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‘‘We often think of peace as the absence of war, that if powerful countries would reduce their 

weapon arsenals, we could have peace. But if we look deeply into the weapons, we see our own 

minds –our own prejudices, fears and ignorance. 

Even if we transport all the bombs to the moon, the roots of war and the roots of bombs are still 

there, in our hearts and minds, and sooner or later we will make new bombs. 

To work for peace is to uproot war from ourselves and from the hearts of men and women. ’’ 

 Thich Nhat Hanh (1926-2022)  
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Summary 

 

The global fungal kingdom is remaining a huge and untapped source of natural products with only 

approximately 7% of over 1.5 million species occurring worldwide known to science. Fungal 

secondary metabolites are playing vital roles in the drug discovery and development process, as 

well as in agricultural application. Thus, the general objective of the present thesis was the isolation 

and identification of new natural products from fungal sources, focusing on the species of the two 

genera Cortinarius and Sepedonium, in order to find potential lead compounds for drug 

development and agricultural fungicides. 

Cortinarius (Pers.) Gray (Agaricales, Basidiomycota) is one of the most species-rich, abundant 

and widespread ectomycorrhizal agaric genera, with more than 5600 epithets published to date. 

Herein, the pigment composition of basidiocarps from two Cortinarius species was studied under 

various aspects. Four new diterpenoids, named pyromyxones A-D (3.1-3.4), were isolated from 

fruiting bodies of C. pyromyxa, while three novel purpurascenines A-C (4.1-4.3) together with the 

new-to-nature 7-hydroxytryptophan (4.4) as well as adenosine (4.5) and riboflavin (4.6) were 

detected from fruiting bodies of C. purpurascens. The absolute configurations of the new 

pyromyxones A-D (3.1-3.4) and purpurascenines A-C (4.1-4.3) were established with the aid of 

quantum chemical CD calculation.  

In addition, the biosythesis of purpurascenine A (4.1) was investigated by in vivo feeding 

experiments using 13C labeled sodium pyruvate, alanine, and sodium acetate applied on fruiting 

bodies of C. purpurascens in combination with the analysis of spectroscopic data. In the 

experiments with [3-13C]-pyruvate, the dramatic enrichment of 13C was observed, compared to the 

abundance of 13C in unlabeled control or from the other labeled samples, allowing to propose a 

biosynthetic route of purpurascenine A (4.1), and consequently also that of purpurascenine B and 

C (4.2-4.3), via a direct Pictet-Spengler reaction between the respective-keto acid and  

7-hydroxytryptophan (4.4). 

Furthermore, pyromyxones A (3.1), B (3.2), and D (3.4) were evaluated for their inhibitory 

effects against gram-positive Bacillus subtilis and gram-negative Aliivibrio fischeri as well as the 

phytopathogenic fungi Botrytis cinerea, Septoria tritici and Phytophthora infestans, showing weak 

antimicrobial activity. Additionally, a new functional reporter gene assay was established 

indicating the ability of purpurascenine A (4.1) to antagonize the constitutive activity of the 5-HT2A 

G protein-coupled receptor.   

Beside the fruiting bodies, the semi-solid cultures of one Sepedonium species were also 

investigated for their chemical constituents. Two new peptaibols, named ampullosporin F (5.1) and 

G (5.2), together with two described peptaibols, ampullosporin A (5.3) and peptaibolin (5.4), as 

well as three known cyclopeptides, chrysosporide (5.5), c(Trp-Ser) (5.6) and c(Trp-Ala) (5.7), have 

been isolated from the culture of Sepedonium ampullosporum Damon KSH534. The total synthesis 

of 5.1 and 5.2 was carried out on solid-phase to confirm the absolute configuration of all chiral 

amino acids as L.  



 

XII 
 

Ampullosporins (5.1–5.3) were examined for their biological activities. Ampullosporins (5.1–

5.3) exhibited significant antifungal activity against B. cinerea and P. infestans, but were inactive 

against S. tritici. Likewise, the peptaibols (5.1–5.3) also showed potent anticancer activities against 

human prostate (PC-3) and colorectal (HT-29) cancer cells, whereby the antiproliferative IC50 

values were detected to be by twofold better for ampullosporin F (5.1) and G (5.2) than for 

ampullosporin A (5.3). Therefore, a molecular docking study was performed in silico 

demonstrating the better binding capacity of 5.1 and 5.2 than 5.3 to hydrophobic clefts of the N-

methyl-D-aspartate receptor corresponding to the structure-activity correlation of the 

ampullosporins (5.1–5.3).  
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Zusammenfassung 

Das Pilzreich ist nach wie vor eine riesige und wenig genutzte Quelle für Naturstoffe, wobei nur 

etwa 7 % der weltweit über 1,5 Millionen vorkommenden Pilz-Arten bisher überhaupt beschrieben 

sind. Sekundärmetaboliten aus Pilzen spielen als Leitstrukturen nach wie vor eine wichtige Rolle 

bei der Entwicklung neuer Arzneimittel und Agrochemikalien. Die vorliegende 

Dissertationsschrift beinhaltet  die Isolierung und Charakterisierung neuer (bioaktiver) Naturstoffe 

aus Pilzen der Gattungen Cortinarius und Sepedonium.  

