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Summary  

Natural products (NPs), strict limitation to secondary metabolites (SMs), have been noted to 

exhibit high structural diversity and complexity including examples such as alkaloids, 

phenylpropanoids, polyketides, and terpenoids with their unique pharmacological or biological 

activities. Many potent antibiotics were successively discovered from ascomycetous fungi 

Penicillium, Cephalosporium, Aspergillus, etc. Driven by that, more and more discoveries of 

natural products were conducted, leading to the dereplication. The drawback is obvious. 

Traditional isolation from natural resources is unable to meet the demands of medicinal treatment 

because of technical barriers, low yield, and damage to natural organisms. The lead compounds 

with complex structures, e.g., functional groups with chiral centers and unstable molecules with 

rearrangement, are difficult to be synthesized due to lengthy and jumbled steps and low yield. 

With the help of genetic tools, cell factories become one of the approaches to address such 

challenges by de novo design of biosynthetic pathways. To elucidate the biosynthetic mechanism, 

advanced bioinformatics, biological technologies, and biochemical tools have been utilized to 

investigate the coding genes, which are usually located together as a biosynthetic gene cluster 

(BGC). BGC normally contains backbone enzyme(s) responsible for NPsô scaffold, and tailoring 

enzymes responsible for skeletonôs post-modification. Enzyme-mediated reactions extremely 

increase the diversity of NPôs structures. Besides, nonenzymatic reactions also occur occasionally 

in the formation of NPs.  

In this thesis, the biosynthesis of alkaloids from Penicillium palitans was elucidated in cooperation 

with Zhanghai Li, and the formation mechanism of a sesquiterpenoid from Aspergillus ustus by 

isotopic labelling was carried out in cooperation with Marlies Peter. To investigate the alkaloid 

biosynthesis in P. palitans (projects 3.1 and 3.2), the SMs were uncovered first. Cultivation of P. 

palitans in mCDH medium at 25 ÁC for 15 days and LC-MS analysis revealed the presence of at 

least eight metabolites. Among them, alkaloids cyclopenol (1), viridicatol (6), and cyclopiazonic 

acid (7, CPA) as dominant products, and speradine F (8) as a minor product were identified from 

the wild type. Then, related genome mining was performed via bioinformatics analysis. NRPS- or 

PKS-NRPS-derived three alkaloids containing amino acids were further investigated due to the 

enzymatic potentials in their corresponding BGCs for the formation of the meta-hydroxylation at 

a monosubstituted benzene ring and highly oxygenated tetrahydrofuran. Genome mining, gene 

deletion, and heterologous expression led to the identification of two separate clusters, the four-
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gene vdo cluster responsible for cyclopenin (2) skeleton formation and the five-gene spe cluster 

for the CPA skeleton formation. Feeding experiments proved that the cytochrome P450 enzyme 

VdoD catalyzes the key step in the conversion of cyclopenin (2) to cyclopenol (1), demonstrating 

a less studied enzymatic meta-hydroxylation at a monoalkylated benzene ring. Heterologous 

expression (HE) established that spe cluster is responsible for the formation of CPA and its 

derivatives (7 ï 12), and the highly oxygenated speradine F (8) was synthesized by multiple 

nonenzymatic hydroxylations. The study completes the biosynthesis of viridicatol and speradine 

F and illustrates two hydroxylation reactions in biosynthesis. For the identification of catalytic 

mechanism of the sesquiterpenoid malfilanol D (project 3.3), we carried out genome analysis at 

the very beginning, then proved the function by HE, characterization biochemically with 

recombinant protein, and isotopic labelling experiments. Sequence analysis of the genome of A. 

ustus led to the identification of an uncharacterized putative terpene cyclase, termed mfdS 

hereafter. HE in the model organism Aspergillus nidulans LO8030 was used to prove the gene 

function. An additional metabolite was detected by LC-MS and then isolated from the culture of 

the transformant. Interpretation of the NMR data, including 1H NMR, 13C NMR, 1H-1H COSY, 

HSQC, HMBC, and 1H-1H NOESY revealed that the conspicuous peak is a new compound 

malfilanol D (13). To prove that MfdS is solely responsible for the formation of malfilanol D, 

enzyme assay of farnesyl diphosphate (FPP, C15) with the recombinant protein was conducted. 

Additionally, based on sodium 13C-acetate labelling experiments, a novel sesquiterpene cyclase 

from A. ustus was demonstrated in the biosynthesis of the less investigated 

bicyclo[5.4.0]undecane sesquiterpenes. 1,2-alkyl shift of allylic cation leads to ring expansion and 

successive 1,2-hydride transfer, C-1 to C-6 ring closure, and capture of water, provides the final 

product malfilanol D. 

The three cases, investigating products derived from NRPS, PKS-NRPS, and TC from 

ascomycetous fungus Penicillium palitans and Aspergillus ustus, illustrated that fungi are a 

promising pool to exploit bioactive SMs and interesting enzymes by elucidation of their complete 

biosynthesis.  
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Zusammenfassung  

Naturstoffe (NPs), strikt beschrªnkt auf sekundªre Metaboliten (SMs), weisen eine hohe 

strukturelle Vielfalt und Komplexitªt auf, darunter Alkaloide, Phenylpropanoide, Polyketide und 

Terpenoide mit ihren einzigartigen pharmakologischen oder biologischen Aktivitªten. Viele 

wirksame Antibiotika wurden nacheinander aus den Schlauchpilzen Penicillium, Cephalosporium, 

Aspergillus usw. entdeckt. Davon ausgehend wurden immer mehr Naturprodukte entdeckt, die 

zur Dereplikation f¿hrten. Der Nachteil liegt auf der Hand. Die herkºmmliche Isolierung aus 

nat¿rlichen Ressourcen kann den Anforderungen der medizinischen Behandlung aufgrund 

technischer Barrieren, geringer Ausbeuten und Schªden an nat¿rlichen Organismen nicht gerecht 

werden. Die Leitssubstanzen mit komplexen Strukturen, z. B. funktionelle Gruppen mit chiralen 

Zentren und instabile Molek¿le mit Umlagerung sind aufgrund langwieriger und un¿bersichtlicher 

Schritte und geringer Ausbeute schwer zu synthetisieren. Mithilfe genetischer Werkzeuge werden 

Zellfabriken zu einer Methode, um derartige Herausforderungen durch die De-novo-Entwicklung 

von Biosynthesewegen zu bewªltigen. Zur Aufklªrung des Biosynthesemechanismus wurden 

fortschrittliche Bioinformatik, biologische Technologien und biochemische Werkzeuge eingesetzt, 

um die kodierenden Gene zu untersuchen, die normalerweise zusammen als biosynthetische 

Gencluster (BGC) angeordnet sind. BGCs enthalten normalerweise R¿ckgratenzyme, die f¿r das 

Ger¿st der NPs zustªndig sind, und Modifikationsenzyme, die f¿r die Verªnderungen des Skeletts 

zustªndig sind. Enzymvermittelte Reaktionen erhºhen die Diversitªt der NP-Strukturen enorm. 

AuÇerdem treten bei der Bildung von NPs gelegentlich auch nicht-enzymatische Reaktionen auf. 

In dieser Arbeit wurde in Zusammenarbeit mit Zhanghai Li die Biosynthese von Alkaloiden aus 

Penicillium palitans aufgeklªrt, und in Zusammenarbeit mit Marlies Peter wurde der 

Bildungsmechanismus eines Sesquiterpenoids aus Aspergillus ustus durch Isotopenmarkierung 

durchgef¿hrt. Zur Untersuchung der Alkaloid-Biosynthese in P. palitans (Projekte 3.1 und 3.2) 

wurden zunªchst die SMs identifiziert. Die Kultivierung von P. palitans in mCDH-Medium bei 25 ÁC 

f¿r 15 Tage und die LC-MS-Analyse ergaben das Vorhandensein von mindestens acht 

Metaboliten. Darunter wurden die Alkaloide Cyclopenol (1), Viridicatol (6) und Cyclopiazonsªure 

(7, CPA) als dominante Produkte und Speradin F (8) als Nebenprodukt des Wildtyps identifiziert. 

AnschlieÇend wurde mittels bioinformatischer Analyse ein entsprechende Genom Analyse 

durchgef¿hrt. Drei NRPS- oder PKS-NRPS-abgeleitete Alkaloide, die Aminosªuren enthalten, 

wurden aufgrund des enzymatischen Potenzials in ihren entsprechenden BGCs f¿r die Bildung 
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der Meta-Hydroxylierung an einem monosubstituierten Benzolring und hoch multihydroxilierten 

Tetrahydrofuran weiter untersucht. Genom Analyse, Gendeletion und heterologe Expression 

f¿hrten zur Identifizierung von zwei separaten Clustern, dem verantwortlichen vdo Cluster mit vier 

Genen f¿r die Bildung des Cyclopeninskeletts und dem spe Cluster mit f¿nf Genen f¿r die Bildung 

des CPA-Skeletts. F¿tterungsexperimente bewiesen, dass das Cytochrom-P450-Enzym VdoD 

den Schl¿sselschritt bei der Umwandlung von Cyclopenin (2) in Cyclopenol (1) katalysiert, was 

eine weniger untersuchte enzymatische Meta-Hydroxylierung an einem monoalkylierten 

Benzolring demonstriert. Durch heterologe Expression (HE) konnte nachgewiesen werden, dass 

der spe-Cluster f¿r die Bildung von CPA und seinen Derivaten (7 ï 12) verantwortlich ist, und es 

zeigte sich, dass das stark hydroxilierte Speradine F (8) durch mehrere nicht-enzymatische 

Oxidation synthetisiert wurde. Diese Arbeit klªrt die Biosynthese von Viridicatol und Speradine F 

und veranschaulicht zwei Hydroxylierungsreaktionen in der Biosynthese. F¿r die Identifizierung 

des katalytischen Mechanismus von Sesquiterpenen (Projekt 3.3) zogen wir es vor, zunªchst eine 

