.14 Preparation of LC-MS samples 

 

Genetically modified strains and their respective parent strains were cultivated as described in 3.5 in 

50 mL of liquid medium. 1 mL samples were taken after different time points, e.g. 7, 10, 14, and 21 

days. They were extracted with the same volume of ethyl acetate (EtOAc) twice, the organic phases 

were combined and evaporated to dryness using a speed vac. Depending on the amount, the remaining 

crude extract was dissolved in 35 – 300 µL of 95% methanol, mixed thoroughly and spun down 

(13,000 rpm, 20 minutes, 4°C). 5 µL were used for LC-MS analysis. 

3.6.15 Incorporation of 13C labeled precursors 

 

The recombinant P. crustosum strain SSt12 was cultivated as described in section 3.5. Liquid GMM 

was chosen as a culture medium for this purpose due to the low number of other metabolites produced. 
13C labeled precursors, i.e. [2-13C] and [1,2-13C] acetate, were purchased from Cambridge Isotope 

Laboratories, Inc. They were dissolved in a small amount of GMM and supplemented to the medium 

in a final concentration of 300 mg/L to three-day old cultures. 

3.6.16 Feeding with prexylariolide D 

 

Three independent transformants of A. nidulans SSt28 and their parent strain LO8030 were each 

cultivated in 10 mL of GMM in a 50 mL flask at 25°C. Prexylariolide D was dissolved in MeOH and 

added to the three-day old cultures in a final concentration of 0.5 mM. After another 3, 7 and 10 days 

of cultivation, 0.5 mL samples for LC-MS analysis were taken and extracted with the same volume 

of EtOAc twice. 
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3.7 Extraction and isolation of metabolites for structure elucidation 

3.7.1 Extraction of metabolites 

 

Microorganisms were cultivated in a larger scale (3 – 7 L) in liquid medium as described in section 

3.5. Fungal cultures were filtered using MiraCloth and bacterial cultures were pooled and spun down 

(3,500 rpm, 20 minutes) to obtain a clear culture broth free of mycelia/cells. It was extracted two times 

with the same volume of EtOAc using separating funnels. The phases were mixed by vigorous shaking 

and after phase separation, the EtOAc phases were combined and evaporated at reduced pressure (180 

mbar) and 35°C. The dried crude extract was stored at -20°C if necessary. 

EtOAc phases containing the volatile metabolites xylariolide D and its derivatives were filtered using 

Na2SO4 to remove any remaining water. In this case, the EtOAc phases were carefully evaporated at 

room temperature to keep loss as low as possible. For 13C labeled precursors, the culture broth was 

extracted with dichloromethane (DCM) instead of EtOAc to further minimize loss. In this case, the 

DCM phase was evaporated at room temperature at 600 mbar. 

3.7.2 Silica gel column chromatography 

 

The dry crude extract was weighted and redissolved in a small amount of suited solvent, e.g. 10 mL 

MeOH. A small sample (~ 100 µL) was used for thin layer chromatography (TLC) with different 

solvent mixtures to determine the best mobile phase for separation. The remaining crude extract was 

mixed with a small amount of silica gel (60 0.04–0.063 mm, 230–400 mesh, Carl Roth GmbH) and 

the solvent was evaporated. If necessary, a mortar was lined with silica gel and the silica/crude extract 

mixture was further homogenized by mixing with a pestle. Silica gel was mixed with the mobile phase 

and poured into an empty vertical glass column. To evenly settle the silica gel and to remove any 

bubbles, the glass column was tapped with a cork ring and pressure was applied to pack the column 

tighter. The crude extract was added on top and covered with ~ 0.5 cm quartz sand. A reservoir was 

filled with the mobile phase and the column was started by applying pressure. Fractions were collected 

either in small glass tubes (~ 20 mL) or pear-shaped flasks (200 mL). The elution of secondary 

metabolites was monitored by TLC and the gradient of the mobile phase was changed accordingly. 

Similar fractions were combined and the solvent was evaporated. Dried fractions were stored at -20°C. 
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3.7.3 Final purification with semi-preparative HPLC 

 

To estimate the purity, the fractions of interest obtained from the silica gel column were first measured 

using LC-MS (see 3.6). If necessary, further purification was achieved with a semi-preparative HPLC 

system (Agilent 1260 series).  

The volatile xylariolide D and its derivatives were isolated on a normal phase system using a 

MultoHigh 100-5 SI column, 250 x 10 mm (CS-Chromotographie Service GmbH), DCM/MeOH 98:2 

as a mobile phase with a flow rate of 2.0 mL/min and a detection at λ = 300 nm. 

Cyclodipeptides were isolated using a reverse phase VDSpher PUR 100 C18-SE HPLC column, 250 

mm x 10 mm, 5 μm (VDS optilab Chromatographietechnik GmbH) with 35% acetonitrile in water at 

a flow rate of 2.0 mL/min and a detection at λ = 280 nm. 

During isolation, all flasks were kept on ice and after evaporation of the solvent, the flasks were stored 

at -20°C. Isolated cyclodipeptides were dried by evaporation of acetonitrile, freezing of the water 

phase and sublimation in a freeze dryer. 

 

3.8 Analytical methods 

3.8.1 Agarose gel electrophoresis for the detection of DNA 

 

For the detection of DNA, 1% (w/v) agarose (Agarose NEEO Ultra-Qualität, Carl Roth) was dispersed 

in 1x TAE buffer (Table 36) and heated in a microwave until the powder was dissolved completely. 

Invitrogen SYBR® Safe DNA Gel Stain (Thermo Scientific) was added according to the 

manufacturer’s instructions. The solution was poured into a cast and a comb was added to create wells 

for samples. The set gel was transferred to a horizontal electrophoresis chamber and completely 

submerged in 1x TAE buffer. Samples were prepared using 1x TriTrack DNA Loading Dye (Thermo 

Scientific) and pipetted into the wells. As a size reference, GeneRuler DNA Ladder Mix (Thermo 

Scientific) was used. The chamber was closed and the separation of DNA was conducted at 125 V for 

25 – 30 minutes. The gel was removed and an UV illuminator was used for the detection of DNA 

bands at 312 nm.  
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Table 36. 50x TAE (Tris, acetic acid and EDTA) buffer. 

Tris  2 M 

Acetic acid 1 M 

EDTA 50 mM 

The pH value was adjusted to pH = 8.0 with acetic acid. 

49:1 dilution with ddH2O results in 1x TAE buffer containing 40 mM Tris, 20 mM acetic acid, 

and 1 mM EDTA. 

 

3.8.2 LC-MS analysis 

 

Secondary metabolite production was monitored on an Agilent HPLC 1260 series system with a photo 

diode array detector and a Bruker micro TOF QIII mass spectrometer. Samples were separated on a 

VDSpher PUR 100 C18-M-SE column (150 x 2.0 mm, 3 μm, VDS optilab Chromatographietechnik 

GmbH, Berlin, Germany). A linear gradient from 5 – 100 % acetonitrile in water, containing 0.1 % 

formic acid, in 30 min at a flow rate of 0.3 mL/min was used. The parameters of the MS device were 

set as electrospray positive ion mode for ionization, capillary voltage of 4.5 kV and collision energy 

of 8.0 eV. Data obtained were analyzed using DataAnalysis 4.2 or MetaboliteDetect 2.0 (Bruker 

Daltonik GmbH) and GraphPad Prism 5 (GraphPad Software, Inc.) was used to visualize 

chromatograms. 

 

3.8.3 NMR analysis 

 

NMR spectra were recorded on an ECA-500 spectrometer (JEOL) and processed using MestReNova 

9.0.0 and 12.0.0 (Mestrelab Research S.L.). Xylariolide D and its derivatives were dissolved in CDCl3 

and the chemical shifts were referenced to those of the solvent signals at δH = 7.26 ppm and δC = 77.4 

ppm. All CDPs were dissolved in DMSO-d6 and the chemical shifts were referenced to those of the 

solvent signals at δH = 2.50 and δC = 39.5 ppm 

 

3.8.4 Electronic circular dichroism spectroscopic analysis 

 

The ECD spectrum of xylariolide D was measured with a J-815 CD spectrometer (Jasco Deutschland 

GmbH). The sample was dissolved in MeOH (0.7 mg/mL) and measured in the range of 200 – 400 

nm with a 1 mm path length quartz cuvette (Hellma GmbH & Co. KG).  
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4. Results and discussion 

 

4.1 Xylariolide D biosynthesis in Penicillium strains 

 

As mentioned in the introduction, only a dozen compounds (e.g. peniphenones and penilactones as 

well as their precursors) were isolated from P. crustosum PRB-2 and linked to their respective gene 

clusters, leading to the assumption that the broad majority of the remaining BGC may not be expressed 

under laboratory conditions.60–64 In this work, different methods for the elucidation of cryptic gene 

clusters were applied for the investigation of unknown BGCs containing a PKS core gene. Genetic 

manipulation of the native host itself represented the most promising approach since our laboratory 

already established protocols for the transformation of P. crustosum PRB-2 and two recombinant 

strains with increased targeting efficiency during transformation were available.64,65 One of these 

strains, P. crustosum JZ02 lacking ligD and pyrG, was used as a parent strain for further genetic 

manipulation.65 Proposed pathway specific transcription factors of the BGCs were activated by 

insertion of the strong, constituitve gpdA promoter in front of the respective gene. Additionally, the 

core PKS genes were overexpressed likewise to increase the production of the respective PK scaffold. 

At the same time, heterologous expression of core genes in A. nidulans LO8030 was intended to 

identify the chemical scaffold produced by the PKSs. These investigations led to the identification of 

xylariolide D as the product of one cluster, termed xil cluster in this study. The results obtained for 

the xil cluster are presented in the following sections. 

 

4.1.1 Bioinformatic analysis of P. crustosum PRB-2 genomic sequence 

 

Bioinformatic analysis using AntiSMASH 4.0 revealed that P. crustosum PRB-2 harbors 58 putative 

BGCs for secondary metabolite biosynthesis as shown in Figure 23A.239  

Cluster 44 was predicted to contain the PKS core gene pcr4475 and several other neighboring genes, 

e.g. the proposed transcription factor pcr4474 and the cytochrome P450 pcr4473. Additional genes 

included hypothetical ones (pcr4471, pcr4472, and pcr4477), and transporters (pcr4476 and pcr4478, 

Figure 23 B). 
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Figure 23. Analysis of P. crustosum PRB-2 genome using AntiSMASH 4.0. A 58 putative gene 

clusters were predicted for the biosynthesis of secondary metabolites. Different colors indicate the 

respective core genes detected, e.g. orange for PKSs. B Genomic locus of the xil cluster (pcr4473-

pcr4475) surrounded by genes encoding proteins of unknown function (pcr4471, pcr4472, and 

pcr4477) or transporters (pcr4476 and pcr4478).  

In the course of this study, it was established that only three genes are part of the gene cluster, i.e. 

those encoding the PKS, the TF and the P450. Since the product of the cluster was identified as 

xylariolide D, it was termed xil cluster and the genes were named xilA (pcr4475), xilB (pcr4474), and 

xilC (pcr4473). These names are used interchangeably throughout this work. BLAST analysis 

revealed similar gene clusters with high identities on the amino acid level in the reference genomes 

of P. crustosum G10, P. rubens Wisconsin 54-1255 and Penicillium flavigenum IBT 14082 (Table 

37). However, XilB was not annotated in P. crustosum G10.  

Table 37. xil gene cluster of P. crustosum PRB-2 and similar gene clusters of P. crustosum G10 

and P. rubens Wisconsin 54-1255. 

P. crustosum PRB-2 
P. crustosum 

G10 

P. rubens 

Wisconsin 54-1255 

P. flavigenum 

IBT 14082 

 Gene 
Length 

[aa] 

Putative 

function 
Accession No. 
(length/identity) 

Accession No. 
(length/identity) 

Accession No. 
(length/identity) 

XilA pcr4475 2492 PKS 
KAF7517450.1 

(2492 aa/89.1%) 

XP_002560839.1 

(2464 aa/89.1%) 

OQE18781.1 

(2513 aa/89.57%) 

XilB pcr4474 654 TF - 
XP_002560838.1 

(671 aa/85.8%) 

OQE18897.1 

(681 aa/89.81%) 

XilC pcr4473 572 P450 
KAF7517449.1 

(572 aa/100%) 

XP_002560837.1 

(572 aa/93.0%) 

OQE18783.1 

(572 aa/92.66%) 
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Furthermore, similar gene clusters were predicted by AntiSMASH in the filamentous fungi 

Stachybotrys chlorohalonata IBT 40285, Stachybotrys chartarum IBT 7711, IBT 40293, and IBT 

40288. In this study, the xil cluster and its homolog from P. rubens Wisconsin 54-1255 were 

examined. Both BGCs are given in Figure 24. XilA, XilB, and XilC show high sequence identities of 

89.1, 85.8, and 93.0% to Pc16g04890, Pc16g04880, and Pc16g04870 from P. rubens, respectively. 

 

Figure 24. xil cluster from P. crustosum PRB-2 and its ortholog from P. rubens Wisconsin 54-1255. 

Identity on the amino acid level of encoded proteins and predicted PKS domains encoded by both xilA 

and pc16g04890 is given in percent.  

 

Both PKSs XilA and Pc16g04890 share the same domain structure with sequence identities ranging 

from 82% to 96% on the amino acid level (Figure 24). The MT domain of XilA was not predicted by 

AntiSMASH, but was identified as a conserved domain upon BLAST search (Figure 25A). XilA 

shows a sequence identity of 52.2% to the HR-PKS Sol1 (D7UQ44.1) from the solanapyrone 

biosynthetic gene cluster of Alternaria solani. Upon heterologous expression of the prosolanapyrone 

synthase (PSS) encoded by sol1, the 3-methyl-6-alkyl-α-pyrone derivative desmethylprosolanapyrone 

I was identified as its product (Figure 25B).250  

AntiSMASH and BLASTp indicated that XilB represents a fungal specific Zn(II)2Cys6 zinc cluster 

transcription factor. This is not surprising considering that around 90% of all TFs found in fungal PKS 

gene clusters belong to the Zn cluster family.136 BLASTp search revealed the presence of a regulatory 

middle homology region (MHR), but sequence analysis of XilB did not show the typical CX2CX6CX5-

12CX2C6-8C motif usually observed for Zn(II)2Cys6 zinc cluster TFs.251 MIBiG analysis indicated a 

sequence identity of 37% on the nucleotide level to sol4, a transcription factor from the solanapyrone 

cluster of Ascochyta rabiei.240 sol4 was reported to encode a novel type of Zn(II)2Cys6 transcription 

factor since the highly conserved N-terminal zinc cluster DNA-binding domain with the typical motif 

given above is missing.252 
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Figure 25. A Conserved domains of XilA predicted by BLAST including the MT domain (green). B 

Domains of PSS (Sol1) and the biosynthesis of desmethylprosolanapyrone I, which is subsequently 

converted by other Sol enzymes to solanapyrones, e.g. solanapyrone A. Pictures taken and modified 

from Kasahara et al.250 

XilC was annotated as a P450 by AntiSMASH and BLASTp. It shares an identity of 32% to Tri13 

from the trichothecene BGC of Fusarium graminearum, which catalyzes the conversion of 

deoxynivalenol to its successor nivalenol by hxdroxylation.253,254 

Protein sequences encoded by the xil cluster were deposited at NCBI and are available under the 

accession numbers WGM49240.1 (XilA), WGM49241.1 (XilB), and WGM49242.1 (XilC). 