Die Gattung Cortinarius (Pers.) Gray (Agaricales, Basidiomycota) ist eine der artenreichsten 

und am weitesten verbreiteten Pilzgattungen. Bisher sind mehr als  5.600 Epitheta in der Literatur 

genannt. Im Rahmen dieser Arbeit wurden Fruchtkörper zweier Cortinarius Arten auf ihre 

(bioaktiven) Sekundärmetaboliten untersucht. Aus Fruchtkörpern der chilenischen Art C. 

pyromyxa wurden vier neue Diterpenoide, bezeichnet als Pyromyxone A-D (3.1-3.4) isoliert und 

in ihrer Struktur geklärt. Aus Fruchtkörpern von C. purpurascens wurden drei neuen 

Verbindungen, bezeichnet als Purpurascenine A-C (4.1-4.3), zusammen mit den bekannten 

Verbindungen Adenosin (4.5) und Riboflavin (4.6) isoliert und charakterisiert. Erstmals aus einer 

natürlichen Quelle konnte 7-Hydroxytryptophan (4.4) isoliert werden. Die absoluten Konfiguration 

der neuen Pyromyxone A-D (3.1-3.4) und Purpurascenine A-C (4.1-4.3) wurden mit Hilfe 

quantenchemischer CD-Berechnungen ermittelt.  

Die Biosynthese von Purpurascenin A (4.1) wurde durch in-vivo-Verimpfungsexperimente an 

Fruchtkörpern von C. purpurascens mit 13C-markierten Biosynthesevorläufern wie 

Natriumpyruvat, Alanin und Natriumacetat in Kombination mit spektroskopischen Methoden 

untersucht. Bei den Verfütterungsversuchen mit [3-13C]-Pyruvat wurde eine drastische 

Anreicherung von 13C beobachtet. Dies ermöglichte es, einen Biosyntheseweg von Purpurascenin 

A (4.1) und damit auch für Purpurascenin B und C (4.2-4.3) über eine direkte Pictet-Spengler-

Reaktion der korrespondierenden α-Ketosäure mit 7-Hydroxytryptophan (4.4) vorzuschlagen. 

Darüber hinaus wurden die Pyromyxone A (3.1), B (3.2) und D (3.4) auf ihre bakterizide 

Wirkung gegen das gram-positive Bakterium Bacillus subtilis und das gram-negative Bakterium 

Aliivibrio fischeri sowie auf ihre fungizide Wirkung gegen die phytopathogenen Pilze Botrytis 

cinerea, Septoria tritici und Phytophthora infestans untersucht. Hier zeigten die Pyromyxone A 

(3.1), B (3.2) und D (3.4) nur geringe Aktivitäten. In einem Reportergen-Assay zeigte 

Purpurascenin A (4.1) eine antagonistische Wirkung gegen die konstitutive Aktivität des G-

Protein-gekoppelten 5-HT2A-Rezeptors.   

Neben Pilzfruchtkörpern wurden auch Kulturen von Sepedonium ampullosporum auf ihre 

Sekundärmetaboliten untersucht. Zwei neue Peptaibole, benannt Ampullosporin F (5.1) und G 

(5.2) wurden zusammen mit zwei bekannten Peptaibolen, Ampullosporin A (5.3) und Peptaibolin 

(5. 4) isoliert und charakterisiert. Zusätzlich konnten die drei bekannten Cyclopeptide 

Chrysosporid (5.5), c(Trp-Ser) (5.6) und c(Trp-Ala) (5.7) erstmals in  Sepedonium ampullosporum 

nachgewiesen werden. Durch  Totalsynthese von 5.1 und 5.2 konnte die absolute Konfiguration 

der chiralen Aminosäuren als L bestätigt werden.  
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Die Ampullosporine (5.1-5.3) wurden auf ihre biologischen Aktivitäten untersucht. Die 

Ampullosporine (5.1-5.3) zeigten eine signifikante fungizide Aktivität gegen die phytopathogenen 

Pilze B. cinerea und P. infestans, waren aber inaktiv gegen S. tritici. Weiterhin zeichnen sich die 

Peptaibole (5.1-5.3) durch hohe Aktivitäten gegen menschliche Prostata- (PC-3) und 

Darmkrebszellen (HT-29) aus, wobei die IC50-Werte für Ampullosporin F (5.1) und G (5.2) um 

das doppelte höher lagen als für Ampullosporin A (5.3). Wie in silico Docking-Studie zeigten, 

binden  5.1 und 5.2 besser als 5.3 an hydrophobe Bereiche des N-Methyl-D-Aspartat Rezeptors. 
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Chapter 1 
 

Introduction and objectives 

 

The global fungal kingdom is remaining a huge and largely untapped source of natural products 

with only approximately 7% of over 1.5 million species occurring worldwide known to science 

(Bass and Richards, 2011; Cadelis et al., 2020; Hibbett et al., 2007). In human life, fungi e.g. 

Ganoderma spp. have been used for thousands of years in folk medicine. However, one of the first 

documented chemical studies on mushroom fruiting bodies, which resulted in the isolation of 

quinoid pigments, was published just around 1877 by Stahlschmidt and Thörner (Stadler and 

Hoffmeister, 2015). Since then, fungi have been exploited as the prolific source of secondary 

metabolites, especially during the recent decades, because of various technological advances 

(Cadelis et al., 2020).  

Fungal secondary metabolites, which mostly possess unique chemical structures, are diverse, 

and can be classified as polyketides (PK), non-ribosomal peptides (NRP), ribosomal peptides, PK-

NRP hybrids, indole alkaloids, and terpenoids, due to their biosynthetic pathway (Bhattarai et al., 

2021; Stadler and Hoffmeister, 2015). In addition, fungal natural products also display a broad 

range of bioactivities e.g. antibiotic, cytotoxic, and antifungal activities (Bhattarai et al., 2021; 

Cadelis et al., 2020; Chen and Liu, 2017; Gill, 1994, 1996, 1999, 2003; Jiang et al., 2011; Liu, 

2005, 2007; Zhou and Liu, 2010). Therefore, fungal natural products, together with their 

counterparts from plant and bacterial sources, are playing vital roles in the drug discovery and 

development process, as well as in agricultural application (Beutler, 2019; Bhattarai et al., 2021; 

Newman and Cragg, 2016, 2020).  