Genomanalyse durchzuf¿hren und dann die Funktion durch HE, biochemische Charakterisierung 

mit rekombinantem Protein und Isotopenmarkierungsexperimente nachzuweisen. Die 

Sequenzanalyse des Genoms von A. ustus f¿hrte zur Identifizierung einer uncharakterisierten 

putativen Terpenzyklase, die im Folgenden als MfdS bezeichnet wird. HE im Modellorganismus 

Aspergillus nidulans LO8030 wurde zum Nachweis der Genfunktion verwendet. Ein zusªtzlicher 

Metabolit wurde mittels LC-MS nachgewiesen und anschlieÇend aus der Kultur eines 

Transformanten isoliert. Die Auswertung der NMR-Daten, einschlieÇlich 1H-NMR, 13C-NMR, 1H-

1H-COSY, HSQC, HMBC und 1H-1H-NOESY, ergab, dass es sich bei dem auffªlligen Peak um 

die neue Verbindung Malfilanol D (13) handelt. Um zu beweisen, dass MfdS allein f¿r die Bildung 

von Malfilanol D verantwortlich ist, wurde ein Enzymtest von Farnesyl-Diphosphat (FPP, C15) mit 

dem rekombinanten Protein durchgef¿hrt. Dar¿ber hinaus wurde anhand von 13C-Acetat-

Markierungsexperimenten eine neuartige Sesquiterpenyzklase aus Aspergillus ustus f¿r die 

Biosynthese der weniger untersuchten Bicyclo[5.4.0]undecan-Sesquiterpene nachgewiesen. Die 

1,2-Alkylverschiebung innerhalb des Allylkations f¿hrt zu einer Ringerweiterung, und der 

sukzessive 1,2-Hydridtransfer, der C-1- bis C-6-Ringschluss und die Abscheidung von Wasser 

liefern das Endprodukt Malfilanol D. 

Die drei Fªlle, in denen Produkte aus NRPS, PKS-NRPS und TC aus den Ascomyceten 

Penicillium palitans und Aspergillus ustus untersucht wurden, zeigen, dass Pilze ein 

vielversprechender Pool f¿r die Nutzung bioaktiver SMs und interessanter Enzyme sind, indem 

ihre komplette Biosynthese aufgeklªrt wird. 
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1 Introduction 

Natural products (NPs) are generally divided into two major classes: primary and secondary 

metabolites.1 Primary metabolites are essential to the survival of the organism that produces them. 

Secondary metabolites (SMs) in contrast are organic molecules that typically have an extrinsic 

function mainly affecting other organisms outside of the producer. The producers can be any living 

organisms, such as fungi, bacteria, plants, animals, algae, etc. SMs are not essential to survival 

but to adaptation to the environment, competition, communication, defense against invasion, and 

transmission of signals. Therefore, the SMs with characterized bioactivities have been developed 

as commercial products for drugs,2 agriculture,3,4 and healthcare industries.5ï7 This thesis mainly 

discusses notably bioactive NPs and their corresponding backbone enzymes and tailoring 

enzymes, highlighting the importance of biosynthetic elucidation in discovering pharmacologically 

valuable NPs. 

1.1 Importance of natural products 

1.1.1 Milestones of natural products and synthetic biology 

Since Geman pharmacist Sert¿rner isolated the active alkaloid morphine from the seed of 

Papaver somniferum in 1806,8 the use of natural substances in medicinal application has been 

advocated. It remarked the primary stage of natural product chemistry began to take shape. For 

example, alkaloid-based drugs, e.g., quinine,9 colchicine,10 and codeine,11 were successively 

discovered from 1820 to 1850. The popular and magic synthetic medicine aspirin (acetylsalicylic 

acid) was modified from the NP salicin.12 The serendipitous discovery and subsequent clinical 

success of penicillin from the fungus Penicillium chrysogenum by Fleming in 192913 prompted a 

large-scale search for microorganisms that might produce anti-infective NPs. In addition, driven 

by collecting samples from soil and water, streptomycin was discovered from the bacterium 

Streptomyces griseus in 1952,14 leading to bacteria as another important source of antibacterial 

NPs. Until the mid-20th century, several large classes of NPs were intriguing for their great 

contributions to peopleôs lives, including terpenes, steroids, carotenoids, vitamins, hormones, and 

alkaloids. Biosynthetically, according to their basic scaffold, these molecules were classified as 

nonribosomal peptides (NRPs), polyketides (PKs), terpenoids, etc. The early studies of NPs 

paved the way for synthetic organic chemistry, which was inspired and progressively developed 

based on the novel skeleton of NPs. The isolation and application of the potent anticancer 

superstar paclitaxel15 and antimalaria drug artemisinin16 from plants pushed the trend of NP 
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discovery to another peak. However, the difficulties emerged gradually. Traditional isolation from 

natural resources is unable to meet the demands of clinical medicinal treatment because of 

technical barriers, low yield, and damage to natural organisms.2 The lead compounds with 

complex structures, e.g., functional groups with chiral centers and unstable molecules with 

rearrangement, are difficult to be synthesized due to lengthy and jumbled steps and low yield.17 

Hence, advancements in functional assays and genetics-guide approaches enable researchers 

Figure 1-1. The milestones of natural products and synthetic biology. 
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to elucidate the biosynthetic pathways of NPs.18  Furthermore, cell factories, e.g., Escherichia coli 

and yeast, were set up to produce tons of NP to reach industrialization.19,20 (Figure 1-1) 

An early milestone in the history of synthetic biology can be traced back to the discovery of gene 

expression regulation in 1961.21 Only a few years later (1969), particular enzymes that can cut 

double-stranded DNA at specific recognition sites (known as restriction sites) were discovered by 

Arber and Linn.22 These enzymes, called restriction enzymes, were major enablers of 

recombinant DNA technology. One of the most celebrated products of such technology is the 

large-scale production of insulin by employing E. coli as a cell factory.23 With the development of 

recombinant DNA technology, genes can be artificially synthesized.24 That provides the possibility 

to cut and paste natural or synthetic promoters and genes in almost any fashion on size-wise 

compatible plasmids. The ñcut and pasteò procedure is called cloning. In the 1980s, polymerase 

chain reaction (PCR)25 that was devised allows them to exponentially amplify target DNA in 

amounts large enough to be used for transfection and transformation in living cells. Since the 

expression of a gene is under the control of the upstream promoter region, a desired circuit of 

activation and repression interactions among genes can be created. Early ñworkingò synthetic 

circuits in E.coli include an activator-repressor system that can display toggle switch or clock 

behavior, including a loop oscillator called the repressilator obtained by connecting three inverters 

in a ring topology, a toggle switch obtained connecting two inverters in a ring fashion, and an 

autorepressed circuit.26 It marked the birth of synthetic biology in 2000. Before Tu youyou gained 

the Nobel Prize in 2015 for artemisinin discovery, Jay D. Keasling and co-workers developed the 

semi-synthetic way in a ñcell factoryò, yeast, for producing the intermediate precursor artemisinic 

acid in 2006.27 It is a cost-effective, environmentally friendly, high-quality, and reliable source of 

artemisinin. Lately, they performed complete biosynthesis of the potent vaccine adjuvant QS-21 

in engineered yeast.28 It means that the era of synthetic biology has arrived, boosting natural 

product discovery assistance with genome mining. (Figure 1-1) 

1.1.2 Application of natural products 

NPs have high structural diversity including examples such as alkaloids, phenylpropanoids, 

polyketides, and terpenoids, and unique pharmacological or biological activities. Inspired by the 

structural diversity and biological activities associated with these NPs, the scientific community 

was able to provide many epoch-making drugs as remedies for several ailments during the last 

century. Several anti-infective medications have been derived from fungi, e.g., antibacterial drugs 

penicillins and cephalosporins from P. chrysogenum and Cephalosporium acremonium, 

respectively,29 and antifungal drug griseofulvin from Penicillium griseofulvum.30 Another 
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medicinally useful fungal metabolite is lovastatin from Aspergillus terreus.31 Its derivatives 

contribute as drugs for the treatment of lower cholesterol levels. Discovering streptomycin from 

the bacterium S. griseus,14 researchers realized that bacteria, not just fungi, represent an 

important source of antibacterial NPs.  This led to the development of an impressive arsenal of 

antibacterial and antifungal agents including amphotericin B,32 chloramphenicol,33 erythromycin,34 

neomycin B,35 daptomycin,36 and tetracycline37 from Streptomyces spp., polymyxins 

from Paenibacillus polymyxa,38 and rifamycins from Amycolatopsis rifamycinica.39 Many 

pharmacologically active NPs from plants have also been identified and are currently used as 

medical treatments. Clinically used examples include the anticancer agents 

paclitaxel15 and vinblastine40 from Taxus brevifolia and Catharanthus roseus, respectively, the 

antimalarial agent artemisinin from Artemisia annua, the opioid analgesic drug morphine from P. 

somniferum,8 and galantamine for the treatment of Alzheimerôs disease from Galanthus spp..41 

(Figure 1-2) 

The importance of natural product research is not only for cure and treatment but also for avoiding 

the danger posed to human and animal health and productivity. Mycotoxins are poisonous SMs 

produced by certain fungi that are capable of causing acute or chronic disease and death in 

humans and animals. Some major mycotoxins from Aspergillus and Penicillium including PKs, 

indoles, and PK-NRPs occur quite often in food or plants, such as aflatoxins,42 citrinin,43 ergot 

alkaloids,44 fumonisins,45 ochratoxins,46 zearalenone,47 and cyclopiazonic acid (CPA).48 NPs can 

also be used as green pesticides, e.g., the alkaloid matrine from Sophora49 and the terpenoid 

azadirachtin from Azadirachta indica,50 or plant hormones, such as jasmonic acid, chrysanthin, 

brassinosteroids, gibberellins, et al.51 In the healthcare and cosmetic industry, NPs with strong 

antioxidant capacity are applied and well recognized, for example, astaxanthin from a kind of alga, 

Haematococcus pluvialis.52 Pseudopterosin A was isolated from the Gorgonian sea 

whip Antillogorgia elisabethae, found in Estee Lauder Resilience cream as a topical anti-

inflammatory agent.53 (Figure 1-2)  

NPs have broad application, however, their discovery has been limited by dereplication and low 

yield. Elucidation of their biosynthetic pathway based on genome mining is a promising and 

effective approach for the foundation of further application. 
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Figure 1-2. The application of NPs from different organisms classified in mycotoxins, drug 
discovery, agricultural industry, and healthcare. 
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1.2 Biosynthesis elucidation of fungal natural products 

Since the 1960s, after a short 10-year golden age,54 the NP discovery has faced many challenges. 