 

4.1.2 General plasmid design and genetic elements used 

 

As mentioned in 3.3.2, plasmids for the genetic manipulation of fungal strains were designed to 

contain the same genetic elements, i.e. the amp/URA3 cassette, gpdA and AfpyrG. They were amplified 

by PCR once and used for the cloning of different plasmids. The specific targeting regions for fungal 

manipulation were adapted individually and contained overhangs to the above mentioned elements to 

enable cloning of plasmids via homologous recombination in S. cerevisiae.255 For the empty vector 

pSSt05 (used for the transformation of A. nidulans LO8030), the 5’ and the 3’ regions of the wA PKS 

locus were used for genetic targeting. The targeting regions are referred to as upstream and 
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downstream regions of the respective gene throughout this work and as wA promoter and wA down 

for the wA locus of A. nidulans (see below). 

The amp/URA3 cassette (3481 bp, amplified from pJN017) enables the plasmid to be used as a shuttle 

vector for S. cerevisiae and E. coli.241 It contains the ColE1 origin of replication (ori), the ampicillin 

resistance gene ampR from the SuperCos1 vector (Stratagene), a yeast centromere sequence (CEN), 

an autonomously replicating sequence (ARS), and the auxotrophy marker gene URA3.241 Plasmids 

harboring the ColE1 ori are medium copy number plasmids for E. coli resulting in 25 – 30 copies per 

cell.256 Although CEN/ARS-based vectors are low-copy plasmids in S. cerevisiae (1 – 4 copies per 

cell), the advantage of using the ARS is the stable maintenance of larger plasmids (>20 kb).241,257 S. 

cerevisiae was used for the cloning of plasmids via homologous recombination. The protocol 

described in 3.6.4 represents a simple and yet fast, robust and highly efficient method. Although yeast 

takes longer to grow than E. coli, plasmid recovery is more time consuming and the amount of plasmid 

obtained is significantly reduced, this method still outperforms classical cloning approaches since 

plasmids can be obtained from several (up to eight) individual fragments in just one single cloning 

step.255 Due to the low amount of plasmid obtained from S. cerevisiae, further plasmid propagation 

and amplification using E. coli is necessary.  

The URA3 gene encodes the orotidine 5'-phosphate (OMP) decarboxylase, which catalyzes the 

decarboxylation of orotidine monophosphate to uridine monophosphate.258,259 Uridine, consisting of 

a ribofuranose ring attached to the nucleobase uracil, is an essential building block in RNA synthesis. 

Strains lacking the URA3 gene and thereby the ability to produce uridine themselves are not able to 

grow in media without uridine.258  

The gpdA promoter (1445 bp) used in this work is derived from plasmid pJN017 and was originally 

amplified from A. nidulans.64 It is a strong, constitutive promoter that has been sucessfully used not 

only for heterologous gene expression in A. nidulans LO8030, but also for gene deletion in P. 

crustosum PRB-2 using the gpdA activated hygB (mediating hygromycin B resistance) as a selection 

marker.64,260 

Since both A. nidulans LO8030 and P. crustosum JZ02 lack the respective homologs of the pyrG gene, 

the AfpyrG gene (1668 bp) from Aspergillus fumigatus was chosen as a non-toxic auxotrophy selection 

marker. In analogy to URA3, it encodes the OMP decarboxylase, complementing pyrG89 and 

pcr6370, respectively, and therefore restoring growth in the absence of uridine and uracil.261,262 It was 

amplified from plasmid pYH-wA-pyrG.241 

For easier handling and to ensure better comparability between results obtained from heterologously 

expressed genes in A. nidulans and genetically modified P. crustosum strains, the expression vector 

pSSt05 was designed based on pJN017 (see Tables 3 and 4, respectively) with the only difference 

being the change of the selection marker from AfriboB to AfpyrG. This enabled the use of the same 

auxotrophic markers, i.e. uracil and uridine, for both fungal strains. 



 
76   

4.1.3 Activation of the transcription factor pcr4474 in P. crustosum 

 

The proposed transcription factor pcr4474 was activated by cloning the constitutive gpdA promoter 

from Aspergillus nidulans in front of its coding region. For this purpose, plasmid pSSt02 was designed 

(Table 4). It was assembled via homologous recombination in S. cerevisiae HOD114-2B from five 

different fragments, i.e. the amp/URA3 cassette, the gpdA promoter, AfpyrG as a selection marker and 

the respective flanking regions required for genomic targeting. 248,249 The latter ones were chosen as 

the 1500 bp upstream region of pcr4474 and the first 1500 bp of pcr4474 (referred to as the 

downstream region of pSSt02, see Figure 26A).  

 

Figure 26. A Genomic organization of parent strain P. crustosum JZ02, recombinant P. crustosum 

SSt02 and SwaI linearized pSSt02 transformation construct. B Restriction digestion of pSSt02 with 

PstI (1), DraI (2) and SalI (3) to confirm sequence integrity. Left panel shows predicted bands on 1% 

agarose gel (SnapGene), middle panel shows observed bands on 1% agarose gel and right panel lists 

expected length of fragments for each restriction digestion. C PCR confirmation of correct integration 

at the targeted gene locus for four independent P. crustosum SSt02 transformants using P. crustosum 

JZ02 as control. Primer pairs and the expected length of the amplified fragments are given in A. D 

Gene Ruler DNA Ladder Mix (purchased from Thermo Scientific) used as a size standard. 
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All PCR fragments were used in an equimolar ratio for subsequent cloning as described in 3.6.4 and 

the plasmid was isolated from yeast and further propagated using E. coli DH5α (3.6.5-3.6.8). Its 

sequence integrity was verified by digestion with three different restriction enzymes, i.e.  PstI, DraI, 

and SalI (see Figure 26B). The recombinant strain P. crustosum JZ02 (ΔAfpyrGΔku70) was 

transformed with the SwaI linearized plasmid and four of the obtained transformants were screened 

by PCR for correct integration of the transformation construct. For this purpose, two primer pairs were 

designed which bind within and outside of the 5’ and 3’ ends of the transformation construct, 

respectively (Figure 26C). P. crustosum JZ02 was used as a negative control. Spores of the parent and 

recombinant strains were used to inoculate 50 mL of liquid GMM and samples for LC-MS 

measurement were taken after 14 days. Compared to the strain JZ02, two new peaks were observed 

in all cultures of the SSt02 strains: 1 with a [M+H]+ ion at m/z 183.1019 and a predicted molecular 

formula of C10H15O3 and 2 with a [M+H]+ ion at m/z 167.1075 and a predicted molecular formula of 

C10H15O2 (Figure 27). Due to its low quantity, the second compound was not detected in the UV 

chromatograms but its mass was found in the extracted ion chromatogram (EIC) after analysis of the 

data using MetaboliteDetect. The two predicted molecular formulas seem to contain the same C10 

scaffold and only differ by one oxygen atom. Since the core genes of this cluster consist of a PKS and 

a P450, the assumption was made that the second compound may be the PKS product which is likely 

hydroxylated by the P450 enzyme. To confirm this hypothesis and to elucidate the structure of the 

two compounds, the PKS Pcr4475 was subsequently expressed in A. nidulans LO8030 for the 

production of the PK scaffold. Simultaneously, pcr4475 was likewise activated in P. crustosum to 

further boost production of both metabolites observed in cultures of the recombinant SSt02 strain. 

 

Figure 27. LC-MS analysis of fungal extracts from P. crustosum strains JZ02 and SSt02. A UV 

chromatogram (290 – 310 nm) where a new peak (1) was detected in the recombinant strain SSt02. 

Due to its low amount, compound 2 was not detected. B EICs of compounds 1 (green) and 2 (blue) in 

the crude extracts of P crustosum JZ02 and SSt02. A tolerance range of ± 0.005 was used for ion 

detection. 
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4.1.4 Activation of the PKS pcr4475 in P. crustosum 

 

To increase the yield of compounds observed in culture broths of P. crustosum SSt02, the PKS gene 

pcr4475 was activated as described for the transcription factor pcr4474 in 4.1.3. The plasmid pSSt12 

with the respective flanking regions was cloned and transformation of P. crustosum JZ02 resulted in 

recombinant strain P. crustosum SSt12. Triple digestion of pSSt12 and confirmation of correct 

integration of P. crustosum SSt12 is given in Figure 28.  

  

Figure 28. A Genomic organization of parent strain P. crustosum JZ02 and recombinant P. crustosum 

SSt12. B Restriction digestion of pSSt12 with PstI (1), SalI (2) and SstI (3) to confirm sequence 

integrity. Left panel shows observed bands on 1% agarose gel, middle panel shows predicted bands 

on 1% agarose gel (SnapGene) and right panel lists expected length of fragments for each restriction 

digestion. C PCR confirmation of correct integration at the targeted gene locus in P. crustosum SSt12 

using P. crustosum JZ02 as control. Primer pairs and the expected length of the amplified fragments 

are given in A. D Gene Ruler DNA Ladder Mix (purchased from Thermo Scientific) used as a size 

standard. 

Cultivation of P. crustosum JZ02 and SSt12 and LC-MS analysis of the extracts revealed that not only 

production of compounds 1 and 2 could be reproduced but also that their amount was indeed 

significantly increased. For compound 1, an at least 17-fold higher accumulation was observed for the 

PKS pcr4475 overexpression strain SSt12 compared to the activation of transcription factor pcr4474 
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in strain SSt02 (Figure 29, Table 43). The strain P. crustosum SSt12 was therefore used for a larger 

scale cultivation and subsequent isolation of both compounds.  

 

Figure 29. Analysis of fungal extracts from P. crustosum strains JZ02, SSt02 and SSt12. A UV 

chromatogram (290 – 310 nm) illustrating the difference between activation of the transcription factor 

pcr4474 and the PKS pcr4475. Compound 2 is clearly visible in the UV chromatogram of the 

recombinant SSt12 strain. B EICs of compounds 1 (green) and 2 (blue) in the crude extracts of P. 

crustosum JZ02, SSt02, and SSt12. A tolerance range of ± 0.005 was used for ion detection. 

 

4.1.5 Creation of the empty vector control strain A. nidulans SSt01 

 

Based on its parent strain A. nidulans LO1362, A. nidulans LO8030 is a genetic dereplication strain 

that was modified by deleting eight of the most highly expressed BGCs, i.e. sterigmatocystin, 

emericellamides, asperfuranone, monodictyphenone, terrequinone, F9775A and B, asperthecin, and 

austinol and dehydroaustinol BGCs (genotype see Table 6).246 As a result, its metabolite background 

was demonstrated to be very low. Although more than 244,000 base pairs were deleted, the strain still 

proved genetic stability and the same fast growth as its parent strain.246 Due to the deletion of several 

genes used for selection (pyroA4, riboB2, pyrG89), A. nidulans LO8030 lacks the ability to grow in 

media deficient of uracil/uridine, riboflavin, and pyridoxine,246 enabling the use of three different non-

toxic selection markers at the same time.  
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To protect itself against damage caused by ultraviolet light, A. nidulans produces a dark green pigment 

in the cell walls of its spores.263 The production of this pigment is encoded by the two genes yA and 

wA. Disruption of yA and wA leads to the formation of yellow and white spores, respectively.263 

Heterologous expression of the PKS wA, on the other hand, resulted in the formation of the 

naphthopyrone YWA1, an intermediate in spore pigment production.264 The genomic locus of this 

non-essential PKS is widely used as an integration site for heterologously expressed genes. Using the 

wA flanking regions for targeting, the wA PKS is replaced by foreign DNA during transformation and 

correct transformants can easily be distinguished from those with ectopic integration by their white 

phenotype (see Figure 32).  

In analogy to constructs created for P. crustosum JZ02 (ΔAfpyrGΔku70), the empty expression vector 

pSSt05 was created using AfpyrG as a selection marker. pSSt05 furthermore consists of the amp/URA3 

cassette, the wA flanking regions, the A. nidulans gpdA promoter and AfpyrG. 

 

Figure 30. A Creation of the empty vector control strain A. nidulans SSt01 using the parent strain A. 

nidulans LO8030 and SwaI linearized pSSt05. Homologous recombination within A. nidulans 

LO8030 leads to genomic integration of the gpdA promoter and AfpyrG in the wA locus. B PCR 

confirmation of correct integration at the wA locus for two independent A. nidulans SSt01 

transformants using A. nidulans LO8030 as control. Primer pair and the expected length of the 

amplified fragment is given in A. C Gene Ruler DNA Ladder Mix (purchased from Thermo Scientific) 

used as a size standard. D Plasmid map of pSSt05 created with SnapGene. The location of the 

restriction sites for single cutters SwaI and SfoI are indicated in green. 
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For the integration of genes into the vector, a SfoI restriction site was created between gpdA and 

AfpyrG. As a consequence, expressed genes are not only under influence of the native wA promoter 

of A. nidulans, but also under influence of the stronger gpdA promoter ensuring even higher 

transcription of the expressed genes.159 The sequence integrity of pSSt05 was verified by sequencing. 

It was linearized with SwaI (cutting within the URA3 gene) and the linear DNA fragment was used to 

transform A. nidulans LO8030. PEG-mediated protoplast transformation (3.6.11) was utilized to 

introduce plasmid DNA into the fungal host. The flanking regions, i.e. wA promoter and wA down, 

were used for genetic targeting and facilitated the integration of the adjacent DNA fragments, in this 

case gpdA and AfpyrG, via homologous recombination. The obtained recombinant transformants were 

named A. nidulans SSt01. Integration of the transformation construct at the correct genomic locus was 

proven by their white phenotype and PCR amplification using the primer pairs SSt81/SSt54 (3078 bp, 

see Figure 30B). 

Since no genes encoding proteins involved in the biosynthesis of SMs were expressed in A. nidulans 

SSt01, it was expected that the SM profile was not altered compared to A. nidulans LO8030. This was 

proven by cultivation of both strains in different media and subsequent LC-MS analysis of crude 

extracts. 1 mL samples for LC-MS analysis were prepared as described in 3.6.14. Due to the low 

metabolite profile of A. nidulans LO8030, they were only resuspended in 30 µL MeOH and 10 µL 

were used for LC-MS analysis. The results obtained for the cultivation in PDB is given in Figure 31. 

The UV chromatogram in a range of 190 – 400 nm was used to ensure thorough metabolite detection. 