One of the earliest prominent example is penicillin, which revolutionized the treatment of 

bacterial infections. In 2020, the global antibiotics market size was valued at USD 40.7 billion, of 

which penicillin contributed to the largest proportion of 23.9% and is expected to dominate the 

market in years afterwards. Penicillin drugs form the first line of choice in treating infections 

(2021).  

Penicillin (i.e. penicillin G 1.1), the antibiotic blockbuster, was first discovered from a green 

mold closely related to Penicillium notatum by Flemming in 1929 to have promising antibacterial 

properties, and then isolated by Chain et al. in 1940 (Chain et al., 1940). After that, production 

methods were improved, and penicillin could be manufactured in mass quantities by 1950 (Bardal 

et al., 2011). At the same time, since chemical structure of penicillin was established, semi-

synthesis works were exploited to expand penicillin from a single drug to a range of semi-synthetic 

derivatives (e.g. methicillin 1.2 and ampicillin 1.3). The antibiotic nature of penicillin is because 

of a β-lactam ring, hence most of the synthetic derivatives were modified on the side chain, leading 

to four generations of penicillin (Figure 1.1). The aim of modification is to either develop a steric 

hindrance and stabilize the β-lactam ring breakers or improve compound’s permeability through 

bacterial cell wall, which ultimately contribute to a broad spectrum of activity. The natural and 
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semi-synthetic penicillin constituted a class of antibacterial drugs, the so-called beta-lactams, 

which comprise over 60% of antibiotics for human use (Bhattarai et al., 2021; Ribeiro da Cunha et 

al., 2019).   

 

Figure 1.1. Structures of penicillin generations highlighting their featured -lactam ring (red) and 

side chain (blue) adapted from Lobanovska and Pilla (2017). 

The discovery and development of penicillin have paved the way for tremendous attention on 

metabolites from microbial origin to identify other antibiotics (Beutler, 2019; Bhattarai et al., 

2021). Especially the period between 1940 and 1960 was referred to as the antibiotic golden age, 

in which most of the currently used antibiotic classes were identified (Ribeiro da Cunha et al., 

2019). Thanks to this exploration of antibiotics, infectious diseases were optimistically believed to 

be a controlled health public issue (Ribeiro da Cunha et al., 2019). Unfortunately, antibiotic 

resistance has recently become a severe global health crisis as the consequence of multiple factors, 

ranging from high rates of antimicrobial prescriptions over antibiotic mismanagement (self-

medication or interruption of therapy) to large-scale antibiotics which are used as growth promotors 

in livestock farming (Rather et al., 2017; Ribeiro da Cunha et al., 2019). Therefore, there is 

increasing need for continuous research to discover new antibiotics that hopefully can swing the 

war on infectious diseases back in our favor. 

Beside penicillin, taxol also nicely illustrates the contribution of fungi as sources to enhance 

production of bioactive compounds to create drugs against cancer. Taxol global sales have been in 

the millions since it began to be marketed, reaching USD 1.5 billion in 2000. Over the years, taxol 
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and its alternative formulations (e.g. the nano-albumin-bound paclitaxel abraxane) have become 

one of the most-used agents for cancer treatment (Gallego-Jara et al., 2020). 

 

Scheme 1.1. Taxol biosynthetic pathway, adapted from Gallego-Jara et al. (2020). IDI: 

Isopentenyldiphosphate isomerase; GPPs: geranylpyrophosphate synthase; GGPPs: 

geranylgeranylpyrophosphate synthase. 

Taxol (1.6), which has the generic name paclitaxel, was first isolated from stem bark of the 

Pacific yew tree Taxus brevifolia as a potent anticancer drug by Hartwell in the 1960s (Gallego-

Jara et al., 2020). The presence of this active compound was also reported from several other Taxus 

species like T. cuspidata and T. baccata. However, the yield of taxol from natural extracts is very 

low that to treat a patient with 2g of taxol, four trees have to be felled (Gallego-Jara et al., 2020). 

In 1971, the structure of taxol was established as a tricyclic diterpenoid with a complex chemical 

structure bearing a taxane ring by Wani et al. (Wani et al., 1971). This opened hopes for increasing 

the production of taxol by synthesis. Unfortunately, due to the complexity of the structure, the 

synthesis routes for taxol are normally very complex and expensive (Gallego-Jara et al., 2020; 

Wessjohann, 1998). Semi-synthesis was also considered. For instance, the semi-synthesis starting 

with taxol intermediates such as 10-deacetyl baccatin III (1.7), which could be isolated from the 

European yew Taxus baccata in a 10 times greater amount than taxol, was able to increase the yield 

of synthesis, but its production still relied on yew trees (Elsohly et al., 1994).  
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Alternatively, microbial fermentation is so far the most promising approach for cheaper and 

higher yield of taxol (Gallego-Jara et al., 2020). Particularly, isolation and identification of a taxol-

producing endophytic fungus is a very prospective and feasible approach for the large-scale 

production of taxol (Kumar et al., 2019). To date there have been around 200 endophytic fungi 

reported as taxol producers (Gallego-Jara et al., 2020). For example, taxol production was 

identified from some Aspergillus sp.: A. flavipes (185 µg/L), A. aculeatinus (1.3 mg/L), A. oryzae 

(95 µg/L) (Gallego-Jara et al., 2020). And recently, the highest production of taxol (1.6 mg/L) was 

observed from A. fumigatus, an endophytic fungus isolated from Indian Taxus sp. by Kumar et al. 

in 2019 (Kumar et al., 2019). The main challenge of this approach is the loss of taxol productivity 

after multiple subcultures. This could be faced by optimizing the fermentation conditions (Gallego-

Jara et al., 2020), while further research on endophytic fungi to identify the more productive source 

of taxol is obviously necessary. 

