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Summary 

Filamentous fungi produce a multitude of secondary metabolites with crucial ecological 

functions to ensure their development, survival, and competitiveness in the ecosystem. These 

compounds exhibit a high structural diversity and play an important role in the discovery of 

novel drugs. Drug development is driven by various factors, including the need for new 

antimicrobial agents due to the growing threat of drug-resistant microorganisms. In this regard, 

nature's potential to provide a wide variety of products with versatile biological activities 

encourages scientists to search for new compounds and to understand their biosynthetic 

formation.  

In recent decades, advances in bioinformatics have opened new possibilities to analyze 

genomic data of various organisms. The development of sequencing technologies and 

computational tools have revealed the potential of microorganisms, including filamentous 

fungi, to produce a variety of metabolites. Most of these secondary metabolites are products 

of polyketide synthases, non-ribosomal peptide synthetases, or terpene synthases, as well as 

tailoring enzymes such as oxidoreductases or methyl- and prenyltransferases. The genes 

coding for these biosynthetic enzymes are usually clustered in the genome, and their location 

and putative function can be predicted using appropriate bioinformatic tools. Genetic 

engineering methods have been developed with the objective of enhancing the production and 

diversity of biologically active fungal secondary metabolites, as well as the investigation of their 

biosynthesis. 

Genome mining of Aspergillus ustus 3.3904 led to the identification of several putative 

biosynthetic gene clusters (BGCs). In cooperation with Haowen Wang, detailed analysis of a 

non-ribosomal peptide synthetase (NRPS) gene cluster suggested its involvement in the 

biosynthesis of the previously isolated diketopiperazine derivative protubonine B. 

Heterologous expression of the whole gene cluster in Aspergillus nidulans confirmed this 

hypothesis. Combination of further gene deletion experiments and structural elucidation of the 

intermediates allowed the elucidation of the protubonine biosynthetic pathway. The flavin-

dependent monooxygenase PboD was identified as the key enzyme and catalyzes the 

hydroxylation at C-3 of the indole moiety followed by pyrrolidine ring formation. The 

stereospecific reaction was verified by in vitro experiments with the recombinant enzyme. 

In a subsequent project in cooperation with Meiting Wu, the promiscuity of the flavin-dependent 

monooxygenase PboD towards various tryptophan-containing diketopiperazine derivatives 

was investigated. In vitro assays demonstrated that PboD exhibits high catalytic efficiency 
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towards various indole diketopiperazines, especially those with a second aromatic moiety. 

Product isolation and elucidation of their structures demonstrated the expected stereospecific 

hydroxylation and pyrrolidine ring formation, thereby revealing two of them to be new products. 

Feeding of different indole diketopiperazines to an Aspergillus nidulans transformant bearing 

a truncated protubonine gene cluster with pboD and two acetyltransferase genes resulted in 

the formation of hydroxylated and acetylated products. These findings provide a deeper 

understanding of the formation of hydroxylated pyrroloindoline alkaloids in fungi. In addition, 

studies on the promiscuity of PboD open new possibilities for the chemoenzymatic synthesis 

of pyrroloindoline-derived natural products. 

In a third project in collaboration with Dr. Jing Zhou, genome mining of A. ustus 3.3904 led to 

the identification of an NRPS-like gene cluster as a plausible candidate for the biosynthesis of 

p-terphenyl derivatives. To prove this, the BGC was activated by heterologous expression in 

A. nidulans LO8030, which resulted in the formation of the new p-terphenyls usterphenyllins A 

and B as well as uscandidusins A and B. As in the first project, gene deletion experiments and 

isolation of the pathway intermediates were conducted to confirm their proposed biosynthesis. 

The data indicated that enzymatic reduction and dehydration of the terphenylquinone 

atromentin represents a key step within the biosynthetic pathway. This results in the formation 

of a diphenylbenzene intermediate, containing a central benzene ring, which represents a 

characteristic structural feature of terphenyls. Subsequent modification reactions, including 

methylation, hydroxylation, and prenylation, are catalyzed by tailoring enzymes within the 

biosynthetic pathway and lead to the formation of usterphenyllins. Based on our findings, the 

last step in the biosynthesis of the dibenzofuran-containing final products uscandidusins A and 

B was proven to be a spontaneous, non-enzymatic oxidative reaction. Taken together, this 

study provides new insights into the previously unexplored p-terphenyl biosynthesis in fungi. 
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Zusammenfassung 

Filamentºse Pilze produzieren eine Vielzahl von Sekundªrmetaboliten mit bedeutenden ºko-

logischen Funktionen, die ihre Entwicklung, ihr ¦berleben und ihre Wettbewerbsfªhigkeit im 

¥kosystem sicherstellen. Diese Verbindungen weisen eine groÇe strukturelle Vielfalt auf und 

spielen eine wichtige Rolle bei der Entdeckung neuer Arzneimittel. Die Entwicklung von 

Arzneimitteln wird durch verschiedene Faktoren vorangetrieben, wie beispielsweise den 

Bedarf an neuen antimikrobiellen Wirkstoffen aufgrund der wachsenden Bedrohung durch 

arzneimittelresistente Mikroorganismen. Das Potenzial der Natur, eine Vielzahl von Stoffen mit 

vielseitigen biologischen Aktivitªten hervorzubringen, veranlasst Wissenschaftler dazu, nach 

neuen Verbindungen zu suchen und ihre biologische Entstehung zu untersuchen.  

In den letzten Jahrzehnten haben die Fortschritte in der Bioinformatik neue Mºglichkeiten f¿r 

die Analyse von Genomdaten verschiedener Organismen erºffnet. Die Entwicklung von Se-

quenzierungstechnologien und computergest¿tzten Werkzeugen hat das Potenzial von Mikro-

organismen, einschlieÇlich filamentºser Pilze, zur Produktion einer Vielzahl von Metaboliten 

offengelegt. Die meisten dieser Sekundªrmetaboliten sind Produkte von Polyketidsynthasen, 

nicht-ribosomalen Peptidsynthetasen oder Terpensynthasen sowie von Tailoring-Enzymen wie 

Oxidoreduktasen oder Methyl- und Prenyltransferasen. Die Gene, die f¿r diese biosyn-

thetischen Enzyme kodieren, sind in der Regel im Genom geclustert, und ihre Lage und ver-

mutete Funktion kann mit Hilfe geeigneter bioinformatischer Werkzeuge vorhergesagt werden. 

Gentechnische Methoden wurden mit dem Ziel entwickelt, die Produktion und Vielfalt biolo-

gisch aktiver sekundªrer Stoffwechselprodukte von Pilzen zu erhºhen und ihre Biosynthese 

zu untersuchen. 

Das Genome-Mining von Aspergillus ustus 3.3904 f¿hrte zur Identifizierung mehrerer potenzi-

eller biosynthetischer Gencluster (BGCs). In Zusammenarbeit mit Haowen Wang wurde eine 

detaillierte Analyse eines Genclusters einer nicht-ribosomalen Peptidsynthetase (NRPS) 

durchgef¿hrt, die auf eine Beteiligung an der Biosynthese des zuvor isolierten Diketopiperazin-

Derivats Protubonin B hindeutet. Die heterologe Expression des gesamten Genclusters in 

Aspergillus nidulans bestªtigte diese Hypothese und ermºglichte in Verbindung mit weiteren 

Gendeletionsexperimenten und der Strukturaufklªrung der Zwischenprodukte die Entschl¿s-

selung des Protubonin-Biosyntheseweges. Die flavinabhªngige Monooxygenase PboD wurde 

als das Schl¿sselenzym identifiziert, das die Hydroxylierung an C-3 des Indolteils und die an-

schlieÇende Bildung des Pyrrolidinrings katalysiert. Die stereospezifische Reaktion wurde 

durch In-vitro-Experimente mit dem rekombinanten Enzym verifiziert. 



ZUSAMMENFASSUNG 

 

 

 
 

4 
 

In einem darauffolgenden Projekt in Zusammenarbeit mit Meiting Wu wurde die Promiskuitªt 

der Flavin-abhªngigen Monooxygenase PboD gegen¿ber verschiedenen Tryptophan-haltigen 

Diketopiperazin-Derivaten untersucht. In-vitro-Assays zeigten, dass PboD eine hohe katalyti-

sche Effizienz gegen¿ber verschiedenen Indol-Diketopiperazinen aufweist, insbesondere ge-

gen¿ber solchen mit einer zweiten aromatischen Komponente. Die Isolierung der Produkte 

und die Aufklªrung ihrer Strukturen zeigten die erwartete stereospezifische Hydroxylierung und 

Pyrrolidinringbildung, wobei zwei von ihnen als neue Produkte identifiziert werden konnten. In 

einer Kultur eines Aspergillus nidulans-Transformanten, der einen verk¿rzten Protubonin-

Gencluster mit pboD und zwei Acetyltransferase-Genen trªgt, f¿hrte die F¿tterung mit 

verschiedenen Indol-Diketopiperazinen zur Bildung von hydroxylierten und acetylierten 

Produkten. Diese Ergebnisse tragen zu einem besseren Verstªndnis der Bildung hydroxylierter 

Pyrroloindolinalkaloide in Pilzen bei. Zudem erºffnen die Untersuchungen zur Promiskuitªt von 

PboD neue Mºglichkeiten f¿r die chemoenzymatische Synthese von Pyrroloindolin-

Naturstoffen. 