 

Figure 31. HPLC analysis of fungal extracts. The samples were measured as described in 3.8.2, but 

the method used for separation was shortened to 20 minutes. 
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4.1.6 Heterologous expression of xilA in A. nidulans LO8030 

 

For the heterologous expression of pcr4475, the empty vector pSSt05 was linearized using the blunt 

end cutter SfoI. Due to its size of 7592 bp plus terminator region of 999 bp, the PKS gene was 

amplified in two separate fragments using the primer pairs SSt39/SSt04 and SSt03/SSt40, generating 

an overlapping region between the two fragments. They were integrated into pSSt05 by homologous 

recombination in S. cerevisiae and the plasmid was further amplified using E. coli. Integrity of the 

obtained plasmid pSSt04 was confirmed by restriction digestion with PstI, SstI, and EcoRI (Figure 

32B).  

 

Figure 32. A Heterologous expression of PKS pcr4475 from P. crustosum PRB-2 in the wA locus of 

A. nidulans LO8030 resulting in the strain A. nidulans SSt04. B Restriction digestion of pSSt04 with 

PstI (1), SstI (2) and EcoRI (3) to confirm sequence integrity. Left panel shows predicted bands on 

1% agarose gel (SnapGene), middle panel shows observed bands on 1% agarose gel and right panel 

lists expected length of fragments for each restriction digestion. C PCR confirmation of correct 

integration at the wA locus for two independent A. nidulans SSt04 transformants using A. nidulans 

LO8030 as control. Primer pair and the expected length of the amplified fragment is given in A. D 

Gene Ruler DNA Ladder Mix (purchased from Thermo Scientific) used as a size standard. E Green 

phenotype of A. nidulans LO8030 with an intact wA PKS and white phenotype of transformants (using 

A. nidulans SSt04 as an example). Both pictures are five-day old cultures on GMM agar plates.  
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SwaI linearized pSSt04 was used for the transformation of A. nidulans LO8030 (3.6.11, Figure 32A) 

and two of the obtained transformants were further confirmed by PCR (Figure 32C). Their white 

phenotype and the green phenotype of the parent strain A. nidulans LO8030 are shown in Figure 32E. 

The resulting A. nidulans SSt04 strains (wA-PKS::gpdA(p)-pcr4475+999bp 3’UTR-AfpyrG) and the 

empty vector control strain SSt01 (wA-PKS::gpdA(p)-AfpyrG) were cultivated in liquid GMM 

supplemented with riboflavin and pyridoxine. Extracts of the culture broth were analyzed by LC-MS 

(Figure 33). In the UV chromatograms of the strains harboring pcr4475, two new peaks were 

observed. The first peak with a [M+H]+ ion at m/z 167.1069 and a retention time of 19.1 min 

corresponds very well to compound 2 observed in P. crustosum strains SSt02 and SSt12. The other 

new metabolite of A. nidulans SSt04 was detected with a [M+H]+ ion at m/z 183.1017 and a retention 

time of 13.5 min. Although the mass of this metabolite corresponds well to compound 1 detected in 

recombinant P. crustosum strains, the different retention times of the two peaks (12.5 min for 1 vs. 

13.5 min) indicated that a different metabolite 3 was detected in A. nidulans SSt04.  

The strain was subsequently used for a larger scale cultivation an isolation of 2 and 3. 

 

Figure 33. HPLC analysis of fungal extracts. Compared to the empty vector control SSt01, 

compounds 2 and 3 were detected in extracts of the XilA overexpression strain A. nidulans SSt04.  
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4.1.7 Isolation of compounds and structure elucidation 

 

To determine the structures of compounds 1, 2, and 3, P. crustosum SSt12 and A. nidulans SSt04 were 

cultivated in 3 – 4 L of liquid GMM and CD medium.  

The culture broth was extracted with the same amount of EtOAc twice. Subsequently, a silica gel 

column using petroleum ether/EtOAc and a semi-preparative reverse phase HPLC setup using 

ACN/water as solvents were used for purification as described in 3.7.3. After drying of the sample in 

a freeze dryer, only very little of the oily compounds was left (~ 1 mg). At this point it was assumed 

that the compounds may be volatile. To obtain larger amounts of the substances, the cultivation was 

repeated and the extraction and isolation was optimized: The cultures were extracted with EtOAc and 

the organic phase was filtered using Na2SO4 to remove any remaining water. Careful evaporation and 

subsequent isolation using a silica gel column as described above and a semi-preparative normal phase 

HPLC with DCM/MeOH (98:2) yielded 10 mg, 6 mg and 5 mg of compounds 1, 2 and 3, respectively. 

NMR spectra in CDCl3 were recorded for all isolated compounds. The structure of compound 2 was 

elucidated using its HSQC data (Figure S9 and Table 38) and the NMR-based tool “Small Molecule 

Accurate Recognition Technology” (SMART; available at http://smart.ucsd.edu/classic), which 

linked the structure to 5-Butyl-6-methyl-2H-pyran-2-one (cosine score: 0.895).265 Comparison of 

NMR data with those published confirmed that compound 2 is indeed the α-pyrone predicted by 

SMART.266  

 

It was first isolated in 1998 by Schlingmann et al. from the culture broth LL-11G219 of an unidentified 

filamentous fungus and was hence referred to as LL-11G219α.266 Using the data of compound 2, the 

structures of compounds 1 and 3 were deduced as its hydroxylated derivatives: Compound 1 was 

identified as the known xylariolide D (see below), whereas compound 3 was not described previously. 

Since 2 was detected in P. crustosum SSt02, SSt12 and A. nidulans SSt04, it was assumed that this 

Table 38. NMR data of prexylariolide D (2) in CDCl3. 

Pos. δC δH  multi., J [Hz] HMBC 

 

 
2 

prexylariolide D  

2 163.0    

3 113.3 6.14 d, 9.5 C-2, 5 

4 147.1 7.16 d, 9.5 C-2, 7 

5 115.5    

6 158.3    

7 29.2 2.28 t, 7.7 C-4, 5, 6, 8, 11 

8 32.0 1.45 m C-5, 7, 9, 10 

9 22.2 1.34 m C-10, 8 

10 13.9 0.93 t, 7.3 C-8, 9 

11 17.2 2.22 s C-5, 6 
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metabolite is the unmodified product of XilA, which is then hydroxylated to xylariolide D in the native 

pathway. Therefore, this compound was named prexylariolide D. Its NMR data is given in Table 38 

and its NMR spectra are given in Figures S7 – S10. Although compounds 1 and 2 were already 

described in literature, their biosynthesis has not been elucidated. 

The α-pyrone xylariolide D (1) consist of a 2H-pyran-2-one scaffold that is substituted with a 

hydroxybutyl residue at C-5 and a methyl residue at C-6. It was first isolated from Xylaria sp. NCY2 

and named xylariolide D in that study.267 Xylariolide D was also obtained from culture broths of 

Dictyosporium digitatum and Penicillium crustosum HDN153086, which was isolated from a soil 

sample collected at Prydz Bay.268,269 In the latter study, 10 mg xylariolide D were isolated from a total 

volume of 120 liters of culture broth.268 Since NMR data reported were not complete, 1H, 13C, 1H-1H 

COSY, HSQC and HMBC spectra were recorded. The NMR data is given in Table 39 and NMR 

spectra are provided in Figures S1 – S5. 

The 1H and 13C data corresponds well to those reported previously.268 The position of the hydroxybutyl 

residue at C-5 and the methyl residue at C-6 of xylariolide D is confirmed by its HMBC spectrum 

(Figure S5), where strong coupling is observed between positions 7 and 4, 7 and 6, as well as positions 

11 and 5. The key HMBC correlations confirming the structure of xylariolide D are shown in the 

structure provided in Table 39. 

 

Table 39. NMR data of xylariolide D (1) in CDCl3. 

 
xylariolide D (1) 

Pos. δC δH  multi., J [Hz] 1H-1H COSY HMBC 

2 162.4     

3 114.0 6.21 d, 9.6 H-4 C-2, 5 

4 143.3 7.48 d, 9.6 H-3 C-2, 6, 7  

5 118.3     

6 158.3     

7 68.3 4.64 t, 6.9 H-8 C-4, 5, 6, 8, 9 

8 39.4 1.74, 1.53 m H-7 C-5, 7, 9, 10 

9 18.8 1.39, 1.28 m H-10 C-8, 10 

10 13.9 0.95 t, 7.3 H-9 C-8, 9 

11 17.1 2.26 s  C-3, 4, 5, 6 

12  not observed    
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To determine the stereochemistry at position C-7 of xylariolide D, its ECD spectrum (Figure 34A) 

was measured as described in 3.8.4. The spectrum fits well to the one recorded by Liu et al. (Figure 

34B), who deduced the stereochemistry from calculations of a truncated model compound as S-

configuration.268  

 

 

Figure 34. ECD spectra of xylariolide D. A ECD spectrum of xylariolide D (MeOH; 0.7 mg/mL). B 

Spectrum recorded for xylariolide D (black) and the calculated spectrum of the truncated model 

compound with S-configuration (blue) by Liu et al.268 

Compound 3, which was only observed in the XilA expression strain A. nidulans SSt04, has not been 

described previously and was named xylariolide G in this study. Its NRM data is given in Table 40 

and the NMR spectra are included in Figures S11 – S14. In comparison to the spectra of 2, where 

signals for the methyl group at the 2-pyrone ring were detected at δH 2.22 (s, 3H) and δC 17.2 ppm, 

these signals were not present in the spectra of 3. Instead, signals for a methylene group were observed 

at δH 4.45 (s, 2H) and δC 59.0 ppm, indicating the conversion of the methyl to a hydroxymethyl group. 

These observations were also confirmed by HSQC and HMBC analyses. Xylariolide G (3) can be 

considered an artifact in the heterologous expression strain. Most likely an unknown endogenous 

enzyme from A. nidulans accepts the XilA product prexylariolide D and catalyzes its hydroxylation. 

Compounds modified by A. nidulans upon expression of heterologous genes have been described 

previously. For example, the expression of a isocoumarin synthase from P. crustosum PRB-2 led to 

the production of one hydroxylated and one methylated derivative, which were both not observed in 

the native host.270 
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4.1.8 Heterologous expression of pc16g04890 and structure elucidation 

 

To elucidate the product of Pc16g04890, the XilA ortholog from P. rubens Wisconsin 54-1255 was 

expressed in A. nidulans. Its genomic sequence was cloned into the SfoI linearized empty vector 

pSSt05 and the resulting construct pSSt26 was used for PEG-mediated protoplast transformation of 

A. nidulans LO8030 as described above. Figure 35 shows triple digestion of pSSt26 as well as PCR 

results confirming the correct integration of pc16g04890 into the wA locus of A. nidulans. 

The Pc16g04890 overexpression strain A. nidulans SSt26 was cultivated and its metabolite profile 

was compared to the ones of A. nidulans SSt04 expressing XilA and the empty vector control SSt01. 

Analysis of the fungal extracts revealed that both 2 and 3 were produced in the recombinant strains 

SSt04 and SSt26, indicating that Pc16g04890 and XilA both produce the α-pyrone prexylariolide D 

(2). 

 

Table 40. NMR data of xylariolide G (3) in CDCl3. 

 

Pos. δC δH  multi., J [Hz] HMBC 

 
3 

xylariolide G 

2 161.8    

3 115.7 6.27 d, 9.5 C-5 

4 146.9 7.22 d, 9.5 C-2, 6 

5 116.6    

6 157.5    

7 28.6 2.36 t, 7.7 C-4, 5, 6, 8, 9 

8 32.5 1.47 m C-7 

9 22.2 1.34 m C-7, 8, 10 

10 13.9 0.93 t, 7.3 C-8, 9 

11 59.0 4.45 s C-5, 6 

12  not observed   
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Figure 35. A Heterologous expression of pc16g04890 from P. rubens Wisconsin 54-1255 in the wA 

locus of A. nidulans LO8030 resulting in the strain A. nidulans SSt26. B Restriction digestion of 

pSSt26 with BamHI (1), NdeI (2) and SstI (3) to confirm sequence integrity. Left panel shows 

observed bands on 1% agarose gel, middle panel shows predicted bands on 1% agarose gel 

(SnapGene) and right panel lists expected length of fragments for each restriction digestion. C PCR 

confirmation of correct integration at the wA locus for A. nidulans SSt26 using A. nidulans LO8030 

as control. Primer pair and the expected length of the amplified fragment is given in A. Due to the 

high sequence identity to xilA, the same primer pair used for PCR amplification of A. nidulans SSt04 

could also be used for A. nidulans SSt26. D Gene Ruler DNA Ladder Mix (purchased from Thermo 

Scientific) used as a size standard. 

 

To confirm that the product of Pc16g04890 was indeed prexylariolide D, A. nidulans SSt26 was 

cultivated in a larger scale and compound 2 was isolated as described in 4.1.7. Subsequent 1H NMR 

analysis revealed that the isolated compound is indeed prexylariolide D. Its 1H NMR data corresponds 

exactly to that of prexylariolide D isolated from P. crustosum and A. nidulans given in Table 38. Its 
1H NMR spectrum is given in Figure S6.  
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Figure 36. HPLC analysis of fungal extracts. Compared to the empty vector control SSt01, 

compounds 2 and 3 were detected in extracts of both XilA and Pc16g04890 overexpression strains 

SSt04 and SSt26, respectively.  
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4.1.9 Biosynthesis of α-pyrones in microorganisms 

 

The unusual substitution pattern of xylariolide D and its derivatives raised questions about their 

biosynthesis. As mentioned in the introduction, type I PKSs usually catalyze the formation of one 

linear chain by consecutive Claisen condensation of acyl units. Cyclization of the carbon backbone to 

α-pyrones results in 6-alkyl substituted compounds such as gibepyrones and phomenins or polyene α-

pyrones with a long methylated polyene side chain, e.g. citreoviridin, aurovertin, asteltoxin, 

alternapyrones or the above mentioned solanapyrone and its precursor desmethylprosolanapyrone I 

(see Figure 37A for structures).250,271–276 The latter compound is biosynthesized by the above 

mentioned PKS Sol1 utilizing acyl-CoA building blocks and SAM to produce the PK scaffold, which 

is methylated by the MT domain of the PKS (Figure 37B).271–274  

Feeding experiments indicated that formation of the branched 3,6-substituted α-pyrone corallopyronin 

A employs a free standing, trans-acting KS domain that catalyzes the condensation of two independent 

PKS- and NRPS/PKS-derived chains (see Figure 37A for structure).277 This mechanism was later 

proven for the photopyrone synthase PpyS, which catalyzes the head-to-head condensation of two 

chains (Figure 37C).278 Similar compounds as the above mentioned 3,6- and 6-substituted α-pyrones 

were also reported for type II and type III PKS systems.279 The type III PKS AnPKS from Aspergillus 

oryzae, for example, catalyzes the synthesis of diverse 6-alkyl pyrones and the bacterial type III PKS 

Gcs from Streptomyces coelicolor utilizes different acyl building block for the biosynthesis of 3,6-

substituted germicidin A-D.280,281 

However, the intramolecular cyclization of a straight carbon chain observed for type I-III PKS systems 

cannot explain the branched structure of xylariolides and condensation of two chains can be excluded 

since the expression of one single type I PKS resulted in the formation of prexylariolide D. Therefore, 

all of the above mentioned biosynthetic pathways are not applicable for the biosynthesis of xylariolide 

D.  