A large number of known compounds have been repeatedly discovered only using thin-layer 

chromatography (TLC) but no modern analytical chemistry such as high-performance liquid 

chromatography (HPLC) analysis.55 Traditional methods are time-consuming and mostly low-

throughput. With the advances in sequencing technology and bioinformatics analysis from the 

1990s, a large amount of genome sequence data and putative biosynthetic gene clusters (BGCs) 

accumulated in public databases.56 Take fungi as examples, generally, each fungal genome 

contains 50 ï 90 BGCs, which means the biosynthetic potential for forming 50 ï 90 kinds of NPs. 

Diverse backbone enzymes, for instance, nonribosomal peptide synthetases (NRPSs), polyketide 

synthases (PKSs), their hybrids, and terpene cyclases (TCs), are responsible for the skeleton of 

NPs in fungi. The skeletons are further modified by various post-tailoring enzymes, including 

oxidoreductases and transferases, which are encoded by genes located in BGCs. (Figure 1-3) 

Besides, they can also undergo non-enzymatic reactions, e.g., rearrangements, hydroxylations, 

dimerization, et al.  

1.2.1 Strategy of biosynthesis 

To identify the plausible BGCs and their products in fungi, one strategy OSMAC (one strain-many 

compounds) has been utilized for discovering the compounds of interest from microorganisms 

under laboratory conditions. This approach is fully described with nutrient regimes (nutrient source, 

pH, and redox status of media), physical parameters (light, temperature, and stand or shake), co-

cultivation (with bacteria or fungi), and chemical elicitors.57 They influence greatly the production 

of SMs which are involved in different biosynthetic pathways. Usually, rice, wheat, PD (Potato 

Dextrose), CD (Czapek Dox), and other modified media are used for screening due to their 

abundant nutrient source. After cultivation, the SMs were isolated using HPLC and Sephadex 

LH20 and identified by LCMS (liquid chromatography-mass spectrometry) and NMR (nuclear 

magnetic resonance). Genome mining, transcriptional regulator exploitation, and heterologous 

expression (HE) have been developed for novel metabolite discovery and biosynthetic analysis. 

In our lab, Aspergillus nidulans has been proven to be a successful host to bear most compound 

production. Through the relationship of structures and genes, the gene of interest could be located. 

HE of the target gene in the host strain, e.g., A. nidulans has become a popular host for 

Figure 1-3. An illustration of fungal BGC. 
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investigating the geneôs catalytic function. In addition, biochemical assay has also been used as 

an efficient strategy to explore the potential biosynthetic mechanism. In general, a constructed 

plasmid harboring gene of interest was transformed into E. coli for protein overproduction. Then 

the purified enzyme is evaluated for its activity with substrate in vitro. Very often, feeding 

experiments including incubation experiments and isotopically labelled experiments are applied 

to investigate the interesting reaction process when the protein cannot be expressed or 

possesses no activity. The candidate substrate is fed into the transformant culture harboring target 

gene(s). Itôs worth noting that addition timing and media conditions are important for the 

conversion. Stable isotope labelling requires non-radioactive isotopes that can act as tracers for 

modeling several chemical and biochemical systems.58 The chosen isotope can anchor a specific 

label, e.g., 2H, 13C, 15N, and 18O, on the skeleton of product to achieve the identification through 

NMR and MS. The stable isotopes are labelled on common precursors sodium acetate, amino 

acids, glucose, O2, etc., which can be introduced into biosynthetic pathway for elucidation of the 

formation of products. MS can provide informatics measurements for labelling according to the 

enrichment and the quantities of ion peaks. Using 13C NMR techniques will allow a more detailed 

WT

Mutant

Genetic manipulation in the producer

Genome mining in the producer

GC prediction

HE in A. nidulansLO8030

Host

Unknown 
function gene

Whole gene 
cluster

OSMAC

In vivo and in vitro
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Isotopic labelling

Transformant culture

Substrate

Enzyme assay

Protein

Substrate

Buffer

Cofactors

Product

Figure 1-4. The strategy of biosynthesis elucidation. 



INTRODUCTION 

 
 

8 
 

view of the distribution of isotopomers. The labelled carbon atom will produce different hyperfine 

splitting signals depending on the labelling state of its direct neighbors in the molecule.59 A singlet 

peak emerges if the neighboring carbon atoms are not labelled. A doublet peak emerges if only 

one neighboring carbon atom is labelled. The size of the doublet split depends on the functional 

group of the neighboring carbon atom. If two neighboring carbon atoms are labelled, a doublet of 

doublets may degenerate into a triplet when the doublet splittings are equal. Intensive studies 

used this technique for biosynthesis elucidation because it is a direct way to investigate the 

formation mechanism of structures.60ï63 (Figure 1-4)  

1.2.2 Elucidation of biosynthetic pathway in Penicillium palitans 

The Fungi kingdom is represented by 1.5 to 5.1 million estimated species worldwide.64 It is 

investigated most among eukaryotes from aspects of genomics, phylogenomics, and 

proteomics.65 Ascomycota is the largest phylum of the kingdom Fungi, with over 64,000 named 

and a vast number of undescribed species.66 The defining feature of this fungal group is the 

ñascusò, a microscopic sexual structure in which nonmotile spores, called ascospores, are formed. 

The phylum includes renowned Trichocomaceae and Aspergillaceae, which have been selected 

to be industrially exploitable organisms and are nowadays used to produce SMs of medicinal 

interest or to degrade chemicals, even sometimes regarded as enemies causing poison cases to 

humans and animals.67 

Penicillium is a promising fungal genus from Trichocomaceae for producing SMs with potent 

biological activities. Therefore, we focused on the less-investigated strain Penicillium palitans, an 

anamorph species of fungus in the genus Penicillium which was isolated from cheese and ancient 

permafrost deposits.68,69 The colonies of Penicillium palitans NRRL2033 as the experimental 

material grown on PDA (Potato dextrose agar) at 25 ÁC were 15 ï 17 mm (4d), 20 ï 22 mm (7d), 

27 ï 30 mm (14d) in diameter, usually lightly radially sulcate, less commonly plicate or plane; low 

to moderately deep, very dense, with surface texture mealy and granular; mycelium white, usually 

visible only at the margins; conidia usually produced abundantly, dark bluish green or dark green; 

exudate occasionally abundant with colorless drop.  

Itôs reported that viridicatin,70 palitantin,71 tremortin B,69 and fumigaclavine A72 were isolated and 

identified from P. palitans. Some of secondary metabolites, such as CPA73 and clavine 

alkaloids,69,74 were only detected by TLC or MS but were not obtained. They are divided into NRPs, 

PKs, and indoles shown in Figure 1-5. In this study, viridicatin and CPA biosynthesis-related 

compounds were isolated and described in the third part Results and Discussions. One of the 
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reasons for the less study of this strain was that it has been previously considered synonymous 

with Penicillium commune or Penicillium solitum. Researchers distinguished them from the 

production of SMs, colony character, and natural habitats. It was concluded that P. palitans was 

a distinct species until 1995.75,76 The genome of P. palitans NRRL 2033 was sequenced by 

BioMarker (Beijing, China) using Nanopore. The analysis of biosynthetic gene clusters was 

carried out using antiSMASH (http://antismash.secondarymetabolites.org/), a software pipeline 

achieving very high accuracy in cluster annotations.77 SMs encoding gene clusters resulted in 

Most Similar Known Cluster (Overview page of antiSMASH), leading to the closest compound 

from the MiBIG database. Thirteen SMs were speculated to be produced by NRRL2033 even 

though the compounds except fumigaclavine C havenôt been isolated until now. The previous 

Figure 1-5. The structures of SMs isolated or detected from Penicillium palitans. 

http://antismash.secondarymetabolites.org/
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studies in our group reported that the alkaloid fumigaclavine A isolated from P. palitans NRRL2033 

(syn. P. commune NRRL2033) can be converted by the prenyltransferase protein FgaPT1 from 

Aspergillus fumigatus into fumigaclavine C.72 In figure 1-6, a total 52 of gene clusters are 

analyzed and interpreted for SM biosynthesis, including 22 NRPSs (nonribosomal peptide 

synthetases), 14 PKSs, 6 PKS-NRPS hybrids, 7 TSs (terpene synthases), and tryptophanases. 

Among these, nidulanin A, penigequinnolone A, and viridicatumtoxin are products of similar 

NRPS-containing BGCs; Neosartoerin, fusarielin H, neurosporin A, and andrastin A are from PKS-

containing BGCs; CPA, phyllostictine A, and fusarin are metabolites of PKS-NRPS-containing 

BGCs; Squalestatin and PR toxin are biosynthesized by TS-containing BGCs; Fumigaclavine C 

is an indole-type product. Only one-third of the BGCs with known functions demonstrate that P. 

palitans NRRL2033 is a promising strain for exploiting more SMs and interesting enzymes.  

1.2.3 Backbone enzymes in fungi 

1.2.3.1 Nonribosomal peptide synthetase (NRPS) 

Nonribosomal peptide synthetases (NRPSs) assemble numerous structurally complex peptide 

NPs with a wide range of bioactivities, e.g., antibacterial penicillins and cephalosporins,78 the 

antifungal echinocandines,79 the immunosuppressant cyclosporines,80 and siderophores.81 NRPs 

are short linear, cyclic, or branched cyclic peptides, such as lipopeptides, glycopeptides, and 

Figure 1-6. Analysis of BGC from P. Palitans NRRL2033 according to Most Similar 
Known Cluster (Overview page of antiSMASH) 
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depsipeptides.82 Originating from fungi and bacteria, these peptide-based NPs are derived from 

not only the 20 canonical L-amino acids, but also non-proteinogenic amino acids, heterocyclic 

rings, sugars, and fatty acids, generating tremendous chemical diversity.  