In einem dritten Projekt in Zusammenarbeit mit Dr. Jing Zhou f¿hrte das Genome-Mining von 

A. ustus 3.3904 zur Identifizierung eines NRPS-ªhnlichen Genclusters als mºglichen 

Kandidaten f¿r die Biosynthese von p-Terphenylderivaten. Um dies zu beweisen, wurde der 

Gencluster durch heterologe Expression in A. nidulans LO8030 aktiviert, was zur Bildung der 

neuen p-Terphenyle Usterphenyllin A und B sowie der Uscandidusine A und B f¿hrte. Wie im 

ersten Projekt wurden Gendeletionsexperimente und die Isolierung der Stoffwechselzwischen-

produkte durchgef¿hrt, um deren vermutete Biosynthese zu bestªtigen. Die Daten weisen da-

rauf hin, dass die enzymatische Reduktion und Dehydratisierung des Terphenylchinons 

Atromentin einen Schl¿sselschritt innerhalb des Biosynthesewegs darstellt. Dies f¿hrt zur 

Bildung eines Diphenylbenzol-Zwischenprodukts, das einen zentralen Benzolring enthªlt und 

somit ein charakteristisches Strukturmerkmal von Terphenylen aufweist. Nachfolgende Modi-

fizierungsreaktionen, einschlieÇlich Methylierung, Hydroxylierung und Prenylierung, werden 

von Tailoring-Enzymen innerhalb des Biosynthesewegs katalysiert und f¿hren zur Bildung von 

Usterphenyllinen. Unsere Ergebnisse zeigen, dass der letzte Schritt in der Biosynthese der 

dibenzofuranhaltigen Endprodukte Uscandidusin A und B eine spontane, nicht-enzymatische 

oxidative Reaktion ist. Insgesamt bietet diese Studie neue Einblicke in die bisher unerforschte 

p-Terphenyl-Biosynthese in Pilzen. 
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1. Introduction 

1.1 Natural Products in Drug Discovery 

Natural products (NPs) are small molecules derived from animals, plants, and microorganisms. 

Due to their great structural diversity, NPs exhibit a wide range of biological activities such as 

anticancer, anti-infective, and cardiovascular effects.1,2,3 Therefore, NPs have played an 

important role in the treatment of various diseases since ancient times and have become a key 

to drug discovery in numerous therapeutic areas, especially in the last century.4 Studies 

examining the sources of newly approved drugs in recent decades have found that 

approximately 23% of all drugs approved between January 1, 1981 and September 30, 2019 

are NPs or NP derivatives and 22% of synthetic drugs mimic NPs (Figure 1).5 

 

Figure 1. Overview of all drugs approved from 1/1/1981 to 9/30/2019. 

Successful NP-derived drug discovery in the second half of the last century spread a sense of 

enthusiasm and reached its peak in the 1990s.6 The growing demand for new drugs and 

developments in the pharmaceutical industry have led to a shift toward chemically synthesized 

drugs based on NP scaffolds, driven by advances in bioinformatics, combinatorial chemistry, 

high-throughput screening, and in silico molecular modeling. These methods have provided 

biological 
macromolecule
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natural product
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botanical drug
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vaccine
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large compound libraries for drug development.7,8 In addition, the reliance on NPs as primary 

source for the production of pharmaceuticals has been hampered by high costs, difficulties in 

harvesting starting materials as well as in isolation and purification of active products, low 

overall yields, and impracticality of scale-up, among other factors.9 However, despite declining 

interest from the pharmaceutical industry, NPs remain indispensable for the development of 

new drugs.7 In contrast to synthesized agents, which exhibit limited chemical diversity, nature 

provides a wide range of biological active compounds with complex chemical scaffolds. Some 

of them are otherwise inaccessible by sole chemical synthetic approaches.7,10 The high degree 

of chemical diversity but also a defined stereochemistry and high molecular rigidity are 

significant to influence protein-protein interactions.3 In the course of evolution, the structures 

were naturally selected to exhibit optimized biological activities as a competitive response to 

other organisms or for self-protection, resulting in antimicrobial or cytotoxic activity.11 As 

demonstrated in Figure 1, the majority of all small-molecule approved drugs from the last 40 

years are derived directly or indirectly from natural products.5 Due to the large chemodiversity 

of NPs and their natural activity in interaction with enzymes, receptors and ionic channels in 

living cells, they bring many benefits in addressing similar pharmaceutical targets in humans.12 

With the focus on microorganisms, the majority of their biodiversity has not yet been explored, 

providing a huge potential for natural product research using new identification, screening, and 

genetic manipulation techniques.13  

1.2 Natural Products from Filamentous Fungi  

According to the Natural Products Atlas database, more than 36,000 NPs isolated from 

microorganisms have been published in the scientific literature (as of March 2024).14 

Approximately 63% of these compounds are of fungal origin, with most species being 

filamentous fungi of the genera Aspergillus and Penicillium.14 

Most filamentous fungi (commonly also known as molds) belong to the group of Ascomycota.15 

Ascomycetes are characterized by the formation of meiospores in sac-like meiosporangia 

(asci). Ascospores are produced during the sexual reproduction cycle, which begins with 

plasmogamy followed by fusion of two nuclei (karyogamy).16 After meiosis, ascospores are 

formed by cell division.17 However, reproduction in filamentous ascomycetes is usually 

asexual, with conidiophores branching off from hyphae and bearing conidia (spores).18 In 

addition to their characteristic morphology and reproduction, filamentous fungi exhibit 

saprophytic growth, are ubiquitous, and produce numerous secondary metabolites (SMs).19 

SMs in fungi are formed as toxins for protection, exclusion, or direct damage of parasites, but 
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also function as precursors for pigments, cell signaling mediators, osmotic regulators, or metal 

chelators.20 

 

Figure 2. Structures of historically important natural products used as pharmaceutical agents.  

For hundreds of years, fungi have played an important role for mankind in the treatment of 

various diseases or in the production of different foods.21,22 However, the significance of the 

metabolites they produce, their mechanisms of action and their chemical structures have not 

yet been fully explored. The discovery and isolation of penicillin G (non-ribosomal peptide) by 

Fleming was a milestone in drug discovery, followed by clinical trials of its antibiotic activity and 

commercial production.13 Other antibiotic and therapeutic agents such as cephalosporin C 

(non-ribosomal peptide), pleuromutilin (diterpene), and fusidic acid (triterpene) are also derived 

from fungal species.23 In addition, immunosuppressants like mycophenolic acid 

(meroterpenoid) and antilipidemic drugs such as lovastatin (polyketide) have been isolated and 

their pharmaceutical activities identified (Figure 2).24,25 Some lead structures of identified 
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metabolites from fungi also served as precursors for semi-synthetic modifications such as 

myriocin as lead structure for the development of the immunosuppressant fingolimod, or as 

model structures for the development of synthetic analogs, e.g. the fungicides strobilurins Aï

D, to improve or enhance their activity.25ï27 However, not all identified fungal metabolites have 

beneficial effects, but are also potentially harmful to humans and livestock.28 Mycotoxins such 

as aflatoxins, ochratoxins, and trichothecenes are fungal metabolites with acute, chronic, or 

cumulative toxic effects on health due to contamination of food, feed, and animal products.29 

Whether harmful or beneficial, the study and understanding of fungal biosynthesis has 

intrigued researchers for decades. The diversity of fungal biosynthetic genes offers great 

potential not only for drug discovery, but also for the study of fungal metabolism and general 

research in the field of synthetic biology.23 In order to understand biosynthetic processes in 

different species, including fungi, researchers have developed various methods to investigate 

biosynthetic pathways.30 Traditionally, isolation and structure elucidation of pathway 

intermediates combined with feeding experiments with isotopically labeled precursors allowed 

reconstruction of the biosynthesis.31 However, the capabilities of these techniques alone are 

limited for a complete investigation of a given biosynthetic pathway. Instead, additional 

strategies such as bioinformatics, genetic engineering, enzymology, and analytical chemistry 

need to be integrated to gain deeper insights into biosynthetic processes.32,33 

1.2.1 The Ascomycete Aspergillus ustus as Source for New Secondary Metabolites 

Fungi of the genus Aspergillus are ubiquitous and of considerable interest to the research 

community due to their pathogenicity, chemodiversity, ecology, and their role in biotechnology 

applications.34,35 The fungus Aspergillus ustus is a rare human pathogen and belongs to the 

section Usti, which is accommodated in the subgenus Nidulantes.36 Phylogenetic analysis 

revealed high gene homologies with the related species Aspergillus calidoustus, Aspergillus 

insuetus, and Aspergillus puniceus.37 Species of the section Usti have been shown to be 

producers of many SMs belonging to different structural classes with numerous biological 

activities.38 These include products of A. ustus such as austin (meroterpenoid),39 pergillin 

(benzofuranoid),40 ustusols (sesquiterpenes),41 austdiol (polyketide),42 austalides 

(meroterpenoids),43 ophiobolins (sesterterpenoids),44 oxepinamides (tripeptide),45 ustethylin 

(polyketide),46 and austocystins (polyketides).47 Some of them are shown in Figure 3. A. ustus 

usually exhibits moderate to heavy spore production with gray, grayish brown, or olive conidia 

and the production of a characteristic yellow pigment, which is secreted to the medium (Figure 

3).48 Like most of the species in the section Usti, A. ustus grows optimally at 25ï30 ÁC.49 
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Figure 3. A. ustus 3.3904 growing on a PD agar plate. Some well-known secondary metabolites isolated 

from different A. ustus strains are illustrated. 