Further literature search was conducted to gain insights into possible biosynthetic pathways discussed 

for 5-substituted α-pyrones. The structurally closely related pyrenocine A was isolated from 

Pyrenochaeta terrestris in 1979 (with its structure revised in 1981) and also obtained from cultures of 

Penicillium citreoviride in 1980, in this study referred to as citreopyrone (see Figure 37D).282–284 

Due to the limited knowledge about the biosynthetic machinery at that time (see 1.3.1), isotopic 

tracing was used to explain the biosynthesis of these compounds and different theories were proposed 

regarding their formation.276 Enriched pyrenocine A was isolated after addition of [1,2-13C] acetate to 

cultures of Penicillium citreoviride and its origin from two separate carbon chains was proposed.285 
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Figure 37. Different α-pyrones isolated from microbial sources. A 3,6- and 6-substituted α-pyrones. 

B Biosynthesis of the 6- substituted α-pyrone desmethylprosolanapyrone I from one linear chain by 

Sol1.250 C Biosynthesis of the 3,6- substituted α-pyrone photopyrone D via head-to-head condensation 

of two distinct chains by the bacterial PpyS.278 D 5-substituted α-pyrones. Their biosynthesis has not 

been reported. Middle: Numbering used for the α-pyrone scaffold. 

Turner et al. speculated that pyrenocine A is biosynthesized from one single chain and the formation 

of an aromatic intermediate is followed by oxidative cleavage of the benzene ring and its 

rearrangement.276 The same conclusion was drawn for macommelins (PKs with a 5-alkyl-6-methyl-

α-pyrone scaffold) after feeding of labelled acetate and malonate precursors (Figure 37D).286  

In analogy to the discussion of pyrenocine A biosynthesis, it was excluded that xylariolide D and its 

derivatives are biosynthesized from an aromatic intermediate that is rearranged to form the α-pyrone, 

since no intermediates were detected in the recombinant strains created in this work. It was therefore 

concluded that a branched polyketide chain is formed, which is released from the enzyme while the 

α-pyrone ring is formed via lactonization. To gain further evidence and to prove the function of the 

P450 XilC, more experiments were conducted.  
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4.1.10 Heterologous expression of xilC and precursor feeding 

 

Next, the function of the P450 XilC was investigated to prove its involvement in the biosynthesis of 

xylariolide D. As mentioned in 1.5.1, eukaryotic P450s are membrane bound enzymes that require a 

reductase for electron delivery. Since expression in E. coli or S. cerevisiae and subsequent purification 

can be challenging, the gene was overexpressed in A. nidulans instead and its substrate prexylariolide 

D (2) was added to cultures of the recombinant strain. 

For this purpose, the P450 gene pcr4473 was cloned into the empty expression vector pSSt05 and the 

resulting construct pSSt28 was verified and used for the transformation of A. nidulans LO8030 (Figure 

38A and B). Three independent transformants of the obtained xilC overexpression strain A. nidulans 

SSt28 were further screened by PCR for correct integration (Figure 38C). 

 

Figure 38. A Heterologous expression of P450 pcr4473 from P. crustosum PRB-2 in the wA locus of 

A. nidulans LO8030 resulting in the strain A. nidulans SSt28. B Restriction digestion of pSSt28 with 

HindIII (1), PstI (2) and SstI (3) to confirm sequence integrity. Left panel shows observed bands on 

1% agarose gel, middle panel shows predicted bands on 1% agarose gel (SnapGene) and right panel 

lists expected length of fragments for each restriction digestion. C PCR confirmation of correct 

integration at the wA locus for three independent A. nidulans SSt28 transformants using A. nidulans 

LO8030 as control. Primer pair and the expected length of the amplified fragment is given in A. D 

Gene Ruler DNA Ladder Mix (purchased from Thermo Scientific) used as a size standard. 
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Spores of the strains A. nidulans SSt28 and SSt01 were used to inoculate liquid GMM and 

prexylariolide D was added to the cultures in a final concentration of 0.5 mM (for details see 3.6.16). 

LC-MS samples were taken to monitor conversion of prexylariolide D (2, Figure 39). This experiment 

was conducted with three independent transformants of A. nidulans SSt28. Since all experiments 

resulted in uniform results, only one chromatogram is given in Figure 38. Analysis of the extracts 

revealed that 2 was almost completely converted to xylariolide D (1) in the strains expressing XilC. 

These results clearly prove the conversion of 2 to 1 by XilC. In the empty vector control SSt01, 2 was 

converted to xylariolide G (3), again implying that an unknown host enzyme accepts 2 as a substrate 

and catalyzes the hydroxylation at position C-11. 

 

Figure 39. LC-MS analysis of extracts after addition of prexylariolide D (2, 0.5mM) to fungal 

cultures. Prexylariolide D (2) is converted to xylariolide G (3) in the empty vector control strain SSt01 

and to xylariolide D (1) in the xilC overexpression strain SSt28. 

 

4.1.11 Feeding of 13C labeled precursors 

 

To gain further evidence for the biosynthesis of xylariolide D and to clarify whether the methyl residue 

of the α-pyrone ring is derived from acetate or SAM, 13C-labeled precursors (i.e. [2-13C] and [1,2-13C] 

acetate) were fed to cultures of the PKS overexpression strain P. crustosum SSt12 as described in 

3.6.15. Since structurally similar 6-substituted 2H-pyran-2-ones (e.g. gibepyrones isolated from 

Fusarium fujikuroi or 6-pentyl-α-pyrone from Trichoderma asperellum) were reported as volatiles, 

the cultures were extracted with DCM and further purified as described in 3.7.287,288
 The 13C NMR 
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spectra were recorded for the isolated xylariolide D and its precursor prexylariolide D (see Figures 

S15 – S18). Figure 40 shows the results of xylariolide D with 13C labeled precursor feeding compared 

to that without labeling. Supplementation of sodium [2-13C] acetate to the culture medium led to the 

enrichment of five carbon atoms, i.e. C-3, 5, 8, 10, and 11 (Figure 40B). Upon integration of 1,2-

labeled 13C acetate units into xylariolide D, all carbon signals observed in the native spectrum showed 

the expected homonuclear 13C-13C coupling patterns (see Figure 40C), confirming again their origin 

from acetate.  

 

Figure 40. 13C NMR analysis of enriched xylariolide D in CDCl3. A Native 13C NMR spectrum of 

xylariolide D without enrichment. B 13C NMR spectrum of xylariolide D enriched with [2-13C] 

acetate. C 13C NMR spectrum of xylariolide D enriched with [1,2-13C] acetate. 

 

Determination of the 13C-13C coupling constants (1JCC) confirmed the same frequency of 52.4 Hz for 

C-6 and C-11, clearly proving that both carbon atoms must be derived from one acyl unit. Enrichment 

rates and 1JCC coupling constants are given in Tables 41 and 42 for xylariolide D and its precursor, 

respectively.   
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Table 41. Enrichments and coupling constants observed for xylariolide D after feeding with 13C 

labeled precursors in CDCl3. 

 Sodium [2-13C] acetate Sodium [1,2-13C] acetate 

  

  

  xylarioloide D (1) 

Pos. δC Enrichment Enrichment 1JCC [Hz] 

2 162.4 1.2 3.4 72.6 

3 114.0 6.7 3.5 72.6 
4 143.3 1.0 3.4 52.8 
5 118.3 5.1 2.7 52.8 
6 158.3 1.1 3.5 52.4 
7 68.3 0.8 3.3 37.9 
8 39.4 7.0 3.1 37.9 
9 19.1 0.9 4.3 34.7 

10 13.9 7.5 3.9 34.7 
11 17.1 5.6 3.9 52.4 

Table 42. Enrichments and coupling constants observed for prexylariolide D after feeding with 
13C labeled precursors in CDCl3. 

 Sodium [2-13C] acetate Sodium [1,2-13C] acetate  

  

  

  prexylarioloide D (2) 

Pos. δC Enrichment Enrichment 1JCC [Hz] 

2 163.0 1.0 3.9 72.4 

3 113.3 9.6 3.3 72.4 

4 147.1 1.0 3.0 51.8 

5 115.5 5.5 3.0 51.8 

6 158.3 1.0 3.7 53.1 

7 29.2 0.8 3.3 33.6 

8 32.0 8.6 3.4 33.6 

9 22.2 1.0 3.3 34.7 

10 13.9 9.5 4.3 34.7 

11 17.2 6.6 4.0 53.1 



 
96   

These results unambiguously proved that the methyl residue at position C-6 of xylariolide D and its 

precursor prexylariolide D is not derived from SAM but from acetate and that the α-pyrone scaffold 

is biosynthesized from five acetate units. This led to the assumption that a branch is introduced to the 

PK chain during its biosynthesis. 

 

4.1.12 Proposed biosynthetic pathway for xylariolide D 

 

Branches can be introduced into the linear polyketide chain in two different ways: either via 

methylation of the growing PK chain in α-position or by β-alkylation. α-Branching of the carbon 

backbone is achieved by MT domains utilizing SAM to introduce a methyl group and is commonly 

observed in PKS systems harboring a MT domain, e.g. Sol1.250  

In general, β-alkylation of the polyketide chain is less common than α-alkylation. It requires the attack 

of an alkyl nucleophile at the electrophilic β-position and was described for many mPKSs employing 

trans-AT domains.289 In 2006, Calderone et al. proved that a 3-hydroxy-3-methylglutaryl synthase 

(HMGS or HCS) is responsible for the introduction of a β-branch in the biosynthesis of bacillaene.290 

Besides the HMGS, the key catalytic step requires an acceptor ACP (ACPA), a free-standing donor 

ACP (ACPD), and a KS domain lacking the active site cysteine (KS0). In a concerted mechanism, the 

above mentioned enzymes, together with an enoyl-CoA hydratase (ECH) domain, give rise to the β-

branched PK chains.289  

A different mechanism for β-branching was described by Bretschneider et al. in the biosynthesis of 

the bacterial rhizoxin catalyzed by a mPKS.291 Here, a dimeric protein consisting of a novel branching 

(B) domain and a KS domain interconnects the malonyl-CoA extender unit (bound to the ACP 

domain) with the growing PK chain. The intermediate of the branching step, which is covalently 

tethered to both the KS/B and the ACP domains, was verified by SDS gel electrophoresis after enzyme 

assays. Subsequent chain propagation was only possible by lactonization, resulting in the formation 

of the δ-lactone moiety of rhizoxin.291  

Although the exact mechanism of the branching step mediated by the type I iPKS XilA could not be 

elucidated in this work, a plausible mechanism is proposed (Figure 41). This branching step could 

either take place as a last elongation step, which would have to result in a γ-branched PK chain. 

However, γ-branching was not reported so far. It could also take place during an earlier elongation 

round. In analogy to RhiE, it is proposed that final cleavage of the PK chain from the enzyme is 

achieved by lactonization and formation of the α-pyrone ring. Upon release of prexylariolide D from 

the enzyme, the P450 XilC introduces a hydroxy group at position 10, leading to the formation of the 

final pathway product xylariolide D.  
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In this mechanism, the MT domain would remain without any function and it could be denoted as 

ΨMT. 

However, further biochemical investigations are needed to confirm the proposed biosynthetic pathway 

for xylariolides and to elucidate the exact steps that result in the formation of the α-pyrone ring. 

 

 

Figure 41. Proposed biosynthetic pathway for the formation of xylariolide D in P. crustosum, 

including a branching step during the polyketide chain elongation as well as formation of xylariolide 

G in A. nidulans. 

 

4.1.13 Product yields and physicochemical properties of compounds 1 – 3 

 

After the isolation of compounds 1 – 3, three independent stock solutions with different concentrations 

were prepared and submitted to LC-MS measurement. The AUCs were used to calculate product 

yields in the recombinant P. crustosum SSt02, SSt12, A. nidulans SSt04 and SSt26 strains. To ensure 

maximal comparability between the fungal strains, cultivation was repeated using the same batch of 

medium, which was inoculated with approximately 106 spores/mL of the respective strains and 

cultivated under the same conditions. All samples were extracted with 1 mL of EtOAc twice and the 

crude extracts were redissolved in 100 µL of MeOH for LC-MS measurement. Nevertheless, it is not 

known how much of the volatile substances were lost during evaporation. Product yields are given in 

Table 43. 
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Table 43. Product yields of compounds 1, 2, and 3. 

strain (genotype) 
product yield [mg/L] 

1 2 3 

P. crustosum SSt02 

(AfpyrG::gpdA(p)::xilB) 

1.6 0.1 - 

P. crustosum SSt12 

(AfpyrG::gpdA(p)::xilA) 

27.5 12.9 - 

A. nidulans SSt04 

(wA-PKS::gpdA(p)-xilA + 999bp 3’UTR-AfpyrG) 

- 31.8 4.3 

A. nidulans SSt26 

(wA-PKS::gpdA(p)- pc16g04890 + 501bp 3’UTR-AfpyrG) 

- 10.7 3.8 

 

Activation of the transcription factor encoded by xilB led to an increased production of 1 and 2 in P. 

crustosum SSt02. However, the amount of 1 and 2 with 1.6 mg/L and 0.1 mg/L, respectively, was still 

very low. Therefore, is can be assumed that XilB possesses only weak influence on the transcription 

of the cluster and other regulatory mechanisms may simultaneously influence the transcription of the 

xil cluster. Upon direct overexpression of the PKS gene xilA, the amount of both 1 and 2 were 

significantly increased in P. crustosum SSt12 compared to SSt02. Production of the XilA product 

prexylariolide D (2) was increased 129-fold to 12.9 mg/L. Although only the PKS gene was 

overexpressed and not the P450, a significant increase of the final pathway product 1 was also 

observed with 27.5 mg/L and a 17-fold rise compared to SSt02. This possibly indicats that the 

production of the polyketide scaffold by XilA is the limiting factor in this biosynthetic pathway.  

Xylariolide D (1):  colorless volatile oil. HRMS (ESI) m/z: [M+H]+ Calcd for C10H15O3 183.1016; 

Found 183.1019. ECD (0.7 mg/mL, MeOH) λmax (Δε) 301 (-6.13), 230 (+7.33), 

205 (−64.71) nm 

Prexylariolide D (2):  colorless volatile oil. HRMS (ESI) m/z: [M+H]+ Calcd for C10H15O2 167.1067; 

Found 167.1075 

Xylariolide G (3):  colorless volatile oil. HRMS (ESI) m/z: [M+H]+ Calcd for C10H15O3 183.1016; 

Found 183.1021 
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4.2 Engineering of cyclodipeptide derivatives in Streptomyces 

4.2.1 The gtm cluster and its encoded tailoring enzymes GtmB – E 

 

In this project, engineered biosynthetic pathways combining the Gtm tailoring enzymes with various 

CDPSs from different Streptomyces strains were probed for the in vivo production of CDP derivatives. 