Fungal NRPSs are multifunctional, modular megaenzymes that synthesize NRPs through the 

sequential condensation of amino acid (aa) and hydroxycarboxylic acid as building blocks.82 

Elongation modules typically comprise an adenylation domain (A) that selects and activates an 

incoming building block; and a condensation domain (C) that forms an amide or ester linkage 

between the activated aa or hydroxycarboxylic acid substrate and the peptidyl intermediate from 

the preceding module; and a thiolation domain (T), also known as the peptidyl carrier protein 

domain (PCP), whose thiol-containing phosphopantetheine arm tethers the activated aa and 

shuttles the growing NRP intermediate to the NRPS module. In addition to the infrastructure 

domains (A, T, and C domain), NRPSs probably have optional domains, such as an epimerization 

domain (E), N-methylation domain (NMT or M), and others to modify the peptide. Finally, there is 

a similar condensation (CT) domain in fungal NRPSs to terminate and release from the NRPS 

module as a linear or a cyclic NRP through hydrolysis or cyclization.82 

Although NRPs are marked by structural diversity, their mode of synthesis is conserved. Classified 

into three categories, biosynthesis of NRPs can occur in a linear, iterative, or nonlinear manner, 

as shown in Figure 1-7. The linear (Type A) NRPSs such as those for the biosynthesis of the 

marketed drugs cyclosporine and echinocandins use each of their constituent modules 

sequentially and only once during the biosynthetic cycle, taking C-A-T as the extension module, 

and the assembly resulting in the production of linear NRPs or cyclic NRPs. Linear NRPs are 

mainly synthesized by linear NRPSs.83 The numbers of modules determine the length of the 

peptide. One of the representatives of type A NRPS products is ŭ-(L-Ŭ-aminoadipyl)-L-cycteinyl-

D-valine (ACV). ACV is a synthetic precursor of the antibiotics penicillin and cephalosporins, 

isolated from P. chrysogenum, Cephalosporins acremonium, and A. nidulans.84 The structure of 

ACV shows it is a tripeptide formed by condensation of L-aminoadipic acid (L-AAA), L-cysteine, 

and L-valine. It is biosynthesized by a type A NRPS through the initial module (M1) A-T, extension 

modules C-A-T (M2) and C-A-T-E (M3), and final release module CT. Notably, the amino acids 

are in the L configuration, thus, in that module for amino acids which ultimately adopt a D 

configuration in the final product, an additional domain E responsible for epimerization is present. 

Therefore, this case offers a representative example in which modules containing tailoring 

domains also highly increase the diversity of NRPs. Another example of potent antifungal 

antibiotic echinocandine B from Aspergillaceae85 is a cyclic non-ribosomal hexapeptide, Orn-Thr-
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Pro-Tyr-Thr-Pro, modified with a lipophilic side chain, indicating that its scaffold is synthesized by 

an NRPS consisting of six modules and adopting up to five of non-proteinogenic amino acids. 

Additionally, alkaloids, e.g., ergotamine and ergometrine, also be linear NRPS products,86 

assembled from NRPS product D-lysergic acid and other different amino acids. The iterative (Type 

B) NRPS has one or multiple repetitive modules and results in final products of oligopeptides or 

cyclic NRPs with multiple residues of the amino acids.87 Representative cyclic hexadepsipeptides 
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Figure 1-7. The representative illustrations for the SMs biosynthesized by three 
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are the beauvericins (beauvericin: Hiv-Val ³ 3 cycles) with antitumor, antibiotic, antifungal, 

insecticidal, and anthelmintic activities88 and the enniatins (enniatin B: Hiv-Phe ³ 3 cycles) 

displaying insecticidal, phytotoxic, anthelmintic, antibiotic, antifungal, and cytostatic activities.89 

Currently, these cyclooligomer depsipeptide synthetases are the most studied examples for the 

engineering of fungal NRP assembly lines to produce unnatural products.90 The nonlinear (Type 

C) NRPS has other optional modules (O) and the order of C-T-A is not necessary.91 The 

intracellular siderophore ferricrocin can incorporate L-AHO (N-acetyl-N-hydroxy-L-ornithine) in 

combination with L-Ser and Gly, and is principally used for ion storage.92 The siderophores are 

essential for the survival and virulence of many problematic fungal species, including the 

opportunistic pathogen A. fumigatus and the rice blast fungus Magnaporthe oryzae.  

1.2.3.2 Polyketide synthase-nonribosomal peptide synthetase (PKS-NRPS) in fungi 

Another important backbone enzyme related to NRPS is the PKS-NRPS hybrid. As mentioned 

above, the NRPS module selects and activates amino acids or organic acids through A domain, 

which loads the aminoacyl residue onto the T domain. In the hybrid case, the C domain catalyzes 

the fusion of PK chain to the activated aa, leading to the linkage between the amide and the full 

PK substructure. In the course of biosynthesis, all hybrids possess a domain organization that is 

common for fungal highly reducing PKS which usually contains ketosynthase (KS), acyl carrier 

protein (ACP), acyl transferase (AT), ketoreductase (KR), dehydratase (DH), and enoyl reductase 

(ER) domains. A prominent feature of hybrids is the lack of an intact ER domain within the PKS 

module. PKS-NRPS hybrids can biosynthesize mycotoxins with an important infrastructure 

tetramic acid, such as fusarin C from Fusarium,93 CPA from Penicillium and Aspergillus,94 tenellin 

from Beauveria bassiana,95 flavipucines from Aspergillus flavipes,96 etc. Confusion persists about 

the release routes of hybrids formed by fusing a PK chain with an aa. One route needs a reductase 

domain (R) similar to the short-chain dehydrogenase/reductase (SDR), generating a free 

aldehyde. In another route, terminal domain (D) is responsible for the release of hybrids, e.g., a 

tetramic acid, by Dieckmann cyclization (DKC). The first hybrid gene fusA was identified in 2004. 

The encoding enzyme FUSS (or FusA) was established to catalyze the mycotoxin fusarin C 

production. Fusarin C is composed of a tetramethylated heptaketide connected to L-homoserine. 

In this case, the formation of substrate prefusarin C does not require any ER step. After amide 

bond formation between the PK chain and the aa, the R domain is believed to release a free 

aldehyde ready to undergo an intramolecular aldol condensation to form the pyrrolidone ring of 

prefusarin C. Although the presence of an intact NADPH-binding domain and the full catalytic triad 

supports reductive release, chain off-loading by an intramolecular cyclization cannot be 
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excluded.97 CPA draws the most attention among the hybrid due to its contamination risk of food, 

such as maize and peanuts, which relates to food safety issues. The hybrid CpaS with 

nonfunctional domains (KR, ER, DH, and MT) promotes the production of substrate 

cycloacetoacetyl tryptophan (cAATrp) with tetramic acid assembled by tryptophan and diketide, 

which is released through DKC.48 Subsequently, the substrate undergoes the prenylation, 

cyclization, and oxidation on indole C-2 position to afford CPA.48,94,98 Pretenellin A with an intact 

tetramic acid can be produced correctly due to the additional participation of a trans-acting ER 

(tenC), otherwise, the hybrid TenS produces tetra- and pentaketides.95 It also implies DKC activity 

of the terminal domain rather than R-domain-mediated release. (Figure 1-8) 

C A TACPKRKS AT DH MT R/DFUSS

C A TACPKRKS AT DH MT DCpaS

C A TACPKRKS AT DH MT D

ER

TenS

C A TACPKRKS AT DH MT R/D

ER

Fungal

PKS-NRPS

Figure 1-8. The representative mycotoxins biosynthesized by PKS-NRPS hybrids. 



INTRODUCTION 

 
 

15 
 

1.2.3.3 Terpene cyclase (TC) in fungi 

Terpenoids constitute the largest and most diverse family of NPs, with at least 80,000 members.99 

They possess a variety of biological activities, such as antibacterial, antiviral, antifungal, anti-

inflammatory, and antiparasitic activities.100 However, despite the large diversity of chemical 

structures, all terpenoids are derived from two acyclic C5 precursors: isopentenyl pyrophosphate 

(IPP) and dimethylallyl pyrophosphate (DMAPP). Nature employs two pathways to generate these 

precursors: the mevalonate (MVA) and the 2-C-methylerythritol phosphate (MEP) pathway. 

Whereas plants use both MVA and MEP pathways, most organisms only use one of the pathways 

for the biosynthesis of isoprenoid precursors,101,102 i.e., IPP and DMAPP derived from the MVA 

pathway in fungi.99 The two precursors are condensed head to tail by isoprenyl diphosphate 

synthase, resulting in the formation of linear isoprenoid diphosphate with varying chain lengths, 

such as geranyl diphosphate (GPP, C10), farnesyl diphosphate (FPP, C15), geranylgeranyl 

diphosphate (GGPP, C20), and geranylfarnesyl diphosphate (GFPP, C25). Subsequently, terpene 

cyclases cyclize these linear compounds into various skeletons. They can be classified according 

Figure 1-9. Cyclization mechanisms of sesquiterpene cyclases and examples for 

illustration 
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to the number of isoprene units, defined as monoterpenes (C10), sesquiterpenes (C15), diterpenes 

(C20), sesterterpenes (C25), triterpenes (C30), etc.  