The strain A. ustus 3.3904 was first sequenced in 2015, yielding a genome sequence with a 

size of approximately 38 Mbp. Subsequent bioinformatic analysis identified 52 putative 

biosynthetic gene clusters (BGCs).37 Some of the clusters showed high identities with known 

biosynthetic genes, e.g. for the formation of sterigmatocystin.37 However, the function of many 

of these clusters remains to be elucidated and therefore holds great potential for the 

identification of novel metabolites and their associated genes and enzymes. Genetic 

manipulation of this strain as well as studies on the biosynthesis of several SMs have already 

been reported, e.g. in the case of oxepinamide F45 and ustethylin A.46 

1.2.2 Strategies for the Discovery and Diversification of Fungal Natural Products and 

Investigation of Their Biosynthesis 

The discovery and diversification of natural compounds from fungi as well as the elucidation 

of their biosynthesis require different methods and knowledge from several disciplines such as 

microbiology, fungal taxonomy and ecology, biotechnology, genetic engineering, enzymology, 

analytical and organic chemistry, and bioinformatics (Figure 4).50 Understanding of fungal 

biology is essential for the exploitation of NPs by culture optimization to access the variety of 

fungal metabolites.51 Bioinformatic tools in combination with genetic engineering allow 
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advanced mining for novel substances by activation of silent genomic regions, and furthermore 

provide insights into their biosynthesis.52 Chemical and biological strategies enable further 

diversification of NPs by modifications, synthesis, and biotransformation.53 

 

Figure 4. The exploitation, mining and diversification of NPs require different strategies such as culture 

optimization, genetic engineering as well as biological and chemical synthetic approaches. 

NPs from microorganisms are formed as part of the secondary metabolism and are therefore 

not essential for survival, but provide certain advantages for the producers in different 

environments.54 The production of these compounds is influenced by various external factors 

as well as signaling pathways that connect fungal development and metabolite production.55 

Because these triggers are part of a complex system, many SMs are not usually produced 

under standard laboratory conditions.56 However, a change in the culture conditions can 

significantly affect SM production, e.g. variations in media composition. For some species, 

altering physiological parameters such as pH, temperature, and light, or co-cultivation with 

other species, as well as the availability of carbon and nitrogen sources and the addition of 

enzyme inhibitors or inducers, can trigger the production of certain metabolites.51,57 The 

variation of culture conditions in order to activate multiple biosynthetic pathways is known as 

the OSMAC (one strain many compounds) approach.58,59 Metabolomic strategies involve the 

determination of metabolites produced, which are extracted from the cultures, isolated and 
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their structures elucidated using analytical techniques such as liquid chromatography-mass 

spectrometry (LC-MS) and nuclear magnetic resonance spectroscopy (NMR).60  

Beyond the OSMAC approach, biological strategies including genetic regulation and 

manipulation allow increased production of SMs and drive the discovery of new NPs.61 Genetic 

engineering can be used to manipulate the metabolic network of organisms of interest by 

increasing the supply of precursors, overexpression or deletion of global or pathway-related 

regulators, or activation of silent gene clusters.62 Epigenetic manipulation involves changes in 

DNA methylation and histone acetylation, resulting in modification of the chromatin structure.63 

Beside epigenetic changes by addition of enzyme inhibitors, activation of the laeA gene in 

filamentous fungi has been reported to result in increased acetylation of histones H3 and H4 

and upregulation of SM production.64 

Targeted genetic manipulation refers to direct genomic alterations to influence the expression 

of biosynthesis-related genes.65 While manipulation of global regulators can change the 

expression of multiple biosynthetic pathways, the (in)activation of pathway-specific regulatory 

genes, e.g. transcription factors (TFs), can affect the production of metabolites of a particular 

biosynthetic pathway.66 The largest family of fungal TFs belongs to the zinc cluster superfamily. 

These DNA-binding proteins contain six cysteine residues capable of binding two zinc atoms 

and are therefore termed as Zn(II)2Cys6.67 Overexpression of genes coding for such TFs can 

result in the activation of whole gene clusters as reported for GliZ in the gliotoxin biosynthesis.68 

Functional gene analysis in filamentous fungi requires established genetic manipulation 

techniques such as transformation based on homologous (DNA) recombination.69 By knockout 

or replacement of the gene of interest in the wild-type strain, conclusions can be drawn about 

its function and possible position within a biosynthetic pathway. However, unlike in bacteria or 

yeasts, genetic manipulation in filamentous fungi is still challenging, e.g. due to the complex 

genetic background, low efficiency of homologous recombination and associated ectopic 

integration, as well as limited choice of screening markers.70 Homologous (over)expression or 

deletion of biosynthetic or regulatory wild-type genes is oftentimes very laborious. Therefore, 

many studies focused on the heterologous expression of single or multiple genes in a different 

host organism that does not naturally contain the gene(s) of interest.71 Therefore, heterologous 

expression of fungal genes requires suitable hosts, especially when expression of several 

genes or a whole gene cluster and thus full elucidation of the biosynthesis of a fungal SM is 

considered.72 Some Aspergillus species have been chosen traditionally as hosts such as 

Aspergillus nidulans, Aspergillus oryzae, and Aspergillus niger.73 Among them, A. nidulans is 

the most studied model organism and the best-characterized species within its genus. Suitable 
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host strains were developed by reduction of their SM production, implementation of a target 

locus for integration, increase of gene targeting efficiency, and introduction of a marker 

recycling system.74 

Beyond that, further techniques to extend natural product diversification based on biological 

and chemical strategies are to mention.75,76 Biotransformation experiments by feeding of 

naturally-derived or (semi)synthetic precursors to fungi enable regio- and stereoselective 

modifications and diversification of biological active compounds catalyzed by tailoring enzymes 

with broad substrate specificities.77 In addition, chemoenzymatic strategies involve the 

combination of functional enzymes, e.g. heme-dependent enzymes, flavoenzymes, 

prenyltransferases, and SAM-dependent enzymes, with synthetically adapted substrates in 

vitro, which generates structurally diverse derivatives.1,78 Moreover, combinatorial biosynthesis 

by engineering the substrate specificity of biosynthetic enzymes, e.g. by domain or module 

exchange, allows alterations of scaffold structures, functional groups, and regioselectivity.79 

Due to their large structural variety, the resulting NPs then serve as an inspiration for the 

diversity-oriented chemical synthesis of small molecules with novel biological functions.80 

1.3 Genome Mining  

The field of molecular biology has undergone significant developments, particularly in genome 

sequencing, which has opened new possibilities for the investigation of natural products.54 

Additionally, bioinformatic tools have emerged to support the analysis of large amounts of 

data.81 Genome mining involves the use of bioinformatics to access new NPs, investigate their 

biosynthesis and to predict the function of biosynthetic genes and their interactions.82 The 

genes responsible for SM formation are often clustered in the genome in so-called biosynthetic 

gene clusters.83 These clusters contain a chemical-class defining backbone gene, e.g. coding 

for a polyketide synthase (PKS), a terpene synthase/cyclase, or a non-ribosomal peptide 

synthetase (NRPS).84 Additional genes code for tailoring enzymes such as methyl-, acetyl-, 

and prenyltransferases, as well as oxidoreductases, which are responsible for modifying the 

backbone structure.85 In some cases, regulatory or transport-related genes are also included 

in the BGCs as well as self-resistance genes responsible for protection against toxic SMs.21,54 

Developments in computational technology and the design of bioinformatic tools for the 

analysis of the sequenced microbial genomes allow the prediction of BGCs based on the 

comparison of the sequence data with those in databases.11 These databases contain DNA 

sequences of many microbes and are publicly accessible.81 Computational tools can locate 

BGCs in the genome based on the gene and protein homology with previously published 

sequence data.86 
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Figure 5. Process of genome mining for the identification of new secondary metabolites. 

Basically, there are two different models for the prediction of BGCs. The first model detects 

BGCs based on their similarity to previously verified and described clusters with specific 

signatures, including certain genes, gene types, and gene arrangements.87 This model 

prioritizes high-confidence predictions but may yield low novelty of results. Tools like 

antiSMASH integrate multiple algorithms to predict known BGC types in bacteria, fungi, and 

plants.88 The tool first recognizes genes that code for backbone enzymes and then analyzes 

the surrounding regions for BGC-related genes.88 Another model aims to detect unknown types 

of BGCs that do not follow previously described and published gene patterns, but instead strive 

for high novelty of results. The tools used for this model include phylogenomic, Pfam domain, 

or transcriptomic data to find novel BGCs.89,90  

The obtained information on the similarity with known clusters help to assess possible gene 

functions and chemical structures of the resulting pathway products.11 Additional tools like 

NCBI BLAST can be used to analyze sequences of backbone and tailoring enzymes, and to 

identify similarities with other nucleotide or amino acid sequences.91 Detailed insights into 

biosynthetic pathways and associated reaction mechanisms can be proposed in combination 

with protein domain prediction and comparison with known enzymes. 