While the vital roles of fungal secondary metabolites in drug development is undeniable, their 

use as leading structures for agricultural fungicides should not be neglected. The excellent example 

for this is strobilurin, the mother compound of a new important class of agricultural fungicides. 

The discovery of strobilurin was inspired by a group of natural -methoxyacrylates (Bartlett et al., 

2002). The first and simplest natural substances of this class are strobilurin A (1.8) and B (1.9) 

isolated from the pinecones fungus Strobilurus tenacellus in 1977, which were found to be highly 

active against yeast and various filamentous fungi (Anke et al., 1977). Although these natural 

substances were not yet suitable as agricultural fungicides, their structures and properties had 

provided a useful starting point for many research programs from industrial companies and 

research institutes to develop strobilurins as fungicides (Bartlett et al., 2002; Sauter et al., 1999). 

Until 1999, well over 30,000 strobilurin analogues were synthesized (e.g. azoxystrobin 1.10, 

kresoxim-methyl 1.11) (Sauter et al., 1999), and the sales of strobilurin related fungicides reached 

approximately USD 620 million, representing over 10% of the global fungicide market in this year, 

only 4 years after the first sale (Bartlett et al., 2002). Especially the biggest contribution (USD 415 

million) was from sales of azoxystrobin (1.10) itself, recording this compound as the world’s 

biggest selling fungicide in the year 1999 (Bartlett et al., 2002). Nowadays, strobilurin fungicides 

are globally used to combat white mold, rot, early and late leaf spot, rusts and rice blast for cereals, 

turfgrass, grapevines, potatoes, and fruit, nut and vegetable crops (Bartlett et al., 2002; Feng et al., 

2020). 

 
However, like the other fungicides, the intensive/large-scale application of strobilurin related 

fungicides in agricultural fields has increased both resistance and contamination of the surrounding 
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soil/water environments (Feng et al., 2020). To tackle the latter problem, the degradation of 

strobilurins was considered. Strobilurins can be degraded either through biotic or abiotic 

approaches, of which the microbial degradation using microorganisms like Bacillus, Pseudomonas, 

Klebsiella, Stenotrophomonas, Arthrobacter, Rhodanobacter, Cupriavidus, and Aphanoascus is 

emerging as an efficient and cost-effective bioremediation (Feng et al., 2020). However, 

strobilurins, as well as agricultural fungicides in general, should be used carefully and according 

to the manufacturer’s recommendations. Also, there is still a need for better and/or environmentally 

friendlier fungicidal agents, which are highly likely inspired by natural sources such as fungi and 

plants. 

Thus, the general objective of the present thesis was the isolation and identification of new 

natural products from fungal sources, focusing on the species of the two genera Cortinarius and 

Sepedonium, in order to find potential lead compounds for drug development and agricultural 

fungicides. Specifically, the main aim of this thesis is to deal with the following topics: 

- Isolation and characterization of new compounds from fruiting bodies of two Cortinarius 

species as well as cultures of a Sepedonium species using chromatographic and 

spectroscopic methods 

- Identification of absolute configuration of isolated compounds by means of CD and 

quantum chemical calculation and/or synthesis  

- Study on the biosynthetic pathways of some selected compounds by feeding labelled 

precursors to the fungi  

- Evaluation of selected biological activities of isolated compounds, concentrating on 

antibacterial, anticancer and antifungal activities, as well as activities suggested by 

literature to be relavant to related structures. 
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Chapter 2 
 

General introduction 

 

2.1 Genus Cortinarius (Pers.) Gray 

2.1.1 Taxonomy 

Cortinarius (Pers.) Gray (Agaricales, Basidiomycota) is one of the most species-rich, abundant and 

widespread ectomycorrhizal agaricaceous genera. It is characterized by the fugacious veil forming 

a fine cob-web (“cortina”) between the stipe and pileus margin, as well as by the production of 

ornamented, cinnamon brown to fulvous basidiospores (Kirk et al., 2008). Another feature of 

Cortinarius spp. is the ectomycorrhizal association with a large diversity of trees and shrubs 

belonging to families like Betulaceae, Caesalpiniaceae, Cistaceae, Dipterocarpaceae, Fagaceae, 

Myrtaceae, Pinaceae, Rhamnaceae, Rosaceae Salicaceae and Nothofagaceae, as well as some 

herbaceous plants in the families Cyperaceae and Polygonaceae (Bidaud et al., 2021; Frøslev et al., 

2006; Niskanen, 2008; Xie et al., 2021). For the genus Cortinarius, there are more than 5,600 

epithets named to date (http://www.indexfungorum.org). Most of these species were described 

from Europe (over 1900 species), followed by North America (more than 500 species) and South 

America (around 270 species) (Bidaud et al., 2021; Garnica et al., 2002; Liimatainen et al., 2020; 

Salgado Salomon et al., 2021; San-Fabian et al., 2018; Soop, 2021; Soop et al., 2019). Besides, 

Cortinarius spp. were also known from Central America, Australasia, and Asia (e.g. Horak, 1983; 

Horak and Wood, 1990; Kuhdorf et al., 2016; Miyauchi, 2001; Naseer et al., 2020; Peintner et al., 

2003; Soop, 2017; Xie et al., 2021; Xie et al., 2020). 