Sesquiterpene cyclases (STCs) convert FPP, formed by one DMAPP and two IPPs,102 into 

hydrocarbon skeletons usually possessing one or more fused rings and stereocenters. After 

initiation of the generated allylic cation at position C1, this conversion can proceed through the 

reaction of C1 with C6, C7, C10, or C11 located on the double bond103 to achieve further 

cyclization, such as ring closure, methyl migration, and hydride transfer.104 To date, more than 

150 terpene cyclases with this kind of cyclization mechanism have been identified and form 76 

different sesquiterpene skeletons,105 including bicyclo decane, bicyclo undecane, tricyclo 

undecane,106,107 and spiro decane.108 The cyclization cascade initiates with the metal-triggered 

ionization of FPP to form a trans-allylic cation intermediate (transoid), which can directly undergo 

both C1ïC10 and C1ïC11 bond formation to yield the E,E-germacradienyl and trans-humulyl 

carbocation intermediates, respectively. (Figure 1-9) Dickschat et al109 investigated two 

uncharacterized STCs STC5 and STC3 from the plant pathogenic fungus Fusarium fujikuroi. 

STC5 and STC3 converted FPP into bicyclo[5.3.0]decane (ï)-guaia-6,10(14)-diene and 

bicyclo[4.4.0]decane (+)-eremophilene through trans-humulyl carbocation intermediate. The 

stereospecific course of cyclizations undergoes deprotonation and hydride shifts. The 

mechanisms were studied with various 13C- and 2H-labelled FPP isotopomers. Through E,E-

germacradienyl carbocation intermediate, STC Ffsc4 from F. fujikuroi IMI58289 catalyzes FPP to 

yield the C2ïC10/C3ïC6 bicyclization of eleven-member ring tricyclo[7.2.0.02,5]undecane, which 

is then quenched by a molecule of water to form koraiol.108  

However, more cases proceed via an ionization-recombination-reionization pathway through the 

intermediate nerolidyl diphosphate (NPP) to form a cis-allytic cation intermediate (cisoid), which 

can undergo C1ïC6, C1ïC7, C1ïC10, and C1ïC11 bond formation to generate the bisabolyl, 

cycloheptenyl, Z,E-germacradienyl, and Z,E-humulyl carbocation intermediates, respectively. 

(Figure 1-9) The intermediate via the proposed C1ïC7 cyclization has not been identified in fungi. 

In common, 1,11 closure leads to undecane while 1,10 closure leads to decane. These 

carbocation intermediates can undergo further cyclization reactions including hydride transfer, 

methyl migration, ring closure, expansion, and contraction to generate a diverse array of 

sesquiterpene carbon skeletons. Itôs difficult to distinguish the mechanism according to the 

scaffold because rearrangements occur usually in the process of cyclization. Therefore, the 

rearrangements were investigated intensively by isotopic labelling experiments in the 

biosynthesis of sesquiterpenes. Longiborneol with tricyclo[5.4.0.02,9]undecane skeleton synthase 
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CLM1 from Fusarium graminearum generates the biosynthetic precursor of the antifungal and 

phytotoxic culmorin107 and fragrant longifolene.106 The key rearrangement under the conversion 

is 1,3-hydride shift, investigated by incubation of the 15 isotopomers of 13C FPP.106,110 Among the 

STCs involving the Z,E-germacradienyl carbocation intermediate, Copu3 from Coniophora 

puteana was reported to be responsible for the biosynthesis of cubebol with 

tricyclo[4.4.0.01,5]decane skeleton.111 The mechanism proceeds 1,3 hydride transfer, subsequent 

1,2-hydride transfer, and an unusual C2ïC6 cyclization followed by hydration at C3 to yield 

cubebol.112 The cycloheptenyl carbonecation catalyzed by Omp10 from Omphalotus olearius 

undergoes 1,2-hydride transfer and deprotonation to obtain bicyclo[5.3.0]decane daucene.113 

Omp9 was also found in O. olearius, which can catalyze two-step 1,2-methyl shifts through a 

bisabolyl cation to expand the ring formed by 1,6 closure.113 

1.2.4 Post-modification in the biosynthetic pathway 

Post-modification including methylation, prenylation, hydroxylation, and rearrangements followed 

by catalysis of backbone enzymes plays a crucial role in achieving diverse structures of NPs and 

expanding their bioactivities. These reactions can be enzymatic-mediated or non-enzymatic. 

Hydroxylation is one of the most important reactions because hydroxyl groups are commonly 

encountered functional groups in marketed drugs, as a total of 37% of all drugs in the ChEMBL 

data set contain at least one hydroxyl functional group.114  

1.2.4.1 Enzymatic-mediated hydroxylation 

Hydroxylation describes a chemical process that introduces a hydroxyl group (ïOH) into an 

organic compound, and the degree of hydroxylation refers to the number of ïOH groups in a 

molecule. It is the most common oxidation reaction in detoxification since it converts lipophilic 

compounds into hydrophilic products. The reaction of fungal hydroxylases in biosynthesis occurs 

as a post-translational modification. These enzymes include iron-catalyzed oxygenases, such as 

cytochrome P450s,115 2-oxoglutarate-dependent oxygenases,116 flavin-dependent 

oxidoreductases,117 and diiron hydroxylases.118 They often utilize FeïO centers that convert CïH 

(or NïH) bonds into CïOH (or NïOH) groups. The mechanism starts with the abstraction of H 

atom from the lipophilic substance, generating an organic radical and an iron hydroxide (P2-). In 

the next rebound step, the radical attacks the FeïOH center to afford an alcohol group, which is 

bound to Fe as a ligand. Dissociation of the alcohol from the metal allows the cycle to start anew. 

(Figure 1-10) The mechanism can explain many reported hydroxylation examples. The 
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hydroxylases mainly catalyze the first stage for substituting C-hydroxyl or N-hydroxyl groups, 

leading to the late-stage epoxidation,119 ring expansion,120,121 or rearrangement.122  

Cytochrome P450 enzymes (P450s), a superfamily of heme-thiolate proteins, belong to 

monooxygenases. Particularly, they exhibit crucial catalytic abilities in fungal NP biosynthesis.123 

The representative P450-mediated hydroxylation showed the substitution of the aromatic 

benzene ring, initiated by direct electron transfer or electrophilic attack from the benzene ring to 

P2-. During the biosynthesis of trichoxide,124 P450 VirE was characterized to install the p-hydroxyl 

group onto the phenol substrate virensol B and determined by the in vivo precursor feeding 

experiment and the in vitro enzymatic reaction. The study on the biosynthesis of aspirochlorine 

revealed the functions of two P450s, i.e. the aromatic hydroxylase AclL is responsible for CïOH 

bond formation and AclO catalyzes a hydroxylation on the nitrogen atom of the diketopiperazine 

core.125 The uncommon PKS-NRPS product viridicatic acid was fed into the transformant culture 

to form crustosic acid.119 Nucleophilic addition of the hydroxyl group to the carbonyl group at the 

side chain and subsequent dehydration result in cyclization. (Figure 1-11) 

Other hydroxylating enzymes include flavin-containing and 2-oxoglutarate dependent 

oxygenases. Flavin-dependent monooxygenases (FMOs) use flavin mononucleotide (FMN) or 

flavin adenine dinucleotide (FAD) as a cofactor, and NAD(P)H as a hydrogen donor to catalyze 

the incorporation of an oxygen atom from O2 into the substrate. PboDôs case126 is an example of 

a mechanism that was similar to the biosynthesis of other indole alkaloids. The routes are initiated 

by the formation of the C-4a-hydroperoxy-FAD (the product of Flred oxidation) as an electrophilic 

oxygen donor, followed by either epoxidation at the indole ring or the formation of the iminium ion. 

Figure 1-10. Steps in an oxygen rebound mechanism that explains many iron-
catalyzed hydroxylations: H-atom abstraction, oxygen rebound, alcohol 

decomplexation 
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The intermediates are able to capture by the amide and subsequently form CīN bond for the 

formation of C-3-hydroxylated pyrrolidine ring. Catalyzed by a flavin-dependent synthase OxaD, 

roquefortine C undergoes hydroxylation to achieve roquefortine L. A possible pathway to form 

glandicoline A from roquefortine C is through dehydration of the key hydroxylamine intermediate 

followed by hydroxylation and rearrangement.122 Additionally, 22-hydroxyl-isotryprostatin B is 

formed via a nonheme FeII/2-oxoglutarate-dependent oxygenase-catalyzed hydroxylation with the 

assistance of a ligand from FeIV=O to FeII.127 (Figure 1-11) 

1.2.4.2 Nonenzymatic hydroxylation 

While a large portion of the transformations involved in fungal natural product biosynthesis can 

be encoded in the genome, a noteworthy ratio of molecules involves one or more nonenzymatic 

reaction steps including hydroxylation, rearrangement, dimerization, and light-reduced reaction in 

biosynthesis.128,129 Hydroxylationôs process is via the abstraction of O2 in the air or H2O in the 

media, promoted by pH value or mild oxidants from fungi-growing environment or deduced by 

natural light.130 It contributes to detoxification for living organisms and increases water-solubility 

and structural complexity for drug discovery. To a degree, it could be an approach to saving energy 

for fungal-releasing SMs. Here, two cases were selected to illustrate the non-enzymatic reactions 

in NP biosynthesis. One of the representative examples is the post-modification of indole alkaloid 

paxilline. A nonenzymatic reaction was observed with the spontaneously oxidative ring opening 

of 6/5/5/6/6/6 hexacyclic skeleton, leading to the formation of a novel 6/8/6/6/6 pentacyclic 2,18-

dioxo-2,18-seco derivative.131 The plausible reaction process was proven by 18O-labelled 

experiments. The activation of oxidation was initiated by FMN in its oxidized form for capturing 

two electrons from the reactant, rather than by the reduced form FMNH2, to transfer one or two 

oxygen atoms to the substrate. Therefore, the two incorporated oxygen atoms predominantly 

originated from H2O instead of O2. In the process, the oxidized form of flavin catalyzes two 

successive oxidations of amines to imines with the involvement of hydrolysis for the ring 

expansion. This case shows us the ring expansion may not need any enzyme assistance. In 

addition, the formation of uscandidusins, a p-terphenyl, was proven to be an unexpected 

spontaneous nonenzymatic reaction. This result provides a new insight into the biosynthesis of p-

terphenyl derivatives in fungi and dibenzofuran formation in NP biosynthesis. (Figure 1-11)  
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Figure 1-11. The enzymatic and nonenzymatic hydroxylations. 
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2 Aims of this thesis 

In this thesis, there are some issues have been addressed: 

1) why focus on fungal natural product biosynthesis? 