Selection and Sequencing
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After conducting bioinformatic analyses, some BGCs can be linked to previously isolated 

metabolites, however, the majority of secondary metabolite related genes are silent under 

normal laboratory conditions.92 Prediction of the cluster function and its products will help to 

prioritize cryptic gene clusters.87 Based on the similarity to known BGCs and their respective 

metabolites, the novelty of possible products and their modifications can be suggested. As 

mentioned previously, there are various methods to activate silent genes or whole gene 

clusters of interest. These methods include promoter exchange, TF activation, or heterologous 

(over)expression, which may result in the production of corresponding metabolites.93 

Ultimately, isolation and chemical structure elucidation of final products and intermediates 

allow characterization of their biosynthetic pathway.87  

1.4 Biosynthesis of Natural Products 

1.4.1 Non-ribosomal Peptide Synthetases  

Beside the fundamental ribosomal-located synthesis of peptides and proteins, nature has 

created other possibilities for the formation of amide bonds. Among them, non-ribosomal 

peptide synthetases (NRPSs) are multidomain and -modular enzymes that catalyze ribosome-

independent formation of structurally and functionally different peptides.94 The biosynthesis of 

non-ribosomal peptides (Figure 6) starts with the activation of the substrate by the adenylation 

(A) domain of NRPSs, which is an ATP-dependent reaction involving the formation of an 

aminoacyl-AMP.95 For the selection of building blocks, not only proteinogenic amino acids act 

as precursors, but hundreds of different substrates have been described to be accepted by the 

A domain, including non-proteinogenic amino acids and derived structures such as carboxylic 

acids or Ŭ-hydroxy acids.96 The A domain also catalyzes the transfer of the amino acid to the 

thiolation (T) domain, also known as peptidyl carrier protein (PCP) domain.97 In its holoform, 

this domain is modified with 4ǋ-phosphopantetheine at a conserved serine residue by a 

phosphopantetheinyl transferase.98 Transfer of the activated amino acid to the PCP domain 

includes its thiolation, which results in the release of AMP and formation of an aminoacyl 

thioester.99 Peptide bond formation is catalyzed by the condensation (C) domain between the 

aminoacyl thioester and the next upstream PCP-bound substrate, yielding an elongated 

peptide which is used as substrate for the next cycle of peptide chain extension.100 The three 

essential core domains represent one elongation module, which can be complemented by 

further modification domains such as epimerization (E) or methyltransferase (MT) domains. 

Usually, a final thioesterase (TE) domain provides peptide release by hydrolysis or 

macrocyclization.101 



INTRODUCTION 

 

 

 
 

15 
 

 

Figure 6. NRPS assembly line responsible for adenylation, thiolation, and condensation of the amino 

acids and peptide formation. 

1.4.2 Non-ribosomal Peptide-like Synthetases 

As mentioned in the previous section, the condensation domain in NRPSs is essential for 

amide bond formation and elongation of the peptide chain. However, genome analysis of 

different species such as Aspergillus flavus, Aspergillus terreus, and A. nidulans revealed the 

existence of special single-modular NRPS-like enzymes lacking a C domain.102ï105 Domain 

structure analysis revealed the existence of two distinct classes of NRPS-like enzymes that 

catalyze different reactions.102  

The first type of known NRPS-like enzymes consists of a A-T-TE domain architecture and has 

been proven to catalyze the formation of quinone or furanone derivatives.106 These enzymes 

have also been found to cluster in the genome with genes coding for tailoring enzymes such 

as oxidoreductases and prenyltransferases, as in the case of terrequinone A from A. 

nidulans.107 Biosynthesis of NRPS-like products has been investigated by 13C-labeling studies 

as well as characterization of various fungal and bacterial NRPS-like enzymes.106 Typical 

substrates of NRPS-like enzymes are two identical aromatic Ŭ-keto acids, which derive from 

the aromatic amino acids tyrosine, tryptophan, or phenylalanine.108 The TE domain catalyzes 

C-C-bond formation by Claisen- and Dieckmann-type condensation reactions. In case of 

terphenylquinone formation, symmetrical attacks of C-1 and C-3 of the corresponding identical 

substrates yield a 2,5-dihydroxy-1,4-benzoquinone core (Figure 7).109 Furanones containing a 

butenolide core, such as aspulvinone E, have been proposed to be formed in two different 

routes (Figure 7). The first pathway involves the oxidative ring opening of the quinone 

intermediate, resulting in the formation of an internal ester and a new lactone ring. The 
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intermediate can then undergo a further decarboxylation reaction to form the final product.110 

The second route starts with a single aldol condensation followed by decarboxylation and 

lactone formation.108 However, different substitution patterns for other furanones, such as 

butyrolactone or ralfuranone B, indicate diverging reactions in their biosynthesis, which are not 

completely understood.106 

 

Figure 7. Simplified biosynthesis of the terphenylfuranone aspulvinone E via NRPS-like enzymes by 

either formation of a terphenylquinone intermediate (atromentin) or by direct furanone formation. The 

pathway is proposed based on feeding experiments with 13C-labeled L-tyrosine. The scheme is adapted 

from Geib et al.106,108 

A second type of NRPS-like enzymes lacking a C domain consists of an A-T-R domain 

structure and catalyzes the carboxylic reduction in different substrates, such as amino acids 

and small peptides.111 The terminal reductase (R) domain catalyzes the reduction of the 

thioester to an aldehyde and subsequent product release.112 The aldehyde intermediate is 

subject to further modifications, e.g. as reported for the NRPS-like-catalyzed biosynthesis of 

2,5-dihydropyrazine-derived products in Aspergillus flavus or by spontaneous reactions 

mentioned for tilivalline biosynthesis.113 
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1.4.3 Flavin-dependent Monooxygenases 

Oxidoreductases play an essential role in the modification of backbone skeletons of natural 

products to increase the diversity of chemical structures and biological activities.114 Among 

them are cytochrome P450 oxidoreductases,115 Ŭ-ketoglutarate-dependent oxygenases,116 

and flavin-dependent monooxygenases (FMOs) that catalyze redox reactions in the 

biosynthesis of diverse natural product classes.117,118 FMOs use flavin mononucleotide (FMN) 

or flavin adenine dinucleotide (FAD) as cofactor and catalyze a wide range of regio- and 

enantioselective oxygenation reactions by incorporation of an oxygen atom from molecular O2 

into the product molecules.119 The isoalloxazine ring in the flavin cofactor enables different 

oxidation states, leading to the formation of highly reactive oxygenating species.118 FMOs are 

commonly classified into six groups: Groups A and B include one-component enzymes that 

use NAD(P)H as an external electron donor to generate the reduced flavin, while FMOs of 

groups CïF utilize an additional reductase.119 

During the initial step of the FMO catalytic cycle, the reduced flavin molecule binds molecular 

oxygen to form the C(4a)-hydroperoxide intermediate.120 As part of various oxidation reactions 

such as hydroxylation, Baeyer-Villiger oxidation, sulfoxidation, epoxidation, (de)halogenation, 

and oxygenations of different heteroatoms, one oxygen atom is transferred from the C(4a)ï

hydroperoxyflavin intermediate to the substrate, while the second oxygen is released as a 

water molecule and the oxidized cofactor is regenerated (Figure 8, left cycle).119,92,93 A more 

recently discovered alternative mechanism involves the formation of an N(5)-oxygenated flavin 

intermediate.121 Mechanistic studies on the reaction catalyzed by the flavoenzyme DszA in the 

dibenzothiophene catabolic pathway confirmed the formation of a flavin-N(5)-oxide 

intermediate after oxygen transfer from the substrate hydroperoxide to N(5)-oxidized flavin.122 

In an alternative mechanism, the FMO EncM in the enterocin biosynthetic pathway utilizes the 

flavin-N(5)-oxide, which is formed from N(5)-peroxyflavin via water elimination, to oxygenate 

the substrate and thereby regenerating the oxidized flavin (Figure 8, right cycle).123 

Within NP biosynthesis, FMOs were reported to catalyze various reactions including 

epoxidation, aromatic hydroxylation, lactonization, and halogenation.119,124 For example, 

formation of the antitumor indole alkaloid fumiquinazoline A from Aspergillus fumigatus 

involves the FMO-catalyzed hydroxylation of fumiquinazoline F by oxidation the 2ô,3ô-double 

bond of the indole side chain.125 As an example of a Baeyer-Villiger oxidation, the FMO CcsB 

was demonstrated to catalyze the conversion of a ketone into a carbonate in the cytochalasin 

E biosynthesis.126 
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Figure 8. Simplified catalytic cycle of FMOs by formation of either C(4a)- or N(5)-adducts. Scheme 

adapted from Toplak et al.127 

1.5 NRPS and NRPS-like Derived Natural Products 

Non-ribosomal peptides (NRPs) are found in bacteria such as Actinobacteria, Firmicutes, 

Proteobacteria, and Cyanobacteria as well as in fungi (mainly Ascomycota).99 Structurally, 