 

Figure 2.1. Selected Cortinarius species. (A) C. balteatocumatilis; (B) C. diemii; (C) C. 

sulfureomyceilatus. (Photos: Dr. Norbert Arnold) 

The taxonomy of genus Cortinarius is very challenging and remaining controversially 

discussed. According to macro-morphological and ecological data, different infrageneric 

classification systems have been proposed for Cortinarius. Moser in Singer (1986) classified 

Cortinarius into eight subgenera (Cortinarius, Phlegmacium, Myxacium, Telamonia, Leprocybe, 

Sericeocybe, Cystogenes, and Paramyxacium; Figure 2.2) and regarded Dermocybe as a separate 

genus (Singer, 1986). However, there is underestimated or misinterpreted phenotypic plasticity and 

morphological convergence across the genus, resulting in the publication of many synonymous 
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names and misidentifications, and consequently leading to the acceptance of many unnatural higher 

taxa (e.g. Frøslev et al., 2006; Garnica et al., 2003a; Garnica et al., 2003b; Liimatainen et al., 2014; 

Niskanen et al., 2011; Peintner et al., 2004). 

 
Figure 2.2. Classification of the genus Cortinarius according to Singer (1986). 

Starting with the discovery of polymerase chain reaction, molecular phylogenetics primarily 

based on two rDNA loci (i.e. ITS and LSU) and two protein-coding genes (i.e. RNA polymerase 

II largest subunit RPB1 and DNA replication licensing factor MCM7) have been used to study the 

taxonomy of fungi (e.g. Asemaninejad et al., 2016; Garnica et al., 2016; Liimatainen et al., 2020; 

Soop et al., 2019; Stefani et al., 2014). The phylogenetic studies using molecular markers has been 

proven highly effective for species identification in the genus Cortinarius, and showed that many 

traditional infrageneric groups of this genus (e.g. Phlegmacium and Myxacium) are not 

monophyletic (e.g. Frøslev et al., 2006; Froslev et al., 2007; Garnica et al., 2016; Garnica et al., 

2003b; Liimatainen et al., 2014; Peintner, 2008; Peintner et al., 2004; Soop et al., 2019). 

Nevertheless, even for ITS, the most widely used gene region for studies at species rank, no 

consensus of the limits between the intra- and inter-specific variation exists to date, meaning that 

taxa can be overlooked or simply underestimated at low cut-off thresholds used for delimiting 

species (Garnica et al., 2016; Niskanen et al., 2011). Also, ITS sequences did not always 

differentiate the morphologically accepted species. For instance, C. atrovirens and C. 

ionocholorus, or C. xanthophyllus and C. claroflavus have distinguishable morphological 

characters but exhibited identical ITS regions, respectively (Froslev et al., 2007; Garnica et al., 

2005). Therefore, neither phylogenetic nor morphological/ecological data alone is sufficient for 

recognizing natural units in the genus Cortinarius.  

In addition, very recently Liimatainen and coworkers have revised the classification of the genus 

Cortinarius using a genomic approach (Liimatainen et al., 2022). Cortinarius, the only genus of 

Cortinariaceae family, is now divided into ten different genera – Cortinarius, Phlegmacium, 

Thaxterogaster, Calonarius, Aureonarius, Cystinarius, Volvanarius, Hygronarius, Mystinarius, 

and Austrocortinarius. However, there is time needed to know whether this revised classification 

is appropriate for this huge genus including its undescribed taxa.   

Nevertheless, there is hope that a more accurate classification of the genus can probably be 

achieved by conducting integrated morphological/ecological, molecular and so far neglected 
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chemical studies on secondary metabolites covering the whole systematic spectrum of Cortinarius 

species. 

2.1.2 Secondary metabolites and their biological activities 

Given the huge number of species, the genus Cortinarius chemically remains poorly investigated. 

For European taxa, the chemical structures, properties, and biosynthetic pathways were mainly 

studied by the Steglich group based on well-defined species (Gill and Steglich, 1987). For 

Australasian Cortinarius species, the chemical components and their bioactivities of were mainly 

reported by Gill and coworkers (Beattie et al., 2010; Gill, 1994, 1996, 1999, 2003; Keller et al., 

2002; Nicholas et al., 2001). However, little is known from the rest of this worldwide distributed 

genera (i.e. South American and Asian Cortinarius species). 

The secondary metabolites from Cortinarius species are very diverse. The majority of them 

belongs to the class of polyketides, including naphthoquinones, monomeric and dimeric pre-

anthraquinones and anthraquinones, as well as xanthone chromophores. The second biggest group 

of Cortinarius secondary metabolites are nitrogen heterocycles, comprising β-carbolines, N-

glucosyl-indole derivatives, bipyridine N-dioxides, dithiopyridine N-oxide metabolites, polyenes, 

quinolones, isoquinolines, sphingolipids, and pigments with 3,6,9-trimethylazuleno[4,5-b]furan-

2,7-dione moiety. Other constituents include a nitroaromatic compound, an aromatic 

aminoaldehyde, styrylpyrones, terpenoids, and iron (III) complexes (Chen and Liu, 2017; Gill, 

1994, 1996, 1999, 2001, 2003; Gill and Steglich, 1987; Jiang et al., 2011; Liu, 2005). Nevertheless, 

only a minor fraction of these compounds were known for their biological activities. Besides the 

major group polyketides, the chemical structure and biological activity as well as the biosynthesis 

(where possible) of selected nitrogen heterocycles and terpenoids will be discussed in this chapter 

due to their role as chemical markers of the genus or their relationship with compounds described 

in this thesis. 