From the introduction, I illustrated important natural products and their application for human 

beings. They are closely related to us, serving as promising antibiotics, environment-friendly 

pesticides, famous mycotoxins, antioxidants for cosmetics, and so on. However, the traditional 

isolation approach has major hurdles for source-consuming processes and less eco-friendly 

technology. This led to an ineffective screening yield, the first step for applicants. Discovering 

natural products meets challenges, like their easily repeatedly obtained and low yield. Up to 

date, genetic tools will improve the efficiency of discovery NPs, more importantly, it will help 

us to find promising enzymes that can catalyze interesting reactions for synthetic chemistry 

and complete biosynthesis. Based on the understanding of BGCs and enzymes, biosynthetic 

investigation of fungi, whose functional genes remain uncovered and to be characterized, 

fungi could be a pool to supply bioactive compounds for modern organic chemistry. This thesis 

gave a systematic study of secondary metabolites and their biosynthesis in Penicillium 

palitans. Quinolones and CPA derivatives were isolated from this fungus for the first time. 

2) Why focus on the enzymes in the biosynthesis? 

As is widely acknowledged, enzymes possess the characterization of high catalytic efficiency 

and are specialized for one-type reactions. However, lead compounds possessing complexity, 

e.g., the skeleton with chiral centers and rearranged structure, are difficult to be synthesized 

due to lengthy and jumbled steps and low yield. Therefore, the enzymes from nature can solve 

the above problems. The backbone enzymes as well as tailoring enzymes not only can 

extremely improve the structural diversity of NPs, but also provide biosynthetic main-pathway 

and by-pathway for complex reactions. Among them, terpene cyclases and P450s were 

intensively investigated because they are versatile to catalyze interesting reactions that can 

be applied further to complete biosynthesis. In this thesis, we focused on the enzymes in fungi 

and carried out the hydroxylated ability of P450s and the rearrangement mechanism for a 

novel terpene cyclase. 



RESULTS AND DISCUSSION 

 
 

22 
 

3 Results and discussion 

3.1 Biosynthesis of the alkaloid viridicatol in Penicillium palitans  

The secondary metabolite profiles of P. palitans NRRL2033 were screened in various media 

(Table 3-1) including CD, mCDH (modified Czapek Dox), HA, MEP, PD, YMG, rice, and wheat, 

under different cultivation conditions, i.e., pH, time, temperature, and fermentation methods (stand 

or shake). The best condition, mCDH medium at 25 ÁC for 15 days at pH 5.5, was used for further 

investigation. LC-MS analysis (Figure 3-1A) revealed the presence of at least six metabolites 1 

ï 6 with 1 and 6 as dominant products. To confirm their integrity, large-scale fermentation, isolation 

on a silica gel column, and further purification by HPLC were performed. High-resolution 

electrospray ionization and 1H NMR analyses confirmed them to be known compounds cyclopenol 

(1),132 cyclopenin (2),132 cyclopeptin (3),133 dehydrocyclopeptin (4),133 viridicatin (5),134 and 

virdicatol (6).135 Their structures are shown in Figure 3-1B. There are two pairs of analogues with 

and without a meta-hydroxyl group, i.e., 1 and 2 as well as 5 and 6. This is very interesting 

because an enzyme-catalyzed meta-hydroxylation at a monoalkylated benzene ring occurs rarely 

in nature. 

Table 3-1. Media used for screening. 

Media Ingredients/L 

CD 35 g Czapek Dox, 5 g yeast extract 

mCDH 30 g saccharose, 5.1 g yeast extract, 2 g NaNO3, 1 g KH2PO4, 0.3 g 

MgSO4Å7H2O,  0.01 g FeSO4Å7H2O 

MEP 30 g malt extract, 3 g peptone 

YMG 4 g yeast extract, 10 g malt extract, 4 g glucose 

HA 4 g yeast extract, 10 g malt extract, 4 g glucose, pH 5.5 

PD 24 g Potato Dextrose Broth 

Rice 1000 g rice 

Wheat 1000 g wheat 

Literature search revealed that the viridicatin-type alkaloids with a 4-aryl-2-quinoline skeleton 

possess various biological activities like anti-tumor,136 anti-inflammatory,137 and anti-fungal 

activities,138 and are widely distributed in the fungi of Penicillium and Aspergillus species.133,139,140 

The biosynthetic pathway of viridicatin (Figure 3-2) with involvement of a bimodular NRPS (Type 
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B) harboring an N-MT domain, was proposed from known gene clusters pen of Penicillium 

thymicola IBT 5891 and asq of Aspergillus nidulans FGSC A4.133,141  

Genome mining led to the identification of a putative BGC (vdo) for viridicatol in P. palitans 

NRRL2033. The candidate gene cluster containing four genes shares high sequence identities of 

53 ï 79% on the aa level with three genes of the asq133 and pen141 clusters except for P450 (below 

27%) (Figure 3-1C). The enzyme P450 wasnôt studied in asq and pen cases. Due to hydroxylation 

achieved by different enzyme classes such as cytochrome P450s,115 2-oxoglutarate-dependent 

oxygenases,116 and flavin-dependent oxidoreductases in nature,117 a hypothesis was proposed 

that P450 (VdoD) could be responsible for the meta-hydroxylation in viridicatin biosynthesis.  

A

B

C

Figure 3-1. HPLC analysis of a crude extract of P. palitans. Absorptions at UV 296 nm are 
illustrated (A). The structures of 1 ï 6 (B). Comparison of the vdo cluster in P. palitans with asq 
cluster in A. nidulans and pen cluster in P. thymicola. The sequence identities on the amino 
acid level are given as percent (C). 
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Table 3-2. The plasmids and strains used in these studies. 

Plasmids 

Genotype 

Strains 

Genotype 

Reference 

pJN017 

URA3, wA flanking, Afribo, Amp, 

gpdA(p) 

BK06 

wA-PKS::gpdA(p)-Afribo in LO8030 

119 

pYH-gpdA-pyrG 

URA3, wA flanking, AfpyrG, Amp, 

gpdA(p) 

pYH-WA-pyrG 

wA-PKS::gpdA(p)-AfpyrG in 

LO8030 

142 

pZZ01 

vdoABCD in pJN017 

ZL01 

wA-PKS::gpdA(p)-vdoABCD-Afribo 

in LO8030 

Project 3.1 

pZZ02 

vdoABC in pJN017 

ZL02 

wA-PKS::gpdA(p)-vdoABC-Afribo in 

LO8030 

Project 3.1 

pZL19 

vdoD in pJN017, without upstream 

region of vdoD 

ZL19 

wA-PKS::gpdA(p)-vdoD-Afribo in 

LO8030 

Project 3.1 

pZZ03 

vdoD in pYH-gpdA-pyrG, with 458 bp 

upstream region of vdoD 

ZL03 

wA-PKS::gpdA(p)-vdoD-AfpyrG in 

LO8030 

Project 3.1 

pZZ04 

speABCDE in pJN017 

ZL04 

wA-PKS::gpdA(p)- speABCDE-

Afribo in LO8030 

Project 3.2 

pZL22 

speD in pJN017 

ZL22 

wA-PKS::gpdA(p)-speD-Afribo in 

LO8030 

Project 3.2 

pZL24 

speDE in pJN017 

ZL24 

wA-PKS::gpdA(p)-speDE-Afribo in 

LO8030 

Project 3.2 

pMP010 

mfdS in pJN017 

MP04 

wA-PKS::gpdA(p)-mfdS-Afribo in 

LO8030 

Project 3.3 

pET-28a(+) 

Kan, T7(p), 6xHis, MCS, T7 Terminator, lacI 

E. coli BL21 (DE3) 

F-ompT hsdSB (rB-, mB-) galdcmrne131 

Merck, KGaA, 

Darmstadt, Germany 

pMP026 

Kan, T7(p), 6xHis, mfdS, T7 Terminator, lacI 

Overproduction of MfdS in E. coli 

BL21 (DE3) 

Project 3.3 

Plasmids pZZxx were prepared by this PhD candidate Zhengxi Zhang; Plasmids pZLxx and strains ZLxx 

were prepared by the PhD candidate Zhanghai Li; Plasmids pMPxx and strains MPxx were prepared by the 

PhD candidate Marlies Peter. 
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The gene cluster was identified by heterologous expression in A. nidulans LO8030 due to the 

failure of gene deletion in wild type. A DNA segment of approximately 18 kbp containing vdoABCD, 

was cloned via homologous recombination into plasmid pJN017 for the expression in 

Saccharomyces cerevisiae,119 resulting in the construct pZZ01 (Table 3-2). PEG-mediated 

protoplast transformation into A. nidulans LO8030 and selection with riboflavin autotrophy 

resulted in the transformant A. nidulans ZL01 conducted by another PhD candidate Zhanghai Li. 

The strain ZL01 was subsequently cultivated in mCDH medium (pH 5.5) for 10 days and the 

secondary metabolite production was monitored by LC-MS (Figure 3-3). Compared with the 

negative control strain A. nidulans BK06,119 all of the six products 1 ï 6 isolated from wide-type 

strain NRRL 2033 were detected in ZL01 by UV and extracted [M + H]+ ion detections. As shown 

in Figure 3-3, compounds 2, 3, 4, and 5 without the meta-hydroxyl group were detected in the 

transformant without vdoD gene. 1 and 6 with the meta-hydroxyl group could not be detected, 

even with extracted ion detection. These results proved VdoD as a meta-hydroxylase in the 

biosynthesis of 1 and 6 and also suggested hydroxylation at the late stage of the biosynthesis, 

very likely after the formation of 2. 