NRPs are short peptides in linear, branched, or cyclic form, including non-proteinogenic amino 

acids, hydroxy- or ketocarboxylic acids, and amino acid analogs.128 In 1963, Tatum et al. 
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demonstrated ribosome-independent peptide formation by observing that the tyrocidine 

biosynthesis was maintained despite antibiotic disruption of ribosomal protein production.96 In 

the following years, further biochemical research revealed the mechanisms of amino acid 

activation, binding, and peptide bond formation in NRP biosynthesis by elucidation of the 

chemical structures of several NRPs and characterization of their associated synthetases and 

BGCs.99,129 The selection and combination of diverse building blocks as well as different ring 

formations and modifications of the side chains allow for a wide variety of NRPs with different 

biological activities.130 Well known examples are cyclosporin A (cyclic peptide, 

immunosuppressant), bleomycin A2 (linear peptide, cytostatic), and fengycin (branched 

peptide, antifungal).131 

Because of the modular architecture, many studies focused on genetic engineering and 

chemoenzymatic approaches. Module and domain swapping allowed the synthesis of 

engineered enzymes and the formation of structurally diverse peptides with potent biological 

activities.132 

NRPS-like enzyme derived products were found in different bacterial and fungal species and 

exhibit significant biological activities.128,133 The terphenylquinone atromentin was 

demonstrated to exhibit antimicrobial effects by inhibiting enoyl-acyl carrier protein reductases 

in Streptococcus pneumoniae.134 Butyrolactone I derivatives have been found to show 

significant hypoglycemic activities as well as antibacterial effects.135,136 Fusanochromene, 

isolated from Fusarium sacchari, serves as an anti-cancer agent by inhibition of angiogenesis 

and prevention of cell reproduction.137 The biosynthesis of this tryptophan-derived compound 

has been shown to involve a series of redox and allylation steps, including an epimerization 

and a reduction step catalyzed by two different NRPS-like enzymes.137 

In addition to their biological activity, some products derived from NRPS-like enzymes have 

been reported to function as precursors for conidial pigment production.138 Aspergillus terreus 

produces the furanone aspulvinone E (Figure 7), which acts as an intermediate in the 

biosynthesis of the pigment Asp-melanin.139 In contrast, other Aspergillus species have been 

observed to form dihydroxynaphtalene-based pigments instead.140 

1.5.1 Cyclodipeptides 

Among non-ribosomal peptides from fungi, cyclodipeptides (CDPs) represent the smallest 

peptides derived from two amino acids, mostly carrying a 2,5-diketopiperazine (DKP) 

scaffold.141 These compounds show quite broad chemical diversities despite their simple 

structure, thus exhibiting a wide range of biological activities.142 Their structural diversity is 
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based on the selection of diverse amino acids with varied side chains and enables versatile 

interactions with biological targets, while a rigid piperazine ring guarantees conformational 

stability protecting them from metabolic cleavage.143 Derivatives are used as pharmaceuticals 

and agriculturally important agents due to their antimicrobial, antiviral, immunosuppressive, 

anticancer and insecticidal properties.141,144 Predominantly, fungal CDPs are formed by 

bimodular NRPSs.145 Hundreds of different CDPs from fungi were isolated and characterized. 

Most of these compounds are produced by Aspergillus and Penicillium species and contain 

the amino acids tryptophan, proline, alanine, histidine, (iso)leucine, phenylalanine, serine, and 

tyrosine.141 Notable examples with significant biological activities include the cell cycle 

progression inhibitors tryprostatins and the immunosuppressant, antitumor-active gliotoxin, 

both isolated from Aspergillus fumigatus, as well as phenylahistin from A. ustus, which exhibits 

cytotoxic and antitumor effects (Figure 9).146ï148 

 

Figure 9. Examples of fungal CDPs with significant biological activities. 

Numerous tailoring enzymes involved in fungal CDP biosynthetic pathways are responsible for 

the modification of the CDPs, e.g., by redox reactions or transfer of prenyl, methyl, or acetyl 

moieties.149 The biosynthesis of gliotoxin, for instance, demonstrates a number of modification 

steps, including hydroxylation (cytochrome P450 monooxygenase), thiolation (glutathione-S-

transferase), formation of a disulfide bridge (flavin-dependent oxygenase), and methylation 

(methyltransferase).150 Further examples of CDP oxidation reactions catalyzed by cytochrome 

P450 enzymes were reported, including C-C and double bond formation in the biosynthesis of 

ditryptophenaline and neoechinulin A, respectively.151,152 In addition to P450 enzymes, flavin-

dependent monooxygenases have also been reported to catalyze the hydroxylation of CDPs, 

e.g., in the notoamide D and okaramine G biosynthesis.153,154  

1.5.2 p-Terphenyls 

Numerous p-terphenyls were isolated from a variety of organisms, exhibiting a diverse 

spectrum of biological activities, including antimicrobial, antioxidant, cytotoxic, and Ŭ-

glucosidase inhibitory effects.155 p-Terphenyls consist of a diphenylbenzene skeleton, wherein 
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the central benzene ring is substituted with two phenyl groups at the para-positions. These 

compounds show versatile structure modifications at all three rings, e.g., hydroxylations, 

prenylations, and the formation of additional ring systems.156 The central ring usually carries 

oxygenated functions such as hydroxy or methoxy groups.157 More than 200 p-terphenyl 

derivatives have been isolated, including bacterial metabolites such as terferol158 and echoside 

C159 from Streptomyces species, but also products from filamentous fungi, e.g. terprenin and 

candidusin B from Aspergillus candidus (Figure 10).155,160,161  

 

Figure 10. Examples of bacterial and fungal p-terphenyls. 

Biosynthesis of p-terphenyls via terphenylquinones and the condensation of two aromatic Ŭ-

ketoacids was already proposed by Divekar et al. in 1959.162 The formation of atromentin by 

incorporation of two 4-hydroxyphenylpyruvic acid (4-HPP) units was proven by 

biotransformation experiments using 13C-labelled aromatic amino acids.163 Biochemical 

investigations on the enzyme AtrA encoded by an NRPS-like gene from Tapinella panuoides 

proved its involvement in the formation of atromentin.164 A related gene from the Ascomycete 

Aspergillus terreus has also been shown to catalyze the production of atromentin.165 In these 

studies, it was demonstrated that two identical Ŭ-ketoacids, derived from aromatic amino acids, 

serve as precursors for the terphenylquinone formation.156 However, complete elucidation of 

the biosynthetic pathway for p-terphenyls, including formation of the characteristic 

diphenylbenzene intermediate, has not yet been reported. 
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2. Aim of this Thesis 

The overall aim of this thesis was the genome mining-based investigation of the biosynthesis 

of secondary metabolites from A. ustus 3.3904 in order to increase the diversity of NPs and to 

gain insight into the biosynthetic mechanisms involved in their formation. The fungus A. ustus 

3.3904 was shown to retain growth and SM production under different culture conditions and 

was therefore selected for biological and chemical investigations in our laboratory. Previous 

studies revealed that some of its isolated metabolites can be associated with BGCs identified 

by genome mining, including oxepinamide F and ustethylin A.45,46 

Despite the successful elucidation of several SM biosynthetic pathways from different A. ustus 

strains and related species, there is still considerable potential for the discovery of novel 

metabolites. Furthermore, investigation of the biosynthesis and detailed mechanisms for the 

formation of both new and already known compounds from A. ustus is of great interest, as 

there are many biosynthetic processes in filamentous fungi that remain unresolved. Therefore, 

we aimed to develop a genome mining-based approach to expand the scope and diversity of 

fungal NPs and to gain a deeper insight into their formation. For this purpose, the genome of 

A. ustus 3.3904 was re-sequenced and putative BGCs were predicted using tools such as 

antiSMASH.88 The focus was laid on NRPS and NRPS-like gene clusters, which were selected 

for detailed analysis. Other bioinformatic tools allowed the prediction of the function and 

putative role of biosynthetic enzymes based on evaluation of sequence homologies and 

similarities with previously characterized proteins. Using this approach, one of the identified 

NRPS biosynthetic gene clusters was linked to the biosynthesis of the previously isolated 

protubonine B. A second putative NRPS-like gene cluster was proposed to be involved in the 

biosynthesis of p-terphenyls.  

To prove this, heterologous expression of individual genes or whole gene clusters was chosen 

as the preferred method using a suitable host such as A. nidulans LO8030. To activate the 

silent NRPS-like gene cluster, the expression of the backbone gene was considered by placing 

it under the control of the strong constitutive gpdA promoter from A. nidulans. Through analysis 

of culture extracts of the generated mutants, followed by compound isolation and structure 

elucidation, we aimed to identify newly formed cluster products and intermediates. 

Furthermore, gene knockout experiments were perceived to enable the reconstruction of the 

proposed biosynthetic pathway by confirming the reaction order.  

The biochemical characterization of the biosynthetic enzymes involved was contemplated with 

the objective of gaining further insight into the mechanisms of key reactions. Investigation of 
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the promiscuity of these enzymes by testing their activity towards different substrates was 

expected to lead to an increase in product diversity. Consequently, chemoenzymatic 

approaches have been considered for the synthesis of novel natural products with potential 

biological activities, thus contributing to drug discovery. 