2.1.2.1 Polyketides 

The genus Cortinarius is a great source of polyketide pigments, mostly consisting of heptaketides, 

octaketides, and nonaketides, which biosynthetically arise from the acetate-malonate pathway. 

In Cortinarius species, heptaketides are quite rare. So far, only two naphtoquinones (2.1) and 

(2.2), together with the ketone torachrysone-8-O-methyl ether (2.3) and its dimer rufoschweinitzin 

(2.4) were isolated from the mature fruit bodies of C. rufo-olivaceus (Gill and Steglich, 1987; 

Thiele et al., 2020). Compound (2.3) is also present in cultures of C. orichalceus (Gill and Steglich, 

1987). 
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In contrast, octaketide (pre-)anthraquinone pigments, found in great variety in toadstools of 

Cortinarius species, form the largest and most important compound class providing valuable aid 

to the taxonomy of this genus. A plausible biosynthetic relationship between various pre-

anthraquinones and anthraquinones was proposed, and confirmed by works of Steglich and Gill 

groups (Figure 2.3) (Gill, 2001; Gill and Steglich, 1987). 

 

Figure 2.3. Biosynthesis of octaketide derivatives from Cortinarius species according to Gill and 

Steglich (1987). 

Among the dimeric pre-anthraquinones, rufoolivacin-type compounds (e.g. rufoolivacins A 

(2.15) – D (2.18)) are unique and seems to be characteristic for the mushroom C. rufo-olivaceus 

(Gao et al., 2010; Gill and Steglich, 1987; Zhang et al., 2009). Instead of two pre-anthraquinone 

units, their structures are composed of a ketone torachrysone-8-O-methyl ether (2.3), which was 

also isolated from this species, and a 1,2- or 1,4-anthracenequinone. Besides, other octaketides 

including torosachrysone-8-O-methyl ether (2.19), physcion (2.20), 6,8-dimethoxy-3-

methylanthraquinone (2.21) and citreosein-6,8-dimethyl ether (2.22), sinapiquinone (2.23), and  
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anhydroflavomannin-9,10-quinone (2.24) were also present from a species named C. rufo-

olivaceus (Gao et al., 2010).  

 

  

However, nonaketides, similar to heptaketides, were mainly observed from some European and 

North American Cortinarius species belonging to subgenus Leprocybe (e.g. C. cotoneus, C. 

melanotus, and C. venetus). The xanthone chromophores leprocybin (2.27) and its aglycone, 

leprocyboside (2.28), are responsible for the fluorescence of different fungi in subgenus Leprocybe 

under UV light. Together with the isolation of other leprocybin-related constituents (i.e. 
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leprovenetin (2.29), leprolutein (2.30), anhydroleprolutein (2.31), and leprophenone (2.32) from 

this subgenus, a biosynthesis inter-relationship of these Leprocybe pigments was confidently 

assumed (Figure 2.2) (Gill and Steglich, 1987). 

 

Polyketides with anthraquinone core structure are not only abundant in species of genus 

Cortinarius but also in other fungal genera and other natural sources such as plants, lichens, and 

marine sources, leading to various biological activities documented (Malik et al., 2021). For 

example, the monomeric anthraquinones emodin (2.8) and physcion (2.20) strongly inhibit the 

growth of the Gram-positive bacterium Staphylococcus aureus (IC50 0.7 and 23 µg/mL, 

respectively) and exhibited potency against the Gram-negative bacterium Pseudomonas 

aeruginosa (IC50 1.5 and 2.0 µg/mL, respectively) (Beattie et al., 2010). Furthermore, emodin (2.8) 

also displays a broad range of activities such as anticancer, cytotoxic, DNA and RNA precursor 

incorporation inhibitory, protein tyrosine kinase inhibitory, phytotoxic, mutagenicity inhibitory, 

anti-trichomonal, and antifungal activity (Ogwuru and Adamczeski, 2000). Likewise, the dimeric 

anthraquinone hypericin (2.25), a multifunctional agent in drug and medicinal applications, exhibit 

antidepressive, antineoplastic, antitumor and antiviral activity (Kubin et al., 2005). In addition, 

hypericin (2.25) and 7,7’-biphyscion (2.26) were recently shown to be promising novel therapeutic 

and diagnostic agent in treatment and detection of cancer due to their photodynamic activation of 

free radical production (Hammerle et al., 2021a; Hammerle et al., 2021b; Kubin et al., 2005). 

2.1.2.2 Nitrogen heterocycles 

Nitrogen heterocycles represent the second biggest group, of secondary metaboltites from 

Cortinarius species, but to a far lesser extent than polyketides. They can be classified as  

β-carbolines, N-glucosyl-indole derivatives, nephrotoxic bipyridine N-dioxides, dithiopyridine  

N-oxide metabolites, polyenes, quinolones, isoquinolines, sphingolipids, and pigments with 3,6,9-
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trimethylazuleno[4,5-b]furan-2,7-dione structure. Among them, the first five compound classes 

and their biological behaviors are discussed here. 

Five β-carboline alkaloids, including three fluorescent compounds infractin (2.33),  

6-hydroxyinfractin (2.34), and -carboline-1-propionic acid (2.35) together with the bitter principle 

infractopicrin (2.36) and its derivative 10-hydroxyinfractopicrin (2.37), are responsible for the 

fluorescence and bitter taste of the flesh of the toadstool C. infractus (Geissler et al., 2010; Gill and 

Steglich, 1987; Steglich, 1994). Both compounds 2.36 and 2.37 exhibit acetylcholinestearase 

(AChE)-inhibitory effect (IC50 9.7 and 12.7 µM, respectively) in the similar capacity as the 

approved drug against Alzheimer’s disease, galanthamine (IC50 8.7 µM). Interestingly, for 

butyrylcholinestearase (BChE) no inhibition of infractopicrin (2.36) and 10-hydroxyinfractopicrin 

(2.37) could be detected up to the concentration of 100 µM, indicating their higher selectivity than 

galanthamine (IC50 24.4 µM against BChE), and hence, their potential for drugs against 

Alzheimer’s disease (Geissler et al., 2010). 