Figure 3-2. Proposed biosynthetic pathway of viridicatol in P. palitans. 
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To confirm the hydroxylation step catalyzed by VdoD, the expressed plasmid pZZ03 was 

constructed by cloning vdoD and its 458 bp upstream and 156 bp downstream sequences into 

the vector pYH-gpdA-pyrG,142 creating the strain A. nidulans ZL03. Feeding experiment with 2 

revealed a conversion to a compound, which was further confirmed as cyclopenol 1 by HRMS 

and 1H NMR analyses, with a yield of 30%. This result proved that VdoD is responsible for the 

conversion of 2 to 1 and catalyzes the key meta-hydroxylation step in the viridicatol biosynthetic 

pathway.  

Figure 3-3. LC-MS analysis of the extracts of A. nidulans ZL01 harboring vdoABCD, 

ZL02 harboring vdoABC, and the control strain BK06 harboring the empty vector. 

EICs refer [M + H]+ ions with a tolerance range of Ñ 0.005. EICs of products 1 ï 6 were 

traced on 311.103, 295.108, 281.128, 279.113, 238.086, and 254.082, respectively. 



RESULTS AND DISCUSSION 

 
 

27 
 

Afterward, the conversion yield by VdoD was improved. A new plasmid pZL19, was constructed 

by Zhanghai Li via cloning vdoD directly after the gpdA promoter in pJN017 without the additional 

458 bp upstream sequence. The increased VdoD activity allowed us to test its acceptance for 

other precursors like 3, 4, and 5. As shown in Figure 3-4, no difference between the transformant 

ZL19 and the control strain BK06 was detected after feeding 3, 4, and 5 under cultivation for 5 

Figure 3-4. HPLC analysis of A. nidulans cultures after feeding with 2, 3, 4, and 5. 

Absorptions at 296 nm are illustrated. The control strains harbor empty vectors. 
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days. These results proved the high substrate specificity of VdoD with 2. In conclusion, cyclopenol 

(1) and viridicatol (6) with a meta-hydroxyl group at a benzene ring and their derivatives were 

isolated from a culture of P. palitans NRRL2033. Genome mining led to the identification of a gene 

cluster with high similarity to the known pen and asq clusters for viridicatin and 4Ë-

methoxyviridicatin biosynthesis. Heterologous expression proved that the four genes vdoABCD 

are responsible for the formation of viridicatol (6). The cytochrome P450 enzyme VdoD catalyzes 

the key step in the conversion of cyclopenin (2) to cyclopenol (1) proved by feeding experiments, 

demonstrating a less studied enzymatic meta-hydroxylation at a monoalkylated benzene ring 

(Figure 3-2). 

3.2 Formation of the alkaloid speradine F in Penicillium palitans  

This was also a cooperation project with another PhD candidate Zhanghai Li. In the first project, 

viridicatol and cyclopenol were identified in the supernatant of a 15-day-old culture of P. palitans 

NRRL2033. The mycelia of this culture were used in this project to extract SMs with acetone ï 

H2O (v/v 1:1). Cyclopiazonic acid (CPA, 7) and its derivative speradine F (8) with three hydroxyl 

groups and ɓ-CPA (9) were isolated and identified in our case (Figure 3-5A). Based on their 

structures shown in Figure 3-5B, it can be speculated that 7 serves as a precursor of 8 and 

undergoes multiple oxidation steps. CPA, an indole-tetramic acid with a 6/5/6/5/5 pentacyclic 

skeleton, was first isolated from Penicillium cyclopium (syn. P. griseofulvum)143,144 and is known 

to have toxicological significance.145 In addition to pentacyclic oxindoles 2-oxoCPA (10) and 

speradine A (11), the highly hydroxylated anti-HIV active speradine F with an additional cyclic 

ketal ring F fused with rings C, D, and E has also been identified in fungal strains like Aspergillus 

oryzae, Penicillium commune, and Penicillium camemberti.146ï148 Previous studies demonstrated 

that the formation of 2-oxoCPA (10) in A. oryzae is catalyzed by four enzymes from the cpa cluster 

(Figure 3-5C), i.e., the PKS-NRPS hybrid CpaA,94,97,149 the prenyltransferase CpaD,149 the 

oxidocyclase CpaO,150 and the cytochrome P450 enzyme CpaH.151 However, the formation of 

highly hydroxylated speradine F (8) remains unknown. Although enzymatic hydroxylation steps in 

nature are usually catalyzed by oxygenases such as cytochrome P450s,115 2-oxoglutarate-

dependent monooxygenases,116 and flavin-containing oxidoreductases,117 spontaneous 

nonenzymatic oxidation/hydroxylation occurs occasionally in the formation of hydroxylated natural 

products.128 Therefore, the formation of the highly oxygenated indole alkaloid could be worth to 

be investigated.  
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Blast search using protein CpaS as a query revealed the presence of a homologous cpa cluster 

in P. camemberti FM 013.152 One homologous cluster was also identified in the draft genome 
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Figure 3-5. LC-MS analysis of a crude extract of P. palitans. Absorptions at UV 296 nm are 

illustrated (A). The structures of 7 ï 12 (B). Comparison of the spe cluster in P. palitans with 

cpa cluster in Aspergillus oryzae and other clusters in Aspergillus tamarii and Penicillium 

camemberti. The sequence identities on the amino acid level are given as percent (C). 
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sequence of P. palitans (syn. P. commune) NRRL 2033153 by using antiSMASH as a prediction 

tool.154 These two clusters from P. camemberti and P. palitans share extremely high identities with 

the known cpa cluster in A. oryzae on the aa level (Figure 3-5C). We screened therefore the CPA 

and speradines production in P. palitans NRRL 2033, P. camemberti NRRL 885 (syn. Penicillium 

biforme),23 DSM 1233, and FM 013 as well as P. commune DSM 2211 in mCDH medium at 25 ÁC. 

LC-MS analysis of the 10-day-old cultures revealed the presence of one dominant product peak 

with [M + H]+ ions at m/z 337.156 Ñ 0.005, corresponding to those of CPA (7) in fungal extracts of 

P. palitans NRRL 2033, P. camemberti NRRL 885, and P. camemberti DSM1233. LC-MS analysis 

of NRRL 885 and DSM1233 did not lead to the detection of speradine F (8) with a [M+H]+ ion at 

415.152 Ñ 0.005. Therefore, we focus on P. palitans NRRL2033 to study the formation of 

speradine F. 

For our biosynthetic studies, the cpa homologous cluster in NRRL 2033 was analyzed in detail, 

termed spe for speradine biosynthesis. The spe cluster consists of six genes speA ï speF. They 

share high sequence identities between 50 and 80% with the corresponding members of the cpa 

cluster from A. oryzae (Figure 3-5C).  Based on previous reports for A. oryzae and A. tamarii, it 

can be expected that SpeA ï SpeE are responsible for the biosynthesis of speradine A (11) 

(Figure 3-6) and the major facilitator superfamily protein SpeF mediates transport (Figure 3-5C). 

Surprisingly, no additional candidate gene(s) for the conversion of 11 to 8 was found in the vicinity 

of the gene cluster. It was therefore speculated that the P450 enzyme SpeD from P. palitans could 

be responsible for the multiple-step oxidations of 11 to generate 8. However, it cannot be excluded 

that this conversion is a spontaneous oxidation event.155  

In analogy to the first project, heterologous expression was conducted. A. nidulans ZL04 

harboring pZZ04 containing speABCDE (Table 3-2) was successfully constructed and 

subsequently cultivated in PD medium for 3, 7, and 10 days, and the SM production was 

monitored by LC-MS (Figure 3-7). Together with the three products 7 ï 9 isolated from NRRL 

2033, one additional product 12 with the same retention time as 8 was detected in the 

transformant. Compound 12 was identified as cyclo-acetoacetyl-L-tryptophan (cAATrp) by 

comparison of its UV spectrum and MS data with those of an authentic standard. In comparison 

to the dominant product 7 in the original producer, 7, 8, and 12 were detected as major metabolites 

in ZL04 after cultivation for 7 and 10 days (Figure 3-7). The quantities of 8 increased during the 

cultivation. These results support the hypothesis that the cluster with speA ï speE is responsible 

for the formation of both CPA and speradine F.  
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As speculated above, the P450 enzyme SpeD could be the assumed hydroxylase for the 

conversion of speradine A (11) to speradine F (8). To identify the proposed biosynthetic 

intermediate 11 and confirm the function of SpeD, two strains ZL22 containing pZL22 harboring 

speD, ZL24 containing pZL24 harboring speD and speE, and the control strain BK06 harboring 

an empty vector (Table 3-2) were cultivated together with 7 under the same condition as for ZL04. 

As shown in Figure 3-8A, 7 was stable under the cultivation conditions, and no consumption was 

detected in the culture of the control strain. As expected, 7 was converted by SpeD in ZL22 almost 

completely to 10 sharing the same MS data with 2-oxoCPA. Isolation from 7-day-old culture of 

ZL22 after incubation with 7 on a semi-preparative HPLC as well as 1H NMR and HREISMS 

analyses confirmed 10 to be 2-oxoCPA,151 proving the hydroxylation of CPA by SpeD (Figure 3-

7). In the 7-day-old culture of ZL24, the added 7 was completely converted to speradine A (11),156 

proving SpeE for the N-methylation of 10155 (Figure 3-7). Further monitoring of the metabolite 

profile led to the detection of 8 in ZL24 after cultivation for 10 days. These encouraged us to prove 

if SpeD is also responsible for the conversion of 11 to 8. 