This project was conducted in cooperation with Dr. Lauritz Harken, who was responsible for the 

feeding of tryptophan-containing CPDs to cultures of S. albus J1047/pLH30 and creation of the 

heterologous expression strains S. albus J1074 harboring pLH32, pLH33, and pLH34. Plasmid 

cloning and transformation of the remaining two heterologous expression strains S. albus J1074 

harboring pSSt45 and pSSt46, large scale cultivation of all strains, isolation of CDPs and derivatives 

as well as NMR analysis was performed by the author of this work. The obtained LC-MS data was 

analyzed by both. 

The gtm cluster from S. cinnamoneus DSM 40646 consists of five genes encoding four enzymes, i.e. 

the CDPS GtmA, the heteromeric CDO GtmBC, the P450 enzyme GtmD and the FeII/2OG oxidase 

GtmE.236 The biosynthetic pathway is given in Figure 42A.  

 

Figure 42. A Biosynthesis of guatrypmethine C in S. cinnamoneus DSM 40646 involving GtmA-E. 

Reactions of the tailoring enzymes are highlighted in red, the non-enzymatic conversion to the 

artificial tautomer 4c’ is depicted in blue. B HPLC analysis of S. albus extracts expressing gtmA-E, 

with the final pathway product 4d as the predominant peak. The gtm locus of S. cinnamoneus DSM 

40646 is given above the chromatogram. The chromatogram and the genetic locus of the gtm cluster 

were both adapted from Harken et al.236 C Numbering used for all CDPs and derivatives thereof. 

Numbers highlighted in red are key positions mentioned in the text.  
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The CDPS assembles cyclo-L-Trp-L-Met (cWM, 4a), which is subsequently converted to its dehydro-

derivative cWΔM (4b) with a double bond between C-14 and C-17 catalyzed by the CDO GtmBC 

(for numbering, see Figure 42C). The P450 GtmD mediates coupling with guanine via C-N bond 

formation between positions C-3 of the CDP scaffold and N-9’ of the nucleobase guanine, forming 

guatrypmethine A (4c). The FeII/2OG oxidase GtmE catalyzes the formation of the second double 

bond at the DKP scaffold between C-10 and C-11, resulting in the final product guatrypmethine C 

(4d). Non-enzymatic keto-enol tautomerism of guatrypmethine A leads to an inverted stereochemistry 

at position C-11, resulting in the stereoisomer guatrypmethine B (4c’).  

Since high conversion of their native substrates was observed for the tailoring enzymes encoded by 

the gtm cluster (see Figure 42B), they were chosen for the rational design of modified tryptophan-

containing CDPs. Based on the reactions catalyzed by GtmB – E, various derivatives were expected 

when other CDPs served as a starting point of the biosynthetic pathway. In the following part, the fed 

or in vivo produced tryptophan-containing CDPs (cWXs) are referred to as compounds a. Their 

dehydrogenated derivatives cW∆Xs (b) lack two hydrogen atoms and are therefore detected with 

masses reduced by two Dalton in comparison to compounds a. Guaninylation of compounds b by 

GtmD results in the derivatives c with a 149 Dalton larger mass than their precursors due to the 

coupling with the nucleobase. Subsequent formation of the second double bond catalyzed by GtmE is 

further accompanied by loss of two Dalton in products d. Figure 43 exemplifies this nomenclature for 

better understanding. 

 

Figure 43. Expected derivatives when various CDPs are used as starting points for the conversion 

with GtmB – E. R1 and R2 refer to the residues of L-amino acids.  
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4.2.2 Plasmid construction using pPWW50A as an expression vector 

 

All genes, i.e. the respective CDPS genes and gtmB – E, were cloned into the Streptomyces/E. coli 

shuttle vector pPWW50A harboring oris for both bacteria. The E. coli ori is derived from pUC18 

mediating high-copy replication resulting from the lack of the rop gene and a single point mutation 

compared to its parent sequence from pRB322.292,293 For constructs derived from pUC18, plasmid 

yield can be increased when the cultivation of E. coli is performed at 30°C or higher.292 The 

Streptomyces ori is derived from pIJ101 and yields up to 300 copies per cell.78 Expressed genes are 

under the influence of the strong, constitutive promoters of the ermE gene from Saccharopolyspora 

erythraea, which encodes a methylase that confers resistance to erythromycin.294,295 The mutated 

ermEp* promoter lacks 3 bp in its P1 promoter sequence, further increasing its strenght.78,296 

Downstream of ermEp*, a ribosomal binding site (RBS) derived from the lmbY gene of Streptomyces 

lincolnensis NRRL 2936 is located, followed by the multiple cloning site (MCS) containing restriction 

sites for NdeI, BamHI, HindIII, EcoRI, SmaI, SpeI and more.295 As a consequence, the first gene of 

an expression construct is located directly downstream of the RBS. Additionally, pPWW50A harbors 

the thiostrepton resistance gene tsr.295 pPWW50A is derived from pPWW50, which was initially used 

for the heterologous expression of the eryBIV gene from the erythromycin gene cluster of 

Saccharopolyspora erythraea in S. lividans.295 In contrast to pPWW50, the ampicillin resistance gene 

of pPWW50A was replaced by oriT and aac(3)IV.297 The latter one encodes the aminoglycoside 3-N-

acetyltransferase AAC(3)IV that causes resistance to a large number of aminoglycosides, e.g. the 

veterinary antibiotic apramycin, which was also used for selection in this work.298 The origin of 

transfer (oriT) is a short, non-coding sequence that facilitates horizontal DNA transfer between 

bacteria via conjugation.299 

The pPWW50A expression vector was digested with BamHI and NdeI and PCR amplified genes with 

an overhanging region to the vector were inserted via homologous recombination in E. coli.300  

First, Dr. Harken used the NdeI/BamHI digested pPWW50A and inserted the gtmB – E genes, which 

were amplified from pLH23.236 The GtmB – E expression construct was named pLH30 and it was 

used for feeding experiments (Table 3 and 4.2.3) and for co-expression with different CDPSs (4.2.5). 

The orientation of the genes was adopted from the occurrence in its natural host: gtmD-gtmE-gtmBC 

(Figure 42 B). As a consequence, the RBS of the initial pPWW50A vector is located directly upstream 

of gtmD in pLH30. The RBS for gtmE is included in its genomic sequence and the RBS of gtmBC 

was incorporated by amplifying a 309 bp sequence at the 5’ region of its predicted coding region. To 

integrate the CDPS genes into pLH30 later, the initial NdeI restriction site of the MCS was restored 

when inserting gtmB – E into pPWW50A.  
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4.2.3 Precursor feeding of tryptophan-containing CDPs 

 

As mentioned above, the native substrates of the GtmB – E tailoring enzymes are cWM and its 

derivatives. Since many biologically active CDPs with a DKP scaffold are based on tryptophan as one 

amino acid, other tryptophan containing CDPs promised to be interesting candidates for further 

examination. Therefore, several representatives were chosen in this study for further investigation. 

The results discussed in this section were obtained in cooperation with Dr. Lauritz Harken.  

To test whether other tryptophan-containing CDPs are accepted as substrates by the tailoring enzymes 

GtmB – E, the respective genes were cloned into the pPWW50A expression vector (see above for 

more details). The obtained plasmid pLH30 was used to create the heterologous expression host S. 

albus J1074/pLH30. 10 mL cultures of modified liquid R5 medium (Table 11) were inoculated with 

spores of the recombinant strain and diverse tryptophan-containing CDPs, i.e. cWA, cWF, cWG, 

cWL, cWP, cWW, and cWY, were added to cultures in a final concentration of 0.5 mM.  

Based on the reactions catalyzed by the Gtm tailoring enzymes, the expected products for fed CDPs 

were predicted and LC-MS chromatograms screened for their respective masses. The results of the 

feeding experiments are presented in Figure 44 and led to the production of ten modified derivatives 

with different modification stages. The native substrate of GtmB – E, cWM (4a), was used as a 

positive control to confirm functionality of the expressed enzymes. As expected, cWM was converted 

to the final pathway product of the gtm cluster, guatrypmethine C (4d), as the predominant peak. The 

CDPs with an aromatic residue, i.e. cWF and cWY, were also converted to the expected final products 

d, but the derivatives b solely converted by GtmBC remained the main products. CDPs with an 

aliphatic residue, i.e. cWA, cWL, and cWP on the other hand, were solely converted to the respective 

dehydro-derivatives b. Only cW∆L was further converted by GtmD. cWG and cWW were not 

converted by GtmB – E tailoring enzymes (data not shown). These observations may indicate that the 

CDO GtmBC exhibits broader substrate specificity compared to the P450 GtmD and the FeII/2OG 

oxidase GtmE. Broad substrate acceptance was also reported for the CDOs AlbA/B, Ndas 1146/7, and 

CDO-Np.301 In that study, the authors monitored the biotransformation of 32 different CDPs and 

concluded that the acceptance of CDPs with aromatic residues is better than that of CDPs consisting 

of aliphatic residues.301 
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Figure 44. Feeding of CDPs to the recombinant S. albus strain J1074/pLH30 expressing tailoring 

enzymes GtmB – E. The culture without addition of CDPs (I) served as a negative control and the one 

fed with cWM (II) as a positive control to prove functionality of tailoring enzymes. III) – VII) Addition 

of cWF, cWY, cWL, cWA, and cWP to cultures of S. albus J1074/pLH30.  
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4.2.4 Selection of CDPSs for co-expression with Gtm tailoring enzymes 

 

Based on the results obtained from feeding various CDPs to the recombinant S. albus expressing 

GtmB – E, CDPSs producing cWF, cWY, cWL, cWA, and cWP were chosen for further examination. 

The respective CDPSs, their original host and the main products are given in Table 44.  

 

GutA24039 and GutA3589, initially referred to as CWXS1NB24309 and CWXS1NB3589, are part of the 

respective gut clusters in Streptomyces monomycini NRRL B-24309 and Streptomyces varsoviensis 

NRRL B-3589, which consist of the CDPSs, the CDOs GutBC, P450s GutD and MTs GutE.235,302 

Upon overexpression in Streptomyces, both CDPSs produce cWF as a main product and GutA3589 

additionally synthesize cWY. In analogy to reactions of the Gtm tailoring enzymes, the CDOs GutBC 

catalyze the dehydrogenation of the CDPs to the respective dehydrogenated derivatives. Subsequent 

coupling to guanine by GutD results in the formation of a C-C bond between positions C-8’ of the 

guanine and C-3 of the CDP scaffold. In a final step, the guaninylated derivatives are N-methylated 

at N-9’ by GutE, resulting in the final pathway product guanitrypmycin A.302 A simplified reaction 

mechanism based on cWF is given in Figure 45A. For the cWL synthase CWLS1NF5053 from 

Streptomyces sp. NRRL F-5053, abbreviated as CWLS1 in this work, only the biosynthesis of the 

CDP was reported.235 Other enzymes involved in tailoring reactions have not been described so far 

(see Figure 45B). In Streptomyces sp. NRRL S-1868, the two-gene asp and nas clusters consisting of 

a CDPS and a P450 were identified.303 The CDPS NasA assembles both cWA and cWP while AspA 

solely produces cWP. The CDPs are subsequently converted by the P450 enzymes AspB and NasB, 

which mainly catalyze homo- and hetero-dimerization to form aspergilazine A and naseseazine A, 

respectively (see Figure 45C).303
 

Table 44. CDPSs used for the production of CDPs.   

CDPS 
Accession 

number 
Original host 

Main 

CDPs 
Gene origin 

Co-expression 

construct 

GutA24309 WP_078624487 

Streptomyces 

monomycini NRRL 

B-24309 

cWF pJL24235 pLH32 

GutA3589 KOG90878 

Streptomyces 

varsoviensis NRRL 

B-3589 

cWF, 

cWY 
pJL25235 pLH33 

CWLS1 WP_051847149 
Streptomyces sp. 

NRRL F-5053 
cWL pJL26235 pLH34 

NasA WP_078872750 
Streptomyces sp. 

NRRL S-1868 

cWA, 

cWP 
pHY106235 pSSt45 

AspA WP_078873129 
Streptomyces sp. 

NRRL S-1868 
cWP pHY107235 pSSt46 
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Figure 45 Native biosynthetic pathways of CDPSs chosen for the co-expression with Gtm tailoring 

enzymes. A Simplified reaction steps in the Gut pathway. B Formation of cWL catalyzed by CWLS1. 

Subsequent reactions have not been described so far. C Reactions catalyzed by Nas and Asp enzymes. 

 

4.2.5 Creation of co-expression constructs and recombinant strains 

 

Genetic sequences of the synthases given in Table 44 were amplified by PCR from plasmids created 

in previous studies (Table 44) and subsequently cloned into pLH30 (pPWW50A empty vector already 

harboring gtmB – E) by homologous recombination in E. coli as described above (3.6.6).235 The 

resulting plasmids were purified and their sequence integrity was confirmed by sequencing. The 

expression constructs are listed in Table 44. Chemically competent E. coli ET12567/pUZ8002 were 

transformed with the plasmids and used for the conjugation to Streptomyces albus J1074 (for details, 

see 3.6.6 and 3.6.12). Due to the methylation-specific restriction systems expressed by many 

Streptomyces strains that cleave foreign methylated DNA, plasmids were passed through the non-

methylating E. coli strain ET12567 harboring the plasmid pUZ8002.78,242 It is a RK2 derivative with 

a mutation in its own oriT. It is therefore not self-transmissible but facilitates transfer of oriT-carrying 

plasmids such as pPWW50A.304 The conjugation to Streptomyces takes place in a rolling circle-type 

replication, where a single-stranded DNA copy is passed through the transfer channel between donor 

and recipient cells.305 For E. coli ET12567/pUZ8002, kanamycin and apramycin were used to 

maintain selection for pUZ8002 and expression plasmids, respectively, and chloramphenicol to 

maintain selection for Tn9 inserted into the dam gene.78 Constructs created in this work were not 
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integrated into the genome of the expression strain but remained as an extrachromosomal plasmid. 

Therefore, selection pressure was maintained throughout all experiments. 

Streptomyces transformants were cultivated on agar plates as described in 3.5.2 and spore suspensions 

were prepared (3.6.10). As mentioned above, expression constructs pLH32, pLH33, and pLH34 as 

well as their conjugation to Streptomyces to obtain recombinant strains were performed by Dr. Harken. 

Expression constructs pSSt45 and pSSt46, creation of the respective recombinant Streptomyces 

strains, large scale cultivation of all strains and isolation of all compounds was performed by the 

author of this work. 

To monitor the production of CDP derivatives, spores of S. albus J1074 transformants co-expressing 

CDPSs and GtmB – E tailoring enzymes were used to inoculate 50 mL of modified liquid R5 medium. 