The author of this thesis was mainly responsible for the genetic and biochemical aspects of 

these projects. The cooperation partners were in charge of compound isolation and structure 

elucidation.  
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3. Results and Discussion 

3.1 Biosynthesis of Protubonines in Aspergillus ustus Includes Hydroxylation and 

Pyrrolidine Formation by the Promiscuous Flavin-dependent Monooxygenase 

PboD 

Fungal tryptophan-containing cyclodipeptides belong to the group of indole alkaloids and are 

the subject of numerous studies due to their structural characteristics and the resulting 

biological activities.166 Studies on their biosynthesis have revealed diverse modifications by 

tailoring enzymes. Among others, the indole moiety within the tryptophan residue was shown 

to enable multiple reactions such as oxidation, prenylation, and cyclization and therefore 

provides a large structural diversity.167  

 

Figure 11. LC-MS analysis of the crude extract of a 7-day-old rice culture of A. ustus 3.3904 with 

detections at UV 254 nm (black) and EIC for [M+H]
+
 of 1 with a m/z of 400.187 Ñ 0.005 (red). 

A product was isolated from a rice culture of Aspergillus ustus 3.3904 after seven days of 

incubation. Subsequent elucidation of its structure by 1H and 13C NMR experiments revealed 

it to be protubonine B (1), a hydroxylated and diacetylated cyclo-L-Trp-L-Leu derivative (Figure 

11). Concurrently, genome mining using antiSMASH led to the identification of a candidate 

BGC responsible for the formation of protubonine B. A detailed analysis revealed the presence 

of four putative genes (pboAïpboD) within this cluster, coding for an NRPS (KIA75848, PboA) 

with a bimodular A-T-C-A-T-C domain structure, two acetyltransferases (KIA75847, PboB, and 

KIA75846, PboC), and a flavin-dependent monooxygenase (KIA75845, PboD) (Figure 12). We 

suggested that cyclo-L-Trp-L-Leu is formed by PboA, followed by oxygenation by the FMO 

PboD, and finally diacetylation by PboB and PboC. 
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Figure 12. Putative protubonine biosynthetic gene cluster in A. ustus 3.3904. 

To confirm whether the pbo cluster is involved in the protubonine biosynthesis, heterologous 

expression of the whole BGC in Aspergillus nidulans LO8030 was carried out. For this purpose, 

the cluster sequence was amplified from the genome of A. ustus 3.3904 in four segments and 

cloned into pYWB2168 by homologous recombination (HR) in yeast.169 The expression 

construct was used for the transformation of A. nidulans LO8030, resulting in the expression 

mutant A. nidulans DJ06, which was subsequently subjected to genotyping and verification via 

PCR. Cultivation of DJ06 on rice for seven days, followed by the extraction and LC-MS analysis 

of the crude extract led to the identification of a new predominant peak, which was absent in 

the control strain JN02. Isolation and structure elucidation confirmed it to be protubonine B. 

The reaction order within the biosynthetic pathway of protubonine B was investigated by gene 

deletion experiments. For deletion of pboB and pboC in the expression strain DJ06, their 

5ô-UTR and 3ô-UTR regions were amplified and cloned into the p5HY and p3YG vectors using 

the hygromycin B split marker strategy.170 For deletion of pboD, however, fragments of the 

5ô-UTR and 3ô-UTR were cloned together with URA3, AmpR, and afpyro via HR in 

Saccharomyces cerevisiae. After successful transformation of A. nidulans DJ06 with the 

deletion constructs, the obtained deletion mutants A. nidulans DJ08 (ȹpboB), DJ07 (ȹpboC), 

and DJ09 (ȹpboD) were cultivated on rice as mentioned above and the corresponding crude 

extracts were analyzed with LC-MS (Figure 13). After knockout of pboB, products 2 and 3 

accumulated, while deletion of pboC and pboD led to the detection of products 3 and 4, 

respectively. Comparison of the MS data with those of an authentic standard revealed that 

product 4 is cyclo-L-Trp-L-Leu, whereas structure elucidation by NMR analysis proved 

compounds 2 and 3 (termed protubonine C and D) to be its C-3-hydroxylated pyrrolidine 

derivatives, with acetylation at 3-OH in the case of 2. Determination of their ECD spectra 

revealed that all products have the same stereochemistry. 

NRPS 

 1 kb 

pboA pboB pboC pboD 
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Figure 13. LC-MS analysis of the crude extracts of A. nidulans strains after cultivation for seven days 

in rice medium. Absorptions at UV 254 nm are illustrated. 

These results led to the conclusion that in the first step of the biosynthetic pathway the NRPS 

PboA catalyzes the formation of cyclo-L-Trp-L-Leu (4), followed by hydroxylation and 

simultaneous pyrrolidine formation by PboD to form 3. Subsequent acetylations led to the 

formation of protubonine C (2) and protubonine B (1), respectively, while the first reaction is 

catalyzed by the O-acetyltransferase PboC, followed by a second N-acetylation by PboB 

(Figure 14). Biochemical characterization of the flavin-dependent monooxygenase PboD was 

carried out with the purified recombinant protein to demonstrate that PboD is solely responsible 

for hydroxylation and pyrrolidine ring formation.  



RESULTS AND DISCUSSION 

 

 

 
 

27 
 

 

Figure 14. Biosynthesis of (ï)-protubonine B in A. ustus 3.3904. 

Bioinformatic analysis of the genomic sequence of pboD revealed the presence of three exons 

disrupted by two short introns with a size of 54 and 81 bp, respectively. After isolation of mRNA 

and cDNA synthesis, PCR amplification confirmed the predicted intron-free sequence of pboD, 

coding for a protein with 473 amino acids and a calculated mass of 52.0 kDa.The amplified 

fragment was cloned into the expression vector pET28a (+) and transformed into Escherichia 

coli BL21 for protein overexpression. After the isolation and purification of the N-terminally His6-

tagged protein with a size of 54.2 kDa (Figure 15A), enzyme assays with PboD were conducted 

under different conditions (Figure 15B). The results showed that in the presence of NADPH, 

formation of product 3 can be observed, however, no conversion was found in PboD incubation 

mixtures with NADH or inactivated protein. The visualization of kinetic data and the calculation 

of kinetic parameters with GraphPad Prism 6.0 revealed that the PboD reaction follows 

Michaelis-Menten, resulting in a KM value at 0.10 Ñ 0.01 mM for 4 and a turnover number kcat 

at 1.00 Ñ 0.03 sī1 (Figure 15C).  

The biochemical characterization experiments proved that the flavin-dependent 

monooxygenase PboD alone catalyzes the stereospecific hydroxylation of cyclo-L-Trp-L-Leu 

at C-3 and simultaneous pyrrolidine ring formation. The FMO NotB catalyzes a similar reaction 

within the notoamide biosynthesis. The catalytic efficiency of NotB has been reported to be at 

145 mMī1 sī1, which is higher than that of PboD with 10 mMī1 sī1.171 



RESULTS AND DISCUSSION 

 

 

 
 

28 
 

  

Figure 15. Biochemical characterization of PboD. (A) SDS-PAGE (12%) of purified PboD. (B) HPLC 

analysis (254 nm) of the PboD assay carried out under different conditions. (C) Visualization and 

determination of kinetic parameters following the Michaelis-Menten model. 

In order to enhance the diversity of C-3 hydroxylated pyrroloindoline alkaloids, the promiscuity 

of PboD was investigated in a subsequent study. Consequently, the acceptance of different 

tryptophan-containing cyclodipeptides by PboD was examined. In vitro enzyme assays were 

performed with nine different substrates, including cyclo-L-Trp-L-Trp (5), cyclo-L-Trp-L-Tyr (6), 

cyclo-L-Trp-L-Phe (7), cyclo-L-Trp-L-Met (8), cyclo-L-Trp-L-Ala (9), cyclo-L-Trp-L-Pro (10), cyclo-

L-Trp-Gly (11), and cyclo-L-Trp-L-His (12) (Figure 16A). For all reactions tested except for 12, 

LC-MS analysis of the enzyme products revealed the formation of the corresponding 

oxygenated CDPs with a mass increase of 16 Da (Figure 16B). Conversion yields of substrates 

5ï7 were comparable or slightly higher than that of the natural substrate cyclo-L-Trp-L-Leu (4), 

while compounds 10 and 11 exhibited significantly reduced conversion yields, with values 

below 10% (Figure 16B).  
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Figure 16. (A) Hydroxylation and pyrrolidine ring formation of CDPs catalyzed by PboD. (B) LC-MS 

analysis of in vitro assays of 4ï12 with PboD. Chromatograms represent ion signal intensity of base 

peaks within a mass range of m/z 100ï1500. 
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The best accepted substrates 5ï9 in the PboD enzyme assay and the natural substrate 4 were 

used for further feeding experiments in a mutant, in which the backbone gene coding for the 

NRPS PboA (KIA75848) was deleted in the pboAïD expression strain A. nidulans DJ06.  

 

Figure 17. LC-MS analysis of A. nidulans DJ18 after addition of 0.1 mM 4ï9 and cultivation for 14 days 

(AïF). UV chromatograms (black) at 254 nm (AïE) and 296 nm (F) as well as EICs (colored) of 3ï9 and 

13ï17 are displayed. Masses in the EICs are given as m/z [M + H]+ with a tolerance range of 0.005. 