A fluorescence-guided isolation of the methanol extract of C. brunneus had led to the 

purification of further four β-carbolines, named brunnein A (2.38) – C (2.40) and 3-(7-hydroxy-

9H--carboline-1-yl)propanoic acid (2.41). Brunnein A (2.38) shows very low inhibition against 

both AChE and BChE (IC50 >100 µM) and no cytotoxicity against human prostate (PC-3) cancer 

cells (Teichert et al., 2007). 

Besides, four N-glucosyl-indole alkaloids (i.e. N-1--glucopyranosyl-3-methoxymethyl-1H-

indole (2.42), N-1--glucopyranosyl-1H-indole-3-carbaldehyde (2.43), N-1--glucopyranosyl-1H-

indole-3-acetic acid (2.44), and methyl N-1--glucopyranosyl-1H-indole-3-acetate (2.45)) were 

also isolated in the methanol extract of C. brunneus. Due to its structural similarity to 1H-indole-

3-acetic acid (IAA; auxin), a plant-growth regulator, compound 2.44 was tested in a modified 

Arabidopsis thaliana tap root elongation assay, but shows no auxin-like activity. This suggests that 

compound 2.44 may either act as an inactive transport or storage form of IAA in the fungus  

C. brunneus, or it is merely a detoxification product when IAA is no longer needed (Teichert et al., 

2008). 

The mushroom genus Cortinarius (e.g. C. orellanus and C. speciosissimus) is also well-known 

and well-documented for the toxicity. Toxins causing the toxicity of these species were assigned 

as the mono- and bis-N-oxides named orellanine (2.46) and orellinine (2.47) (Antkowiak and 

Gessner, 1979). The former nephrotoxic substance orellanine (2.46) eliminated oxygen by slow 

heating at 150 C or sunlight to form orellinine (2.47), and finally the nontoxic bipyridyl orelline 

(2.48), which exists as a minor constituent of the mushrooms C. orellanus and C. speciosissimus 

(Antkowiak and Gessner, 1985). Orellanine (2.46) was also detected in other Cortinarius species 

like C. orellanoides and C. rainierensis (Gill and Steglich, 1987). 
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In 2003, based on the presence of 3,4.dihydroxypyridine-2-carboxylic acid (2.49) and  

3-hydroxy-1H-pyridine-4-one (2.50) in the acidified methanolic extract of C. orellanus as well as 

the isolation of orellanine-4,4’-di--D-glucopyranoside (2.51) after feeding C. speciosissimus with 

[U-13C]glucose, the biosynthesis of orellanine (2.46) starting from anthranillic acid could be 

unambiguously proposed by Spiteller and coworkers (Figure 2.5) (Spiteller et al., 2003).  

 

Figure 2.5. Biosynthesis of orellanine (44) according to Spiteller et al. (2003). 

2.1.2.3 Terpenoids 

Terpenoids is the most diverse compound class in higher fungi (e.g. Russula and Garnoderma) not 

only because of their overall number but also the range of structural scaffolds (Chen and Liu, 2017). 

Nonetheless, this type of compounds is seldom found from the genus Cortinarius, with only three 

reports so far (Gill, 1999; Nicholas, 1998; Sontag et al., 1999; Steglich et al., 1990). 

Firstly, the extremely bitter triterpenoid crystallopicrin (2.52) and its deoxy derivative (2.53) 

were isolated from the viscid caps of C. crystallinus, C. croceo-coeruleus, and C. vibratilis. This 

bitter principle (2.52) may act as the protector of these fungi from insects and other fungivores 

(Steglich et al., 1990). 

Secondly, six sesquiternene chromogens, named sodagnitins A (2.54) – F (2.59), were detected 

to be responsible for the remarkable ink-red color reaction of the toadstools C. sodagnitus,  
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C. fulvoincarnatus, and C. acuatorum when treated with aqueous base (Sontag et al., 1999). 

Sodagnitin A and C exhibit antimicrobial activity against Bacillus subtilis, Bacillus brevis and 

Nematospora coryli at concentration from 5 µg/disc, as well as cytotoxicity against L 1210 tumor 

cells at concentration higher than 1 and 5 µg/mL, respectively (Sontag et al., 1999).  

Finally, two other sesquiterpenoids, rotundidines A (2.60) and B (2.61), were isolated from the 

cytotoxic extract of C. rotundisporus. Both compounds showed moderate cytotoxicity against the 

P388 cell line (IC50 150 and 120 ng/mL, respectively) and against the host cells of the antiviral, 

with a visual description of type 12 (large scuffy cells) (Nicholas, 1998). 

 

2.1.2.4 Polyenes 

Until now, polyene pigments documented in Cortinarius are only scaurins A (2.62) and B (2.63) 

from the fruiting bodies of C. scaurus, a fungus that grows abundantly in Sphagnum bogs in the 

European Alps (Gill, 2003). 