LC-MS samples were taken after 7 and 14 days and analyzed as mentioned above. Analysis of LC-

MS data obtained from co-expression strains and comparison to those of the feeding experiments was 

conducted in cooperation with Dr. Harken. The results are given in detail in the following sections. 

 

4.2.6 Co-expression of gutA24309 and gtmB – E 

 

The coding sequence of the CDPS CWXS1NB24309 from Streptomyces monomycini NRRL B-24309 

was initially cloned into pET28a and the resulting construct, pJL24, was introduced into E. coli 

SoluBL21. Upon overexpression of CWXS1NB24309, several CDPs were observed as its products: cWY 

as the main product and cWF, cWM, cWW, cWA, and cWV as minor products.235 In a later study, 

heterologous expression of gutA24309 in S. coelicolor M1146 resulted in the formation of cWF as the 

dominant main product; cWY was only observed in a trace amount and other CDPs were not 

detected.302 Since good conversion of cWF by the tailoring enzymes GtmB – E was observed in the 

feeding experiments, GutA24309 was chosen as a cWF synthase for co-expression.  

pJL24 was used as a template for PCR amplification of gutA24309. The DNA fragment was cloned into 

pPWW50A and the co-expression construct was introduced into S. albus J1074. Culture broths of the 

recombinant S. albus J1074/pLH32 overexpressing gutA24309 and gtmB – E were extracted with EtOAc 

and the extracts were subjected to LC-MS analysis and compared to the results obtained from feeding 

experiments. As depicted in Figure 46A and B, both experiments show very similar resualts: all 

expected derivatives modified by GtmB – E were detected in the respective extracts. In both cases, 

the dehydrogenated derivative cW∆F (5b) represented the most dominant peak, followed by 5c. The 

final product 5d was only observed in a small amount. Based on the results obtained for the co-

expression construct, the engineered biosynthetic pathway involving GutA24309 and GtmB – E is given 

in Figure 46C.  
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Figure 46. Comparison of LC-MS chromatograms of S. albus transformants from feeding and co-

expression experiments and reactions involved in their formation. A Extract of S. albus J1074/pLH30 

after feeding of cWF (5a). B Co-expression of gtmB – E with gutA24309 in the strain S. albus 

J1074/pLH32. C Engineered biosynthetic pathway. Braces on top indicate compounds obtained in 

feeding experiments and braces on the bottom these obtained in genetically engineered pathways. 

 

To confirm the structures of 5a – 5d, S. albus J1074/pLH32 was cultivated in 7 L of modified liquid 

R5 medium supplemented with apramycin for 7 days at 28 °C and 190 rpm. The metabolites were 

isolated as described above (see 3.7). Analytically pure compounds were dissolved in DMSO-d6 and 

subjected to NMR analysis. The 1H NMR data of cWF (5a) and cW∆F (5b) is given in Table 45. It 

corresponds very well to that reported previously.235,301 Their 1H NMR spectra are given in Figures 

S19 and S20, respectively. 
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Table 45. 1H NMR data of cWF (5a) and cW∆F (5b) in DMSO-d6. 

 

 
cWF (5a) 

 
cW∆F (5b) 

Pos. δH multi., J [Hz] δH multi., J [Hz] 

1 10.88 d, 2.2 10.83 d, 2.0 

2 6.96 d, 2.2 7.01 d, 2.0 

4 7.48 ddd, 8.0, 1.7, 1.0 7.54 ddd, 7.6, 1.7, 0.9 

5 6.98 ddd, 8.0, 7.0, 1.0 7.02 td, 6.9, 1.6 

6 7.07 ddd, 8.1, 7.0, 1.7 7.03 td, 7.0, 1.4 

7 7.32 dt, 8.1, 1.0 7.10 – 7.18 b m 

10 
2.81 dd, 14.5, 4.6  3.37 dd, 14.4, 3.7 

2.54 m 3.03 dd, 14.4, 4.7 

11 3.97 dddd, 7.0, 4.6, 2.4, 0.9 4.26 ddd, 4.7, 3.7, 3.4  

12 7.68 d, 2.4 8.34 d, 3.4 

14 3.86 dddd, 7.2, 4.7, 2.9, 0.9 - - 

15 7.87 d, 2.9 9.35 s 

17 
2.48 m 

6.19 s 
1.88 dd, 13.5, 7.2 

19 6.72 dd, 7.7, 1.7 6.58 dd, 7.4, 2.2 

20 7.15 – 7.20 a m 7.10 – 7.18 b m 

21 7.15 – 7.20 a m 7.10 – 7.18 b m 

22 7.15 – 7.20 a m 7.10 – 7.18 b m 

23 6.72 dd, 7.7, 1.7 6.58 dd, 7.4, 2.2 
a, b Signals with the same letter overlap with each other. 

 

Since compound 5c’ is a novel product, 1H, 13C, 1H-1H COSY, HSQC, HMBC, and NOESY NMR 

spectra were acquired. The data is listed in Table 46 and the spectra are given in Figures S21 – S26. 

The signals of the attached guaninyl moiety of 5c’ are clearly observed in its 13C NMR spectrum 

(Figure S22), where five additional signals of the nucleobase are observed, i.e. at δC 117.8, 135.1, 

151.0, 153.1, and 156.7 ppm. In the corresponding 1H NMR spectrum (Figure S21), the three signals 

of the guaninyl residue are detected at δH 6.48, 7.39, and 10.70 ppm. Signals for H-2 of the indole 

scaffold of 5a and 5b are detected at δH 6.96 and 7.01, respectively. The formation of a 

hexahydropyrrolo-[2,3b]indole framework upon attachment of the guaninyl residue at position C-3 

and the loss of the double bound between C-3 and C-2 in 5c’ leads to a shift of the H-2 signal to δH 

6.24. In its native biosynthetic pathway, GtmD converts the dehydrogenated derivative cW∆M (4b) 

to guatrypmethine A (4c) with a S configuration at position 11. Non-enzymatic keto-enol tautomerism 

results in an inverted stereochemistry at this position and the formation of the R-configured artificial 

tautomer guatrypmethine B (4c’). The inverted stereochemistry can be deduced from the 1H NMR  
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Table 46. NMR data of 5c’ in DMSO-d6. 

 

 
5c’ 

Pos. δc δH 
multi., J 

[Hz] 

1H-1H 

COSY 
HMBC NOESYa 

1 - 6.99 br s H-2, 6, 7 C-3, 9 - 

2 78.2 6.24 s H-1 C-3, 8, 9, 11 H-1 (s), 8’ (s) 

3 71.1 - - - - - 

4 124.9 7.59 d, 7.5 H-5 C-3, 6, 8 H-10a (s), 11 (w) 

5 118.8 6.78 t, 7.6 H-4, 6 C-7, 9 - 

6 130.8 7.18 t, 8.1 H-5, 7 C-4, 5 - 

7 110.6 6.76 d, 8.1 H-6 C-5, 9 - 

8 150.9 - - - - - 

9 125.4 - - - - - 

10a 
38.2 

3.36 dd, 12.3, 5.6 H-10b, 11 C-2, 3, 9 H-4 (s), 11 (m) 

10b 3.21 t, 12.0 H-10a, 11 C-3, 9, 11, 16 H-11 (m), 8’ (m) 

11 58.1 4.35 dd, 11.7, 5.6 H-10a, 10b C-16 H-4 (w), 10a (s), 10b (w) 

13 158.3 - - - - - 

14 129.2 - - - - - 

15 - 10.11 br s - - - 

16 165.5 - - - - - 

17 115.3 6.72 s - C-13, 14, 19, 

23 

- 

18 133.3 - - - - - 

19 129.2 7.52 d, 7.8 H-20, 22 C-17, 20, 22 H-15 (m), 17 (s) 

20 128.5 7.39 t, 7.7 H-19, 21, 23 C-18, 19, 23 - 

21 128.0 7.30 t, 7.6 H-20, 22 C-19, 23 - 

22 128.5 7.39 t, 7.7 H-19, 21, 23 C-18, 19, 23 - 

23 129.2 7.52 d, 7.8 H-20, 22 C-17, 20, 22 H-15 (m), 17 (s) 

1’ - 10.70 br s - - - 

2’ 153.1 - - - - - 

4’ 151.0 - - - - - 

5’ 117.8 - - - - - 

6’ 156.7 - - - - - 

8’ 135.1 7.39 s - C-4’, 5’ H-2 (s), 10b (m) 

10’ - 6.48 br s - - - 
a Only correlations for the determination of stereochemistry are listed; s: strong, m: medium, 

w: weak 
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spectra of both 4c and 4c’, since the signal for H-11 is shifted from δH 5.37 in the spectrum of 4c to 

δH 4.23 in that of 4c’.236 In analogy, the signal for H-11 of 5c’ is observed at 4.34 ppm, indicating the 

R configuration at this position. Interpretation of the NOESY spectrum (Figure S26) of 5c’ confirmed 

this assumption since correlation was observed between H-11 and H-4 whereas no correlation was 

observed between H-11 and H-2 or H-8’. Therefore, 5c’ was established as the 2S, 3R, 11R isomer. It 

is plausible that 5b is converted by GtmD to 5c with an 2S, 3R, 11S stereochemistry and subsequently 

nearly completely converted to its 11R isomer 5c’ by keto-enol tautomerism. In contrast to 

guatrypmethine A (4c), guatrypmethine B (4c’) was proven to be energetically more stable in an 

aqueous environment by quantum chemical calculations.236 GtmE enzyme assays showed that the 

FeII/2OG oxidase displays much higher affinity toward 4c than 4c’ resulting in hardly any conversion 

of 4c’ to 4d.236 This could also explain the low conversion of 5c’ to 5d by GtmE.  

The final product of the engineered biosynthetic pathway, 5d, was only obtained in a small amount. 

Its 1H NMR data is given in Table 47 and the spectrum is attached as Figure S27. 5d differs from its 

precursor 5c in the additional double bond between positions C-10 and C-11 of the hexahydropyrrolo-

[2,3b]indole ring system. This is also reflected in the 1H MNR spectrum of 5d, which completely 

lacks a proton signal for H-11. In contrast to 5c’, only one proton is observed as a singlet deshielded 

to 6.91 ppm for H-10.  

 

Table 47. 1H NMR data of 5d in DMSO-d6. 

Pos. δH multi., J [Hz] 

 
5d 

1 7.19 d, 3.9 

2 6.79 d, 3.9 

4 7.28 d, 7.7 

5 6.71 t, 7.6 

6 7.13 t, 7.6 

7 6,76 d, 7.7 

10 6.91 s 

15 10.32 br s 

17 6.82 s 

19 7.55 d, 7.7 

20 7.40 t, 7.5 

21 7.32 t, 7.3 

22 7.40 t, 7.5 

23 7.55 d, 7.7 

1’ 10.66 br s 

8’ 7.77 s 

10’ 6.30 br s 
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To further prove the structure of 5d, its MS² spectrum was compared to that of 5c’ (Figure 47). In 

both MS² spectra, dominant ions of the guaninyl residues are observed at m/z 152.0560 and 152.0558, 

respectively. In the MS of 5c’, the CDP residue is detected with ions at m/z 330.1239. In contrast, the 

formation of the double bond and therefore the loss of two hydrogen atoms is clearly observed in the 

MS² spectrum of 5d, where the CDP scaffold is detected with ions at m/z 328.1074.  

 

Figure 47. MS² spectra of 5c’ and 5d.  

 

4.2.7 Co-expression of gutA3589 and gtmB – E 

 

GutA3589 (CWXS1NB3589) from Streptomyces varsoviensis NRRL B-3589 produced both cWF (5a) 

and cWY (6a) upon expression in S. coelicolor M1146 in a ratio of 2:1.235,302 Its coding sequence was 

amplified from pJL25 and further propagated as described above for GutA24309. Extracts of the 

recombinant co-expression strain S. albus J1074/pLH33 (gutA3589 + gtmB – E) were analyzed by LC-

MS and the results compared to those from feeding experiments. Chromatograms and the engineered 

biosynthetic pathway are depicted in Figure 48A – D. The supplementation of cWF (5a) and cWY 

(6a) to S. albus expressing the Gtm tailoring enzymes lead to the formation of all expected derivatives 

(Figure 48A and B). Therefore, two sets of CDPs and their modified derivatives were expected upon 

co-expression of gutA3589 and gtmB – E, i.e. 5a – 5d and 6a – 6d. However, only 5a – 5c, 6a, and 6b 

were detected in the strains expressing the engineered pathway (Figure 48C). In comparison to the 

feeding experiments, 5d, 6c, and 6d were not observed. In contrast to the feeding experiments and the 

co-expression with gutA24309, the guaninylated cWF derivative 5c’ was only observed in a very small 

amount and 5d was not observed at all in the extract of S. albus J1074/pLH32. In the UV 

chromatogram of S. albus J1074/pLH30 fed with cWY (6a), the two peaks observed for the 

guaninylated compounds c correspond to 6c and its stereoisomer 6c’ (solely labeled 6c in Figure 48). 
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In this case, it is not clear why the results from feeding and co-expression experiments differ that 

much. 

S. albus J1074/pLH33 was cultivated in 3 L of modified liquid R5 medium to isolate 6a and 6b. Their 
1H NMR data is given in Table 48 and their spectra are given in Figures S28 and S29, respectively. 

The data obtained for cWY and cW∆Y correspond very well to that reported previously.235,301 

 

 

Figure 48. Comparison of LC-MS chromatograms of S. albus transformants from feeding and co-

expression experiments and reactions involved in their formation. A Extract of S. albus J1074/pLH30 

after feeding of cWF (5a). B Extract of S. albus J1074/pLH30 after feeding of cWY (6a). C Co-

expression of gtmB – E with gutA3589 in the strain S. albus J1074/pLH33. D Engineered biosynthetic 

pathway. Braces on top indicate compounds obtained in feeding experiments and braces on the bottom 

these obtained in genetically engineered pathways. 
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Table 48. 1H NMR data of cWY (6a) and cW∆Y (6b) in DMSO-d6. 