The resulting deletion strain consists of a truncated pbo gene cluster, including the genes 

pboB, pboC, and pboD. With feeding of 4ï9, we intended to test their acceptance by PboD as 

well as by the two acetyltransferases PboB and PboC. Consequently, the newly generated 

strain was cultivated in potato dextrose broth for 14 days with addition of 4ï9 (0.1 mM) after 

two days. Thereafter, the culture extracts were subjected to LC-MS analysis (Figure 17).  

The results shown in Figure 17 demonstrate the expected formation of the hydroxylated 

products 3ï17 for all tested substrates. Conversion yields were significantly lower than in the 

corresponding PboD in vitro assays, which can be explained by reduced activity of the pbo 

enzymes in the deletion mutant or poor cell uptake of the substrates. Extracted ion 

chromatograms (EICs) of the hydroxylated products show multiple peaks, suggesting other 

possible hydroxylations catalyzed by unknown enzymes from the host A. nidulans. In addition, 

detection of products with a mass increase of 42 and 84 Da compared to 3 and 13ï17 indicates 

the formation of mono- and diacetylated products. Products 1ï3 were identified as 

protubonines BïD by comparing their MS data with those of authentic standards obtained from 

previous experiments. For structure elucidation of the hydroxylated products, 13, 14, and 17 
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were isolated from large-scale PboD in vitro assays with 5, 6, and 9. In contrast, compounds 

15 and 16 were extracted and isolated from cultures of A. nidulans DJ18, which were fed with 

7 and 8 (0.1 mM). The purified compounds were subsequently subjected to 1H, 13C NMR and 

ECD analyses. Because of low yields, acetylated products were not isolated from the large-

scale feeding cultures. The structure elucidation of 13ï17 via NMR confirmed the expected 

hydroxylation at C-3 of the indole moiety and subsequent pyrrolidine formation as shown in 

Figure 16A. Comparison of the ECD spectra of these compounds with that of protubonine D 

(3) confirmed their identical absolute configuration (Figure 18).  

 

Figure 18. Experimental ECD spectra of compounds 13ī17 in MeOH. 

1D NMR data of 13 were compared with those of okaramine U from Aspergillus taichungensis 

ZHN-7-07, showing consistent NMR data except differences in chemical shifts of C-2 and C-3 

as well as H-2 and 3-OH.172 Furthermore, the ECD spectrum of 6 displays contrasting values 

in specific rotation when compared to that of okaramine U (Figure 18). This leads to the 

conclusion that 13 is a stereoisomer of okaramine U, showing an S-configuration at C-2 and 

an R-configuration at C-3. This was also confirmed by correlations between H-2 and 3-OH, H-

2 and H-10a, as well as between H-10b and H-11 in the NOESY spectrum (Figure 19). The 1H 

and 13C NMR data of 15 and 17 were in accordance with published data.173,174 Compound 14 

and 16 were proven to be new structures, which have not been described previously. 

 

Figure 19. Key HMBC and 1H-1H COSY interactions in the spectra of 14 and 16 as well as NOESY 

correlations in the spectra of 13, 14, and 16. 
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To confirm the high catalytic activity of the FMO PboD toward tryptophan-containing CDPs with 

a second aromatic amino acid, determination of the kinetic parameters for the PboD-catalyzed 

conversion of 5ï9 was carried out. GraphPad Prism 6.0 was utilized to visualize the kinetic 

data and calculate the associated parameters using nonlinear regression based on the given 

models for substrate inhibition (5ï7) and Michaelis-Menten (9), as well as a modified model for 

substrate inhibition that was described previously.175 Table 1 summarizes the catalytic 

efficiencies (kcat/KM) of PboD toward 5, 6, and 7, which are approximately three-, four-, and 

eight-fold higher than that of 4, respectively, These findings indicate that substrates with 

aromatic moieties are better accepted by PboD for hydroxylation. 

Table 1. Kinetic parameters for hydroxylation of compounds 5ï9 by PboD. Ñ values represent standard 

deviation of three independent experiments. 

Substrate 5 6 7 8 9 

KM [mM] 0.066 Ñ 0.027 0.056 Ñ 0.023 0.052 Ñ 0.016 0.097 Ñ 0.007 0.12 Ñ 0.03 

Ki [mM] 1.6 Ñ 0.7 0.60 Ñ 0.22 1.0 Ñ 0.3 5.0 Ñ 12 - 

kcat [sī1] 2.1 Ñ 0.4 2.5 Ñ 0.5 4.2 Ñ 0.5 0.64 Ñ 0.04 0.48 Ñ 0.03 

kcat/KM [Mī1 sī1] 31,000 44,000 80,000 6600 4100 

 

Products 3, 5ï17 were tested for their antibiotic activity against various bacterial strains, 

including E. coli ATCC 35218, Enterococcus faecalis DSM 2570, Klebsiella pneumoniae DSM 

26371, Bacillus subtilis NCLB3610, Bacillus circulans NRRL B-380, Staphylococcus aureus 

ATCC29213, Staphylococcus delphini DSM 20771, and Pseudomonas aeruginosa ATCC 

27853 using the agar disk-diffusion method.176 No growth inhibition was observed for the tested 

substances. 

In conclusion, genome mining of A. ustus 3.3904 led to the identification of the putative 

protubonine BGC. Heterologous expression proved its involvement in the biosynthesis of 

protubonine B, a previously isolated metabolite from A. ustus 3.3904. The elucidation of the 

biosynthetic pathway by gene deletion experiments revealed that an NRPS is responsible for 

CDP formation, which is subsequently hydroxylated and undergoes pyrrolidine formation. This 

pivotal step in the biosynthesis is catalyzed by the FMO PboD and provides new insights into 

the formation of pyrroloindoline alkaloids with a 6/5/5/6 ring system. As part of the pathway, 

the hydroxylated cyclo-L-Trp-L-Leu (protubonine D) is further diacetylated by two 

acetyltransferases, yielding the final pathway product protubonine B. Biochemical 

characterization of PboD revealed the stereospecific installation of a hydroxy group at C-3 

accompanied by ring formation. Although other fungal oxygenases have been reported to 
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catalyze similar reactions, hydroxylation of unmodified CDPs by FMOs is still rarely 

documented in the literature. 

Consequently, subsequent investigations were conducted to ascertain the promiscuity of 

PboD, with the objective to develop new possibilities for chemoenzymatic synthesis of indole 

alkaloids with a hydroxylated pyrroloindoline-derived structure. The acceptance of different 

tryptophan-containing CDPs by PboD demonstrated its versatile substrate specificity, with a 

particularly high catalytic efficiency toward indole diketopiperazines with aromatic amino acids. 

Further details can be found in the associated publications at the sections 4.1 and 4.2. 
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3.2 Elucidation of the Biosynthetic Pathway of p-Terphenyls in A. ustus 3.3904 

Reveals Enzyme-catalyzed Dehydration and Spontaneous Dibenzofuran 

Formation  

For more than a century, derivatives of p-terphenyls have been isolated, chemically studied, 

and reported to exhibit a wide range of interesting biological activities.155 p-Terphenyls are 

biosynthetically derived from aromatic Ŭ-keto acids, which undergo a dimerization reaction 

catalyzed by an NRPS-like enzyme.108 However, a complete investigation of their biosynthesis 

in fungi has not yet been reported. 

 

Figure 20. Overview of the putative ucd BGC in A. ustus 3.3904. 

In course of genome mining and sequence analysis, a putative BGC was discovered in the 

genome of A. ustus 3.3904, which consists of seven genes and is termed ucd BGC hereafter 

(Figure 20). The genes and the accession numbers of corresponding proteins as well as their 

putative functions are summarized in Table 2. Domain analysis of the putative NRPS-like 

enzyme UcdA revealed an A-T-TE domain arrangement and an amino acid sequence identity 

of 57% with the atromentin synthetase AtrA.164 The putative NAD-dependent oxidoreductase 

UcdB showed no significant similarity with any characterized proteins. Domain analysis using 

NCBI Conserved Domain Search177 revealed the presence of two putative NAD-binding 

domains in UcdB, the first of which was allocated to the Rossmann-fold superfamily (NADB). 

The putative enzymes UcdCïG share a maximum of 40% identity with other known 

proteins.178ï182 

Table 2. Genes identified in the putative ucd BGC. 
 

gene protein accession no. putative function 

ucdA KIA75356 NRPS-like 

ucdB KIA75357 NAD oxidoreductase 

ucdC KIA75358 methyltransferase 

ucdD KIA75359 FAD oxidoreductase 

ucdE KIA75360 prenyltransferase 

ucdF KIA75361 FAD oxidoreductase 

ucdG KIA75362 transaminase 
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The high amino acid sequence identity of UcdA to AtrA led to the suggestion that the putative 

NRPS-like enzyme also catalyzes terphenylquinone formation by condensation of two 4-HPP 

units or similar aromatic Ŭ-ketoacids. Further modifications by tailoring enzymes including 

formation of a p-terphenyl derived intermediate were assumed. To prove this and to identify 

possible cluster products, the whole putative ucd cluster was heterologously expressed in the 

host A. nidulans LO8030. Similarly, as described in section 3.1, the cluster sequence was 

amplified in five fragments via PCR and cloned into the expression vector pJN017140 by 

homologous recombination in yeast.169 The fragments were assembled with an orientation 

change for the NRPS-like gene, thereby directly subjecting this gene under the control of the 

constitutive gpdA promoter from A. nidulans.183 The assembled construct was used for PEG-

mediated transformation of A. nidulans LO8030 and integrated at the wA genomic locus by 

homologous recombination.184 The resulting expression strain A. nidulans DJ04 was verified 

via PCR and subsequently cultivated on rice at 25 ÁC for 21 days. LC-MS analysis of the culture 

extract revealed the production of at least five new products, which were not formed in an 

equivalent culture of the control strain A. nidulans BK06 (Figure 21).185 The compounds were 

isolated and their structures were elucidated by interpreting their UV, MS, and NMR data. The 

results revealed that compounds 20ï23 are new p-terphenyl derivatives, which have been 

termed usterphenyllins A (20) and B (21) as well as uscandidusins A (22) and B (23), 

respectively. Compound 24 was identified as 3,3ô-dihydroxyterphenyllin, a previously isolated 

metabolite from Aspergillus candidus.160 In addition, the ucdA gene coding for an NRPS-like 

enzyme was solely used for heterologous overexpression in A. nidulans. As before, its 

sequence was cloned into the vector pJN017 and linearized for transformation of A. nidulans 

LO8030. The resulting expression mutant was then verified and cultivated as reported above. 