We therefore supplied 11 to a culture of ZL22, and detected indeed the formation of 8 after 

cultivation for 10 days (Figure 3-8B). However, incubation of 11 in a blank PD medium and 

cultivation in the control strain also led to the detection of 8 with comparable conversion yields of 

Figure 3-6. Proposed route of formation for speradine F in P. palitans. 
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approximately 20% (Figure 3-8B). This proved that SpeD catalyzes merely the oxidation of CPA 

to 2-oxoCPA (10), as reported for CpaH previously,151 and speradine A undergoes spontaneous 

multi-step hydroxylations to speradine F. This conclusion was supported by detection of possible 

intermediates with [M + H]+ ions at 383.160 Ñ 0.005, corresponding to those of monohydroxylated 

speradine A.155 Speradine F (8) was stable under the cultivation conditions and no further product 

was detected in a 10-day-old culture. We speculated therefore that 8 was the final product of the 

spontaneous oxidations. To prove the influence of pH on the nonenzymatic conversion, 11 was 

incubated at 25 ÁC in PD media at pH 4.0, 5.1, 6.5, and 8.0 for 7 days. Quantification with LC-MS 

revealed slightly increased conversions of 11 to 8, from 19 to 26%, under basic conditions. The 

addition of mild oxidants benefits the conversion of 11 to 8. Conversion yields of 34, 12, and 14% 

were detected for the overnight incubation mixtures of 11 with FeCl3, ammonium persulfate, and 

H2O2, respectively. Under the same condition, only 9% of 11 was converted to 8 in the control 

experiment without additives. 
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Figure 3-7. LC-MS analysis of the extracts of A. nidulans ZL04 harboring speABCDE and 
the control strain BK06 harboring the empty vector. EICs refer [M + H]+ ions with a tolerance 
range of Ñ 0.005. EICs of products 7 ï 9 and 12 were traced on 337.156, 415.152, 339.171, 
and 271.107, respectively. 
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Based on the results obtained in this study, it can be postulated that the PKS-NRPS SpeA uses 

one acetyl CoA, one malonyl CoA, and one L-tryptophan molecule for assembling cAATrp, which 

is then prenylated by the prenyltransferase SpeB. The afforded ɓ-CPA is converted to the 

pentacyclic indole tetramic acid CPA by the oxidase SpeC. CPA was converted by SpeD and 

SpeE to speradine A, as demonstrated above. Finally, speradine A (11) undergoes multiple 

nonenzymatic hydroxylations to speradine F (8) (Figure 3-6). 

3.3 Biosynthesis of the sesquiterpenoid malfilanol D in Aspergillus ustus  

Sesquiterpene cyclases use farnesyl diphosphate (FPP, C15) as substrate and can undergo 

different cyclization procedures to achieve various skeletons.105 The carbon atoms vary in their 

bonding, hybridization, and stereochemistry due to carbocation rearrangements.99,157 They 

release sesquiterpenoid structures exhibiting a variety of biological activities, such as antibacterial, 

antiviral, antifungal, anti-inflammatory, and antiparasitic activities.100 
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Figure 3-8. (A) HPLC profiles of A. nidulans cultures and controls after incubation 
with 7. (B) LC-MS analysis of A. nidulans cultures and controls after incubation with 
11 for 10 days. EICs of 8 and 11 refer to [M + H]+ m/z 415.152 and 367.165 with a tolerance 
range of Ñ 0.005, respectively. The control strain BK06 harbors the empty vector pJN017. 
The medium PD was used to cultivate the above strains. Absorptions at UV 296 nm are 

illustrated. 
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In this study, a new sesquiterpene malfilanol D (13) was isolated from the A. nidulans strain MP04 

(Table 3-2) harboring a terpene cyclase derived from Aspergillus ustus by the PhD candidate 

Marlies Peter. Representatives of sesquiterpenoids with a bicyclo[5.4.0]undecane skeleton (the 

6/7 fused ring system) are ɓ-himachalene and ochracenes (Figure 3-9), both of which likely 

require the 1,11-closure to achieve the skeleton.58,158 Malfilanol D possesses the same 

bicyclo[5.4.0]undecane skeleton but differs in the positions of the geminal dimethyl groups 

(Figure 3-9). The formation mechanism of the 1,11-closure eleven-membered ring from FPP 

could not be speculated. We expected therefore specific cyclization and/or alkyl migration 

mechanisms in malfilanol D biosynthesis from the known sesquiterpenes.  

Firstly, sequence analysis of the genome of A. ustus led to the identification of an uncharacterized 

putative terpene cyclase, termed mfdS hereafter. To explore the function of mfdS, we first tried to 

delete the gene mfdS in A. ustus, but no deletion mutant was obtained in our case. Therefore, the 

heterologous expression in model organism A. nidulans was conducted, generating the strain 

MP04 by Marlies (Table 3-2). After cultivation for 9 days in rice media, an additional peak was 

detected by HPLC-MS at 28.3 min in comparison to the control strain BK06 with the empty vector 

pJN017119 (Figure 3-10). To determine the structure of the accumulated product, the strain MP04 

Figure 3-9. The speculated mechanisms for representatives of sesquiterpenoids with a 
bicyclo[5.4.0]undecane skeleton. 
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was cultivated in 0.5 kg rice media. The 9 day-culture was extracted with petroleum ether and 

purified by silica gel column chromatography. Interpretation of the NMR data, including 1H NMR, 

13C NMR, 1H-1H COSY, HSQC, HMBC, and 1H-1H NOESY revealed the structure of this addition 

product (termed as malfilanol D), which is a derivative of known metabolites malfilanols A and B, 

with a methyl instead of a COOH or COOCH3 group.159,160 

To prove that MfdS is solely responsible for the formation of malfilanol D, enzyme assay of FPP 

with the recombinant protein was conducted. The coding sequence of mfdS was amplified from 

complementary DNA, inserted into the pET-28a(+) expression plasmid with sequence for an N-

terminal His6-tag, and transformed into E. coli BL21 cells performed by Marlies (Table 3-2). My 

work focused on the purification of the overproduced protein, further enzyme assays, and feeding 

experiments with 13C-labelled acetates to explain the reaction mechanism. Firstly, I optimize the 

expression conditions of MfdS to give a yield of 0.6 mg per liter culture. Then, incubation of MfdS 

with FPP was carried out under the best-tested conditions in Tris-HCl (pH 7.5) at 25 ÁC in the 

presence of 20 mM Mg2+ (Figure 3-11A ï E). A conversion yield of approximately 60% was 

achieved after incubation for 40 min. Malfilanol D was identified as the sole product by comparison 

of UV, retention time, MS, and MS2 fragmentation pattern with the isolated compound. Kinetic 

parameters of FPP were determined with 1.5 Õg protein for 30 min. MfdS reaction follows the 

Michaelis-Menten equation with a KM value at 0.29 Ñ 0.09 mM and a turnover number 

(kcat) at 0.11 Ñ 0.01 s-1 (Figure 3-11F). The catalytic efficiency kcat /KM was calculated as 380 s-1M-

1. 

Figure 3-10. HPLC-MS metabolite screening of the crude extracts of the control strain 
BK06 and the transformant MP04 after 9 days cultivation.  
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Previous research has proven fungi use the MVA pathway to form FPP from IPP and DMAPP. 

Therefore, feeding experiments with 13C-labelled acetates in 2-day-old cultures of the expression 

strain MP04 were carried out to support the expected cyclization and alkyl migration mechanism 

in the biosynthesis of malfilanol D. As shown in Figure 3-12, feeding with [1-13C] acetate resulted 

Figure 3-11. Linearity tests of MfdS reaction and determination of the MfdS kinetics. 
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in strong intensity increase for signals of C-3, C-7, C-9, C-11, C-1, and C-5 with 27.7 ï 34.2-fold 

enrichments. Correspondingly, the signals for C-2, C-6, C-10, C-8, C-12, C-4, C-14, C-13, and C-

15 were enriched for 29.8 ï 39.4-folds after feeding with [2-13C] acetate. Remarkably, coupling of 

C-9 at ŭC 34.6 with C-11 at 32.5 ppm with a J = 34.4 Hz was observed in the 13C NMR spectrum 

of malfilanol D after feeding with [1-13C] acetate (Figure 3-12). The non-coupled signal of C-11 

was slightly downfield-shifted to 0.0191 ppm. This can be explained by a carbon skeleton 

rearrangement after the 1,10-closure but not 1,11-closure during the ring formation as depicted in 

Figure 3-13, undergoing these two original carbonyl carbons of acetate located next to each other. 

To verify this hypothesis and to provide deep insights into the formation mechanism of malfilanol 

D, we carried out a feeding experiment with [1,2-13C2] acetate and interpreted the result (Figure 

3-12). 13C NMR shows signals of five coupling carbon pairs, i.e., C-1/C-2, C-3/C-15, C-5/C-6, C-

7/C-14, and C-11/C-12. These paired carbons can be easily assigned by their coupling constants. 

Signals of C-9 and C-10 appear indeed as singlets, supporting the carbon-carbon cleavage 

between C-9 and C-10 and being in agreement with the proposed mechanism depicted in Figure 

3-13.  

In summary, we characterized in this study a novel sesquiterpene cyclase from the ascomycetous 

fungus A. ustus in the biosynthesis of the less investigated bicyclo[5.4.0]undecane 

sesquiterpenes (Figure 3-13). Based on the results from 13C-labelling experiments, we proposed 

that the trans-allylic cation of FPP is first isomerized via NPP to cis-allylic cation.105 1,10-closure 

ring generates the Z/E-germacradienyl cation. Differing from the HcS-catalyzed direct 1,11-

closure, 1,2-alkyl shift of this cation leads to ring expansion with eleven carbon atoms instead of 

the previous ten carbon atoms. C-11 is incorporated between C-9 and C-10 in the cyclized 

carbocation intermediate I. This feature is also congruent with the results obtained from labelling 

experiments with [1-13C] and [2-13C] acetate. Successive 1,2-hydride transfer, C-1 to C-6 ring 

closure, and capture of water provide the final product malfilanol D. This study expands our 

knowledge about sesquiterpene cyclases and provides deep insights into a new cyclization 

mechanism. 
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Figure 3-12. 13C NMR spectra of malfilanol D obtained from cultures without and with 
feeding 13C-labelled acetates. 
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For details on this section, please see publications (Section 4). 

 

  

Figure 3-13.  Proposed formation mechanism of malfilanol D from 

FPP catalyzed by MfdS. 
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4 Publications 

4.1 Biosynthesis of viridicatol in Penicillium palitans implies a cytochrome P450-

mediated meta-hydroxylation at a monoalkylated benzene ring 
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