 

 
cWY (6a) 

 
cW∆Y (6b) 

Pos. δH multi., J [Hz] δH multi., J [Hz] 

1 10.87 d, 2.4 10.81 d, 1.9 

2 6.98 d, 2.4 7.01 d, 1.9 

4 7.48 ddd, 7.9, 1.3, 1.0 7.54 dd, 6.9, 1.9 

5 6.98 ddd, 7.9, 7.0, 1.0 6.99 td, 7.0, 1.6 

6 7.06 ddd, 8.1, 7.0, 1.3 7.03 td, 7.0, 1.9 

7 7.32 dt, 8.1, 1.0 7.18 dd, 6.8, 1.6 

10 
2.80 dd, 14.6, 4.1 3.34 dd, 14.5, 4.2 

2.46 dd, 14.6, 7.1 3.02 dd, 14.5, 4.7 

11 3.94 dddd, 7.1, 4.1, 2.7, 0.7 4.23 ddd, 4.7, 4.2, 2.0 

12 7.60 d, 2.7 8.22 d, 3.0 

14 3.78 dddd, 7.0, 4.4, 2.6, 0.7 - - 

15 7.78 d, 2.6 9.18 s 

17 
2.42 dd, 13.6, 4.4 

6.16 s 
1.83 dd, 13.6, 7.0 

19 6.59 d, 8.6 6.50 – 6.57 a m 

20 6.54 d, 8.6 6.50 – 6.57 a m 

22 6.54 d, 8.6 6.50 – 6.57 a m 

23 6.59 d, 8.6 6.50 – 6.57 a m 

24 9.13 s 9.50 br s 
a Signals overlap with each other. 
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4.2.8 Co-expression of cwls1 and gtmB – E 

 

The coding sequence of the cWL synthase CWLS1 was amplified from pJL26. It was cloned into 

pPWW50A and the construct pLH34 was subsequently expressed in S. albus J1074. Compared to the 

feeding experiment with cWL (7a), LC-MS analysis of its extract revealed very similar ratios of 

produced derivatives (Figure 49A and B, respectively). The conversion of cWL (7a) to cW∆L (7b) 

by the CDO GtmBC was not as efficient as for the previously described CDPs with an aromatic 

residue, i.e. cWF and cWY. As a consequence, 7a remained the predominant peak. These observations 

are consistent with the previously mentioned study of the CDOs AlbA/B, Ndas 1146/7, and CDO-Np, 

where CDPs consisting of tryptophan and one aliphatic amino acid appeared to be poorer substrates.301 

The guaninylated 7c was only observed in a very small amount in both experiments. The biosynthetic 

pathway is given in Figure 49C. 

 

Figure 49. Comparison of LC-MS chromatograms of S. albus transformants from feeding and co-

expression experiments and reactions involved in their formation. A Extract of S. albus J1074/pLH30 

after feeding of cWL (7a). B Co-expression of gtmB – E with cwls1 in the strain S. albus 

J1074/pLH34. C Engineered biosynthetic pathway. Braces on top indicate compounds obtained in 

feeding experiments and braces on the bottom these obtained in genetically engineered pathways.  
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S. albus J1074/pLH34 was cultivated in 7 L of modified liquid R5 medium and 7a – 7c were isolated 

from extracts of the culture broth as described in 3.7. The 1H NMR spectrum of 7a corresponds very 

well to the one reported previously.306 Its NMR data is given in Table 49 and the spectrum is attached 

as S30. NMR data of 7b is given in Table 50 and the spectra in Figures S31 – 35. The data corresponds 

well to that reported previously.231  

 

Table 49. 1H NMR data of cWL (7a) in DMSO-d6. 

Pos. δH multi., J [Hz]  

1 10.88 br s 

 
cWL (7a) 

2 7.03 d, 2.4 

3 - - 

4 7.55 dd, 7.9, 1.1 

5 6.92 ddd, 7.9, 7.0, 0.9 

6 7.02 ddd, 8.1, 7.0, 1.1 

7 7.30 dt, 8.1, 0.9 

10 
2.99 dd, 14.4, 4.7 

3.26 dd, 14.4, 4.0 

11 4.09 ddd, 4.7, 4.0, 0.9 

12 8.01 br s 

14 3.40 dddd, 5.5, 4.7, 2.8, 0.9 

15 7.92 d, 2.8 

17 
0.66 ddd, 13.8, 9.1, 4.7 

0.03 ddd, 13.8, 9.3, 5.5 

18 1.22 m 

19 0.53 d, 6.5 

20 0.44 d, 6.6 

 

As shown in Figure 49, the new derivative 7c was only obtained in a small quantity. Its structure was 

deduced from its 1H NMR data (Table 51 and Figure S36) and MS² spectrum (Figure 50). The 

expected proton signals for H-1’, 8’ and 10’ of the guaninyl residue of 7c are detected at 11.02, 7.07, 

and 6.66 ppm, respectively. In comparison to 7b, formation of the hexahydropyrrolo-[2,3-b]indole 

ring causes the disappearance of H-12 and an upfield shift of the H-2 signal from 6.99 to 5.68 ppm. 

Since the H-11 signal of 7c is observed at 5.32 ppm, S stereochemistry was suggested for this position 

(as discussed for 4c and 5c above).  
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Table 50. NMR data of cW∆L (7b) in DMSO-d6. 

 

 
cW∆L (7b) 

Pos. δc δH multi., J [Hz] 1H-1H COSY HMBC 

1 - 10.84 br s H-2 C-3, 8, 9 

2 124.7 6.99 d, 2.4 H-1 C-3, 9 

3 107.7 - - - - 

4 118.6 7.52 dd, 7.9, 1.2 H-5 C-3, 6, 8 

5 118.2 6.92 ddd, 7.9, 7.0, 0.9 H-4 C-7, 9 

6 120.7 7.01 ddd, 8.1, 7.0, 1.2 H-7 C-4, 8 

7 111.1 7.27 dt, 8.1, 0.9 H-6 C-5, 9 

8 135.9 - - - - 

9 127.6 - - - - 

10 
29.7 

3.02 dd, 14.4, 4.7 H-10, 11 C-2, 3, 9, 11, 16 

 3.28 dd, 14.4, 4.0 H-10, 11 C-2, 3, 9, 11, 

11 55.7 4.23 ddd, 4.7, 4.0, 2.5 H-10, 12 C-3, 13, 16 

12 - 8.15 d, 2.5 H-11 - 

13 159.5 - - - - 

14 125.0 - - - - 

15 - 9.54 br s - C-11, 13 

16 166.5 - - - - 

17 
123.0 5.20 d, 10.2 H-18 C-13, 19, 20 

 

18 23.3 2.46 dsep, 10.2, 6.6 H-17, 19, 20 C-14, 17 

19 22.2 0.79 d, 6.6 H-18 C-17, 18 

20 21.8 0.53 d, 6.6 H-18 C-17, 18 
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Table 51. 1H NMR data of 7c in DMSO-d6. 

Pos. δH multi., J [Hz] 

 
 

7c 

1 6.91 s 

2 5.68 s 

4 7.47 d, 7.7 

5 6.79 t, 7.6 

6 7.18 t, 7.8 

7 6.73 d, 8.0 

10 
2.69 dd, 13.7, 9.3 

3.34 m 

11 5.32 dd, 9.3, 8.5 

15 10.04 s 

17 5.73 d, 10.3 

18 2.84 m 

19 0.98 d, 6.3 

20 0.95 d, 6.6 

1’ 11.02 br s 

8’ 7.07 s 

10’ 6.66 br s 

 

Guaninylation of 7b to 7c is observed in the MS² spectrum of the [M+H]+ ion of 7c, where the guaninyl 

residue is clearly present with ions at m/z 152.0561. They correspond very well to those observed in 

the MS² spectra of both 5c and 5d (Figure 47). As a concequence of the guaninylation, the tryptophan 

residue of the CDP is converted to a hexahydropyrrolo-[2,3-b]indole framework, which is represented 

by the ions at m/z 296.1394 in the spectrum of 7c. The ions observed at m/z 130.0654 in the spectrum 

of 7b correspond to immonium ions of tryptophan.307 

 

 

Figure 50. MS² spectra of 7b and 7c.  
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4.2.9 Co-expression of nasA and aspA together with gtmB – E 

 

To avoid repetition, the results for the co-expression of nasA and aspA together with gtmB – E are 

presented and discussed together in this section.  

Both CDPSs NasA and AspA from Streptomyces sp. NRRL S-1868 are members of a two-gene locus 

together with P450s that catalyze subsequent dimerization of the produced CDPs.303 In contrast to the 

cWA and cWP synthase NasA, AspA solely produces cWP.303 cWP (9a), also referred to as 

brevianamide F, was first isolated from the fungal strain Aspergillus fumigauts where it is 

biosynthesized by a NRPS.114 

Although only low conversion of 8a and 9a to their respective dehydrogenated derivatives by GtmBC 

and no further acceptance by GtmD was observed in the feeding experiments, the CDPSs were still 

co-expressed with the tailoring enzymes to isolate the novel derivatives 8b and 9b. As expected, the 

results from the engineered biosynthetic pathways are comparable to the feeding experiments. 

The recombinant S. albus J1074/pSSt45 (nasA + gtmB – E) produces cWA (8a), cW∆A (8b), cWP 

(9a) and traces of cW∆P (9b). Similar results, but slightly higher conversion to the dehydrogenated 

derivatives 8b and 9b were observed when the respective CDPs 8a and 9a were fed to S. albus 

J1074/pLH30 (Figure 51). Co-expression of aspA and gtmB – E in the recombinant strain S. 

albus/pSSt46 also resulted in the formation of 9a and traces of 9b. No guaninylated derivatives were 

detected in both experiments, supporting the assumption that the CDO GtmBC displays broader 

substrate specificity than the P450 GtmD.  

Upon isolation of 8a and 8b, the 1H NMR data of cWA (8a) was compared to literature. It corresponds 

very well to data published earlier and is given in Table 52.308 The spectrum of 8a is given in Figure 

S37. 

Table 52. 1H NMR data of 8a in DMSO-d6. 

Pos. δH multi., J [Hz]  

1 10.87 br s 

 
cWA (8a) 

2 7.05 d, 2.4 

4 7.56 ddd, 8.0, 1.1, 0.7 

5 6.94 ddd, 8.0, 7.0, 1.0 

6 7.03 ddd, 8.0, 7.0, 1.0 

7 7.31 dt, 8.1, 1.0 

10 
3.24 dd, 14.7, 4.2 

3.02 dd, 14.7, 4.6 

11 4.11 tdd, 4.4, 2.3, 1.2 

12 7.97 br s 

14 3.60 qdd, 7.0, 2.1, 1.2 

15 7.88 br s 

17 0.45 d, 7.0 
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Figure 51. Comparison of LC-MS chromatograms of S. albus transformants from feeding and co-

expression experiments and reactions involved in their formation. A Extract of S. albus J1074/pLH30 

after feeding of cWA (8a). B Extract of S. albus J1074/pLH30 after feeding of cWP (9a). C Co-

expression of gtmB – E with nasA in the strain S. albus J1074/pSSt45. D Co-expression of gtmB – E 

with aspA in the strain S. albus J1074/pSSt46. E Engineered biosynthetic pathway. Braces on top 

indicate compounds obtained in feeding experiments and braces on the bottom these obtained in 

genetically engineered pathways.  
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The NMR data for cW∆A (8b) is given in Table 53 and the spectra are provided as Figures S38 – S42. 

In contrast to its precursor cWA (8a), the additional double bond at the DKP ring of 8b can clearly be 

detected in both its 1H and 13C NMR spectra. In the 1H NMR spectrum of 8b (Figure S38), the signal 

for H-14 is missing. The two protons at C-17, which are magnetically inequivalent in 8b, each appear 

as a singlet at 4.43 and 4.87 ppm in contrast to the doublet observed at 0.45 ppm with an integral of 3 

in the spectrum of 8a. In the 13C NMR spectrum (Figure S39), signals for C-14 and C-17 are observed 

at 134.5 and 98.1 ppm, respectively, indicating the formation of the double bond. 

 

 

Due to the very low amount of 9b produced, only 9a was isolated. The 1H NMR data is given in Table 

54 and the spectrum in Figure S43. The data fits very well to those reported previously.308  

Table 53. NMR data of cW∆A (8b) in DMSO-d6. 

 

 
cW∆A (8b) 

Pos. δc δH multi., J [Hz] 1H-1H COSY HMBC 

1 - 10.85 br s - C-3, 9 

2 124.5 7.00 d, 2.4 H-1 C-3, 9 

3 107.8 - - - - 

4 118.7 7.54 ddd, 8.0, 1.1, 0.6 H-5 C-3, 6, 8 

5 118.3 6.94 ddd, 8.0, 7.1, 1.0 H-4 C-7, 9 

6 120.7 7.02 ddd, 8.1, 7.1, 1.1 H-7 C-4 

7 111.1 7.29 dt, 8.1, 0.8 H-6 C-5, 9 

8 135.8 - - - - 

9 127.6 - - - - 

10 
29.4 

3.30 dd, 14.6, 4.1 H-10, 11 - 

 3.04 dd, 14.6, 4.5 H-10, 11 - 

11 56.1 4.33 td, 4.3, 2.3 H-10, 10 - 

12 - 8.36 br s H-11 C-14, 16 

13 158.1 - - - - 

14 134.5 - - - - 

15 - 10.23 s - C-11, 13 

16 165.8 - - - - 

17 98.1 
4.87 s - C-13, 16 

4.43 s - C-14, 16 
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Table 54. 1H NMR of brevianamide F (cWP, 9a) in DMSO-d6.  

Pos. δH multi., J [Hz]  

1 10.83 br s 

 
 

brevianamide F (cWP, 9a) 

2 7.18 d, 2.4 

4 7.57 ddd, 8.0, 1.1, 0.6 

5 6.97 ddd, 8.0, 7.0, 1.0 

6 7.05 ddd, 8.0, 7.0, 1.1 

7 7.32 dt, 8.1, 0.9 

10 
3.07 dd, 14.9, 5.6 

3.26a ddd, 14.9, 5.3, 1.0 

11 4.06 ddd, 5.6, 5.3, 1.0 

12 7.69 br s 

14 4.30 br t, 5.0 

17 
1.98 m 

1.69 m 

18 
1.61 m 

1.40 m 

19 
3.40 m 

3.26a m 

 

The structure of 9b given in Figure 51 is supported by its MS² spectrum (Figure 52). In the MS² 

spectrum of cWP (9a, Figure 52A), a fragment for the immonium ion of proline and a fragment 

derived from the 3-methylene indole of the tryptophanyl residue (i.e. the immonium ion of tryptophan) 

are detected at m/z 70.0648 and m/z 130.0660, respectively.307 A daughter ion of the latter one was 

also observed in the MS² spectrum of 9b at m/z 130.0659 and in that of 7b at m/z 130.0654 (Figure 

50) indicating that the double bond is formed at the proline moiety and not at the tryptophanyl moiety. 

This is further supported by the fact that the characteristic immonium ion of proline cannot be detected 

in the MS² spectrum of 9b.307  

 

Figure 52. MS² spectra of both 9a and 9b.  
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4.2.10 Metabolite yields and physicochemical properties 

 

To determine the metabolite yields after co-expression of CDPSs gutA24309, gutA3589, cwls1, nasA, and 

aspA together with gtmB – E, three independent stock solutions for all isolated compounds were 

prepared. Samples were measured by LC-MS and the area under the curve (AUC) was used to 

determine the amount of metabolites observed in the crude extracts of co-expression strains. The 

results are given in Table 55. As already discussed in the sections above, the engineered co-expression 

pathways resulted in various metabolites with different modification stages. All derivatives b were 

obtained, although some of them were only produced in a small amount, e.g. 9b, which was yielding 

only ~ 2 mg/L.  