LC-MS analysis of the culture extract revealed the presence of a new peak compared to the 

control strain (Figure 21). The MS data of the corresponding compound 25 matched those of 

an authentic standard, confirming it to be atromentin as previously assumed.   

A biosynthetic pathway for the formation of compounds 20ï23 derived from atromentin was 

proposed based on the elucidated structures of the isolated products, including an initial 

reduction and dehydration step followed by methylation, hydroxylation, prenylation, and finally 

dibenzofuran formation. To prove the assumed pathway, the genes ucdBïG were individually 

deleted in the strain A. nidulans DJ04. The deletion constructs pDJ027ïpDJ032 were 

generated as described for pboD in the previous section and used for transformation of A. 

nidulans DJ04 to generate the deletion strains DJ11 (ȹucdB), DJ12 (ȹucdC), DJ13 (ȹucdD), 

DJ14 (ȹucdF), DJ15 (ȹucdE), and DJ16 (ȹucdG). 
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Figure 21. LC-MS analysis of crude extracts of A. nidulans BK06 (control), DJ04, and DJ05 rice cultures 

after 21 days. UV absorptions at 280 nm are illustrated. 

The verified mutants were cultivated on rice for 14 days and the culture extracts were 

subsequently analyzed via LC-MS (Figure 22). The deletion of ucdB resulted in the 

accumulation of atromentin (25), which was isolated and subjected to 1H NMR analysis. The 

obtained data corresponded well with the literature-reported data for atromentin, proving that 

UcdB is responsible for its conversion and formation of the terphenyl triol intermediate (26). In 

a previous study, a two-enzyme system found in Streptomyces strain RM-5-8 consisting of the 

reductase TerB and dehydratase TerC was demonstrated to catalyze the reduction and 

dehydration of the terphenylquinone polyporic acid and the formation of 2ó,3ó,5ó-trihydroxy-p-

terphenyl.186 However, NCBI BLAST analysis showed no significant amino acid sequence 

similarity between these enzymes and UcdB. Unlike the reported dual enzyme system found 

in bacteria, it is suggested that UcdB alone catalyzes both reduction and dehydration, leading 

to the formation of compound 26. Deletion of ucdC resulted in the elimination of all cluster 

products identified in DJ04 and the accumulation of a small amount of compound 25. This 

finding implies that the proposed product 26 might be unstable and was partially re-oxidized to 

atromentin (25) as well as converted to undetectable products. Previous published results 

confirmed the degradation of the similar 2',3',5'-trihydroxy-p-terphenyl intermediate.186 

Knockout of ucdD and ucdE resulted in the accumulation of product 27 and 24, respectively. 

The 1H NMR data of these products are in accordance with those of terphenyllin and 

dihydroxyterphenyllin from Aspergillus taichungensis.187 
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Figure 22. LC-MS analysis of the crude extracts of deletion mutant A. nidulans DJ11īDJ16 cultures 

after 14 days. UV absorptions at 280 nm are illustrated. 

The findings unequivocally demonstrated the double O-methylation of 26 catalyzed by UcdC 

to form terphenyllin bearing two methoxy moieties at C-9 and C-12. Furthermore, the 

dihydroxylation at C-3 of rings A and C-15 of ring C by UcdD to form 3,15-dihydroxyterphenyllin 

was also clearly observed. Further it can be concluded that UcdE is responsible for the 

prenylation of product 24 at position C-5 of ring A to form usterphenyllin B (21), followed by a 

second prenylation at position C-14 of ring C to form usterphenyllin A (20). The isolation of 

monoprenylated p-terphenyl derivatives and diprenylated terphenylquinones have been 
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described in previous studies.187ï189 However, p-terphenyls with prenyl moieties on both rings 

A and C have not been reported before.  

Initially, it was assumed that dibenzofuran formation in the conversion of usterphenyllins to 

uscandidusins is catalyzed by the putative flavin-dependent monooxygenase UcdF. However, 

despite the deletion of ucdF, production of compounds 20ï23 was still detectable in the culture 

of A. nidulans DJ14.It was postulated that dibenzoduran formation might occur spontaneously 

or is catalyzed by an enzyme from the host A. nidulans. To confirm possible biotransformation 

by the host, products 20 and 21 were simultaneously fed to a 2-day-old rice culture of A. 

nidulans BK06 (control) and to a respective rice medium without fungus, which was treated 

with the same supplements. Conversion yields were determined after 24 h and 48 h via LC-

MS analysis, revealing that uscandidusin formation in the A. nidulans culture was not 

significantly increased compared to the rice medium control without fungus (Figure 23). It was 

concluded that the furan formation is most likely not catalyzed by any host enzyme and instead 

occurs spontaneously. 

Additionally, it seems that UcdF is not involved in the biosynthetic pathway. LC-MS analysis of 

the culture extract of A. nidulans DJ04 showed a [M + H]+ ion at m/z 369.095, corresponding 

to that of a dibenzofuran derivative of 24, which is also known as candidusin B and was isolated 

from Aspergillus taichungensis before.187 However, no ions corresponding to the dibenzofuran 

derivative of terphenyllin (27) were found after analyzing the culture extract of the DJ04 

expression mutant via LC-MS. Therefore, it seems that spontaneous furan ring formation only 

occurs with dihydroxylated derivatives. 

It was previously assumed that dibenzofuran formation in the biosynthesis of norcribofuran 

anderiobofuran from Maloidae plants was enzymatically catalyzed.190,191 However, no 

corresponding enzymes or reaction mechanisms have been published. Additionally, other 

fungal dibenzofuran-derived products such as polyozellin and thelephoric acid from the 

basidiomycete Polyozellus multiplex,192 kehokorins from the myxomycete Trichia favoginea,193 

and arenarins from the ascomycete Aspergillus arenarius194 have been reported. Therefore, it 

is likely that spontaneous furan ring formation may also play a role in the biosynthesis of other 

dibenzofuran-derived natural products.  

As part of the atromentin biosynthesis, initial deamination of L-tyrosine was demonstrated to 

be catalyzed by the transaminase AtrD.164 Thus, it was also suggested that the putative 

transaminase UcdG is responsible for the formation of 4-HPP in the first step of the biosynthetic 

pathway. 
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Figure 23. Determination of the spontaneous formation of uscandidusins A (22) and B (23) in a A. 

nidulans BK06 culture and rice medium (control), supplemented with 20 and 21, after 24 h and 48 h via 

LC-MS. UV absorptions at 280 nm and EICs of 20ï23 are illustrated. Masses in the EICs are given as 

m/z [M + H]+ with a tolerance range of 0.005. 

The deletion of ucdG resulted in a slightly decreased formation of the cluster products (Figure 

22). It is speculated that 4-HPP from the shikimate pathway is used for the dimerization 

reaction catalyzed by UcdA, since atromentin formation is still detectable in the deletion 

mutant. Furthermore, a similar gene to UcdG was found in the genome of A. nidulans, which 

codes for a putative transaminase that may supply 4-HPP for the uscandidusin biosynthesis. 
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Figure 24. Biosynthetic pathway for the formation of usterphenyllin A (20) and B (21) and uscandidusin 

A (22) and B (23). 

In conclusion, the biosynthetic pathway of the newly identified p-terphenyl derivatives 

usterphenyllins A (20) and B (21) as well as uscandidusins A (22) and B (23) was confirmed 

(Figure 24). The key step in this pathway is the reduction and dehydration of the 

terphenylquinone by the putative NAD-dependent dehydrogenase UcdB. The tailoring 

enzymes UcdC, UcdD, and UcdE perform further methylation, hydroxylation, and prenylation 

to form usterphenyllins. The results show that the formation of the furan ring in uscandidusins 

is an unexpected, spontaneous, non-enzymatic reaction. These findings offer new insights into 

the biosynthesis of p-terphenyl derivatives in fungi and dibenzofuran formation in natural 

product biosynthesis. 

Please refer to section 4.3 for further details on this work.  
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4.1 A Flavin-Dependent Oxygenase Catalyzes Hydroxylation and Simultaneous 

Pyrrolidine Ring Formation in Protubonine Biosynthesis in Aspergillus ustus 
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