 

cWM (4a):  UV (λmax) 224, 280 nm. HRMS (m/z): (ESI/[M+H]+) calcd. for 

C16H20N3O2S: 318.1271, found 318.1279. 

cW∆M (4b):  UV (λmax) 218, 258, 280 nm. HRMS (m/z): (ESI/[M+H]+) calcd. for 

C16H18N3O2S: 316.1114, found 316.1110. 

guatrypmethine A (4c):  UV (λmax) 244, 280 nm. HRMS (m/z): (ESI/[M+H]+) calcd. for 

C21H21N8O3S: 465.1452, found 465.1461. 

guatrypmethine C (4d):  UV (λmax) 222, 258, 282 nm. HRMS (m/z): (ESI/[M+H]+) calcd. for 

C21H19N8O3S: 463.1295, found 463.1299. 

cWF (5a):  white powder, UV (λmax) 222, 280 nm. HRMS (m/z): (ESI/[M+H]+) 

calcd. for C20H20N3O2: 334.1550, found 334.1553. 

cW∆F (5b):  white powder, UV (λmax) 226, 286 nm. HRMS (m/z): (ESI/[M+H]+) 

calcd. for C20H18N3O2: 332.1394, found 332.1390. 

5c’:  white powder, UV (λmax) 208, 290 nm. HRMS (m/z): (ESI/[M+H]+) 

calcd. for C25H19N8O3: 481.1731, found 481.1733. 

Table 55. Metabolite yields after co-expression of CDPSs with gtmB – E [mg/L]. 

gtmA gutA24309 gutA3589 

4a 2.1 ± 0.1 5a 9.3 ± 0.7 5a 177.8 ± 13.9 

4b 44.9 ± 1.9 5b 136.3 ± 6.5 5b 184.7 ± 8.8 

4c 9.3 ± 0.7 5c’ 41.6 ± 2.8 5c’ 7.9 ± 0.6 

4d 542.8 ± 12.3 5d 6.7 ± 0.5 6a 153.1 ± 10.1 

    6b 224.3 ± 15.7 

      

cwls1 nasA aspA 

7a 25.5 ± 0.2 8a 32.6 ± 1.2 9a 123.3 ± 5.6 

7b 10.7 ± 0.1 8b 9.5 ± 0.4 9b 1.9 ± 0.1 

7c 3.1 ± 0.1     

± values mean standard errors of three independent measurements 
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5d:  light yellow powder, UV (λmax) 210, 310 nm. HRMS (m/z): (ESI/[M+H]+) calcd. for 

C25H17N8O3: 479.1575, found 479.1575. 

cWY (6a):  white powder, UV (λmax) 218, 280 nm. HRMS (m/z): (ESI/[M+H]+) calcd. for 

C20H20N3O3: 350.1499, found 350.1497. 

cW∆Y (6b):  white powder, UV (λmax) 226, 286, 316 nm. HRMS (m/z): (ESI/[M+H]+) calcd. for 

C20H18N3O3: 348.1343, found 348.1339. 

6c:  UV (λmax) 226, 338 nm. HRMS (m/z): (ESI/[M+H]+) calcd. for C25H19N8O4: 497.1680, 

found 497.1677. 

6d:  UV (λmax) 242, 286, 352 nm. HRMS (m/z): (ESI/[M+H]+) calcd. for C25H17N8O4: 

495.1524, found 495.1531. 

cWL (7a):  white powder, UV (λmax) 226, 280 nm. HRMS (m/z): (ESI/[M+H]+) calcd. for 

C17H22N3O2: 300.1707, found 300.1707. 

cW∆L (7b): white powder, UV (λmax) 224, 280 nm. HRMS (m/z): (ESI/[M+H]+) calcd. for 

C17H20N3O2: 298.1550, found 298.1557. 

7c:  light yellow powder, UV (λmax) 218, 280 nm. HRMS (m/z): (ESI/[M+H]+) calcd. for 

C22H23N8O3: 447.1888, found 447.1891. 

cWA (8a):  white powder, UV (λmax) 224, 280 nm. HRMS (m/z): (ESI/[M+H]+) calcd. for 

C14H16N3O2: 258.1237, found 258.1227. 

cW∆A (8b):  white powder, UV (λmax) 216, 280 nm. HRMS (m/z): (ESI/[M+H]+) calcd. for 

C14H14N3O2: 256.1081, found 256.1075. 

cWP (9a):  white powder, UV (λmax) 222, 280 nm. HRMS (m/z): (ESI/[M+H]+) calcd. for 

C16H18N3O2: 284.1394, found 284.1392. 

cW∆P (9b):  white powder, UV (λmax) 218, 282 nm. HRMS (m/z): (ESI/[M+H]+) calcd. for 

C16H16N3O2: 282.1237, found 282.1233. 
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5. Conclusion and future perspectives 

 

5.1 Investigation of cryptic gene clusters in P. crustosum 

 

In this work, cryptic gene clusters from P. crustosum PRB-2 were investigated and led to the discovery 

of the xil cluster encoding three genes, i.e. the PKS XilA, the TF XilB and the P450 XilC. Their 

functions were proven by genetic manipulation in the native host as well as expression in a 

heterologous host, precursor feeding and labeling studies. In the biosynthetic pathway of this cluster, 

XilA catalyzes the formation of the branched α-pyrone prexylariolide D (2) and XilC subsequently 

converts it to xylariolide D (1). However, the exact mechanism underlying the formation of the PK 

scaffold remains unknown. Further biochemical investigations of XilA are required to unravel the 

unusual branching pattern and undoubtfully prove the biosynthesis of xylariolide D. 

Further investigation of XilA 

XilA could be further examined in analogy to the PKS RhiE responsible for the β-branching in 

rhixozin biosynthesis, where single domains, i.e. the KS/B didomain, the ACP, and a trans-acting AT 

for loading malonyl units onto the ACP, were heterologously produced. They were employed in an 

enzyme assay together with malonyl-CoA and an N-acetylcysteamine (SNAC) thioester of the 

intermediate.291 Furthermore, a possible biosynthetic intermediate, in which the branched PK chain is 

both tethered to the KS and ACP domain, could be trapped using an deoxy analog for branching that 

inhibits subsequent lactonization and release from the enzyme. The KS-ACP complex could then be 

detected as a shift in SDS-PAGE analysis compared to the single modules.291  

Exploiting P. crustosum for SM production 

Apart from specific investigations of XilA, the biosynthetic potential of P. crustosum PRB-2 could be 

further exploited. During the last years, our laboratory gathered vast knowledge regarding this 

filamentous fungus and many biosynthetic pathways were elucidated. Although the broad majority of 

BGCs proposedly involved in secondary metabolism has already been studied, their prediction is 

based on the signatures of known genes. Mining for novel (core) genes that harbor unknown, but 

conserved features distributed among different strains or species promises huge potential in the search 

for unknown biosynthetic pathways. Recently, this approach led to the discovery of the above 

mentioned RCDPSs, new biosynthetic core enzymes in fungi.204 

Alternatively, global regulators like LaeA or McrA could be manipulated in P. crustosum PRB-2 to 

alter the SM profile and detect previously unknown compounds. 
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Mining the genomes of other microorganisms 

Unexamined fungal and bacterials strains may be even better sources for future discovery of NPs. 

Especially those strains that are not culturable under laboratory conditions could be a promising target. 

In this case, expression of interesting backbone genes or whole BGCs in a heterologous host represent 

methods of choice. With continuing improvement of bioinformatic prediction tools and the steady 

growth of culture collections and genome sequences, the exploration of the “biosynthetic dark 

matter”157 will be further facilitated. 

 

5.2 Pathway engineering for the rational design of new derivatives 

 

Combinatorial biosynthesis involving the CDPSs GutA24309, GutA3589, CWLS1, NasA and AspA 

together with GtmB – E tailoring enzymes led to the identification of CDPs varying in their 

modification stages. Compared to the results obtained from feeding experiments, eight out of ten 

modified CDPs were also observed in the engineered pathways, including the new derivatives 5c, 5d, 

7c, 8b, and 9b. In all cases, the formation of the dehydrogenated compounds b was observed, 

indicating that the CDO GtmBC shows broader substrate specificity compared to the P450 GtmD or 

the FeII/2OG oxidase GtmE.  

Mutagenesis of tailoring eyzymes 

These results demonstrate that the main bottle-neck in the production of the engineered derivatives is 

not the genetic co-expression itself but rather the substrate acceptance of the tailoring enzymes. To 

tackle this issue, site-directed mutagenesis of tailoring enzymes could be performed. Therefore, 

knowledge of the protein structure, including the active site with the binding and the catalytic site, are 

of vital importance. Since CDOs have only been discovered at the beginning of this century and their 

structure was resolved just this year, no mutagenesis studies were reported for these enzymes so far.234 

This is similar to P450s involved in guaninylation of CPDs with a DKP scaffold, which were first 

reported in 2018.309 However, the P450 NasF5053 (also referred to as NzeB) which catalyzes 

dimerization of tryptophan-containing CDPs was recently engineered by Sun et al.310 

The created mutants F387G and E73S revealed that these two amino acids control substrate specificity 

by reducing steric hindrance and regulating substrate tunnels, respectively.310 

Our laboratory reported similar results for the substrate acceptance of prenyltransferases. One 

example includes the prenyltransferase FgaPT2 from Aspergillus fumigatus, which is involved in the 

biosynthesis of ergot alkaloids fumigaclavines. However, it only showed very low conversion of 

tryptophan-containing cyclodipeptides. To overcome this obstacle, site-directed mutagenesis of 

Arg244 was performed and an up to 76-fold higher turnover number toward seven CDPs was 
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observed.311 Another example is the CDP C2-prenyltransferase FtmPT1 from the same fungus, which 

catalyzes a regular C-2 prenylation of brevianamide F and is involved in the biosynthesis of the above 

mentioned cWP derivatives tryprostatins, spirotryprostatins, verruculogen, and fumitremorgins. To 

increase the acceptance of 1-naphthol and other hydroxynaphthalenes, mutations of Gly115 and 

Tyr205 were conducted and indeed led to increased substrate acceptance.312 

These examples unambiguously prove that the engineering of enzymes offers great potential, 

especially when non-natural substrates are involved to further increase structural diversity within a 

special class of NPs.  

Further discovery of novel enzymes (or known enzymes with novel functions) in the biosynthetic 

pathways of CDPs with a DKP scaffold and the engineering of enzymes may lead to the production 

of rare or modified CDP derivatives with unique properties in the future. 
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7. NMR spectra
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Figure S1. 1H NMR spectrum of xylariolide D (1) in CDCl3 (500 MHz). 
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Figure S2. 1H, 1H COSY spectrum of xylariolide D (1) in CDCl3 (500 MHz). 
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Figure S3. 13C NMR spectrum of xylariolide D (1) in CDCl3 (125 MHz). 
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Figure S4. HSQC spectrum of xylariolide D (1) in CDCl3. 
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Figure S5. HMBC spectrum of xylariolide D (1) in CDCl3. 
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Figure S6. 1H NMR spectrum of xylariolide D (1) isolated from A. nidulans SSt26 in CDCl3 (500 MHz). 
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Figure S7. 1H NMR spectrum of prexylariolide D (2) in CDCl3 (500 MHz). 
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Figure S8. 13C NMR spectrum of prexylariolide D (2) in CDCl3 (125 MHz). 
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Figure S9. HSQC spectrum of prexylariolide D (2) in CDCl3. 
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Figure S10. HMBC spectrum of prexylariolide D (2) in CDCl3. 



 
140   

 

Figure S11. 1H NMR spectrum of xylariolide G (3) in CDCl3 (500 MHz). 
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Figure S12. 13C NMR spectrum of xylariolide G (3) in CDCl3 (125 MHz). 
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Figure S13. HSQC spectrum of xylariolide G (3) in CDCl3. 
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Figure S14. HMBC spectrum of xylariolide D (3) in CDCl3. 
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Figure S15. 13C NMR spectrum of xylariolide D (1) in CDCl3 enriched with [2-13C] acetate (125 MHz). 
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Figure S16. 13C NMR spectrum of xylariolide D (1) in CDCl3 enriched with [1,2-13C] acetate (125 MHz). 
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Figure S17. 13C NMR spectrum of prexylariolide D (2) in CDCl3 enriched with [2-13C] acetate (125 MHz). 
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Figure S18. 13C NMR spectrum of prexylariolide D (2) in CDCl3 enriched with [1,2-13C] acetate (125 MHz). 
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Figure S19. 1H NMR spectrum of cWF (5a) in DMSO-d6 (500 MHz).   
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Figure S20. 1H NMR spectrum of cW∆F (5b) in DMSO-d6 (500 MHz).  
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Figure S21. 1H NMR spectrum of 5c’ in DMSO-d6 (500 MHz).  
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Figure S22. 13C NMR spectrum of 5c’ in DMSO-d6 (125 MHz).  
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Figure S23. HSQC spectrum of 5c’ in DMSO-d6.  
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Figure S24. HMBC spectrum of 5c’ in DMSO-d6.  
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Figure S25. 1H-1H COSY spectrum of 5c’ in DMSO-d6.  
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Figure S26. NOESY spectrum of 5c’ in DMSO-d6.  
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Figure S27. 1H NMR spectrum of 5d in DMSO-d6 (500 MHz).  
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Figure S28. 1H NMR spectrum of cWY (6a) in DMSO-d6 (500 MHz).   
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Figure S29. 1H NMR spectrum of cW∆Y (6b) in DMSO-d6 (500 MHz).   
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Figure S30. 1H NMR spectrum of cWL (7a) in DMSO-d6 (500 MHz).   
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Figure S31. 1H NMR spectrum of cW∆L (7b) in DMSO-d6 (500 MHz).   
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Figure S32. 13C NMR spectrum of cW∆L (7b) in DMSO-d6 (125 MHz).  
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Figure S33. HSQC spectrum of cW∆L (7b) in DMSO-d6.  
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Figure S34. HMBC spectrum of cW∆L (7b) in DMSO-d6.  
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Figure S35. 1H-1H COSY spectrum of cW∆L (7b) in DMSO-d6.
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Figure S36. 1H NMR spectrum of 7c in DMSO-d6 (500 MHz).   
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Figure S37. 1H NMR spectrum of cWA (8a) in DMSO-d6 (500 MHz).   
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Figure S38. 1H NMR spectrum of cW∆A (8b) in DMSO-d6 (500 MHz).  
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Figure S39. 13C NMR spectrum of cW∆A (8b) in DMSO-d6 (125 MHz).  
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Figure S40. HSQC spectrum of cW∆A (8b) in DMSO-d6.  
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Figure S41. HMBC spectrum of cW∆A (8b) in DMSO-d6.  
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Figure S42. 1H-1H COSY spectrum of cW∆A (8b) in DMSO-d6.  
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Figure S43. 1H NMR spectrum of brevianamide F (cWP, 9a) in DMSO-d6 (500 MHz).  
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