 

2.1.3 Cortinarius pyromyxa M. M. Moser and E. Horak 

Cortinarius pyromyxa M. M. Moser & E. Horak (Cortinariaceae) was described first in two 

collections from Argentinian Patagonia (Moser and Horak, 1975), and then in one collection from 

Chile (Garrido, 1988). In all reported collections, fruiting bodies of C. pyromyxa grow under 

Nothofagus dombeyi (Figure 2.6A). The gelatinous cap is 7 – 33 mm in diameter, and ochre-brown 
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in the center reducing to ochre towards the margin. The sticky cylindrical stem is 40 – 73 mm long, 

3 – 10 mm thick, and ochre but orange fronting the base. The yellow lamellae is mixed, crowded, 

and is bent back and forth towards the margin. By treating with KOH, the cap, stem and flesh turn 

to dark red-brown (Figure 2.6B). The reddish brown and elliptic to almond-shaped spores are 9-10 

µm long and 5-6 µm wide, while the basidia are 30-47 µm long and 6-7 µm wide. 

 

Figure 2.6. Cortinarius pyromyxa M. M. Moser & E. Horak. (A) Basidiocarps (Araucania, Chile); 

(B) the cap, stem and flesh turn dark red-brown after treatment with KOH.  

Due to its macro- and microscopic characters, C. pyromyxa was considered typical for section 

Pyromyxa within subgenus Myxacium, which also includes the Australian species C. erythraeus 

and C. sinapicolor (Moser and Horak, 1975). On the one hand, later studies showed that  

C. erythraeus, which exclusively enters ectomycorrhiza with Eucalyptus instead of Nothofagus, 

actually does not belong to the section Pyromyxa (Horak and Wood, 1990). Recently, investigated 

ITS sequences indicated that the Australian species C. erythraeus should be inserted into section 

Delibuti within the subgenus Myxacium (Garnica et al., 2016). On the other hand, ITS sequence 

data of C. sinapicolor fairly resemble that of some species of subgenus Phlegmacium (e.g. C. 

ponderosus and C. effundens) (Garnica et al., 2016). Interestingly, the occurrence of dimeric 

dihydroanthracenone pigments in fruiting bodies of C. sinapicolor also suggests a relation between 

this mushroom and species of the subgenus Phlegmacium (Elsworth et al., 1999). Therefore, C. 

pyromyxa seems to be monotypic in section Pyromyxa within subgenus Myxacium. 

2.1.4 Cortiarius purpurascens Fr. 

Fruiting bodies of C. purpurascens Fr. usually grow in coniferous forest (Abies, Cedrus, Picea, 

Pinus) on limestone, but also in deciduous forest (Castanea, Fagus, Quercus) and under Cistus, on 

non-calcareous soils, in southern and central Europe as well as in Scandinavia (Figure 2.7A) (Saar 

et al., 2014). The slimy cap can be up to 10 cm in diameter and gray-blue, purple-blue, purple-

brown or olive-brown in color. The blue-purple and white-flecked bulbous stipe is up to 9 cm long 

and 2.2 cm thick, with a purple to violet velum on tuber margin towards the base often found for 

young fruit bodies. By pressing or cutting, the stipe turns purple (Figure 2.7A). The crowded 

lamellae are violet-blue to violet-gray when young, turning violet on pressure. The mushroom has 

a mild taste and honey-like to mushroom-like odor. Treating the flesh with KOH causes no color 
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reaction or, sometimes, change to yellow-brownish, whereas the cap turns brown or even red tones. 

Adding Lugol causes wine reddish to purplish color on the cap and flesh (Figure 2.7B). The flesh 

showed blue-green fluorescence under UV light ( = 366 nm) (Figure 2.7C-D). The elliptical or 

almond-shaped spores are 7.2-8.8 µm long, 4.5-5.3 µm wide, and strong to coarse black (Saar et 

al., 2014). 

 

Figure 2.7. Cortinarius purpurascens Fr. (A) basidiocarps in Bavaria, Germany, the stem turns 

violet by pressing (middle basidiocarp) or cutting (right basidiocarp); (B) the flesh (right 

basidiocarp) turns violet after treatment with Lugol; (C) the flesh under white light; (D) the flesh 

under UV light ( = 366 nm). 

C. purpurascens Fr. was inserted in “Sektion Laeticolores” as “Kreis Purpurascens” within the 

subsection Purpurascentes, which also contains the “Kreis Scaurum” (Moser, 1960). However, 

molecular genetic analyses have shown that these “Kreises” are two well-defined monophyletic 

groups within the genus Cortinarius (Garnica et al., 2005). Therefore, C. purpurascens is totally 

different from the considered sister species, C. scaurus. In 1990s, C. scaurus was inserted in the 

newly established section Scauri, while C. purpurascens was transferred to the section 

Subpurpurascentes within the subgenus Phlegmacium in 2009 (Bidaud et al., 2009; Brandrud et 

al., 1990-1998). However, in 2014 C. purpurascens was assigned to section Purpurascentes (within 

subgenus Phlegmacium) together with other four species from Europe, three species from New 

Zealand, and seven from Australia (Saar et al., 2014). 
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Very recently, in the revised classification of genus Cortinarius, was C. purpurascens renamed 

as Thaxterogaster purpurascens and inserted into genus Thaxterogaster, subgenus Scauri, which 

comprises the previous Scauri and Purpurascentes sections (Liimatainen et al., 2022). 

 

2.2 Genus Sepedonium Link 

2.2.1 Taxonomy 

The anamorphic genus Sepedonium (teleomorph Hypocrea, Ascomycota) was established by H.F. 

Link in 1809 and restricted to mold-like fungal parasites. Nowadays, species of this anamorphic 

genus is limited to mycophylic fungi with two synanamorphs including aleurioconidia (for 

persistence) and phialoconidia (for fast propagation) (Sahr, 1999). Sepedonium species distributed 

worldwide (e.g. Europe, America, Australasia and Asia) (Rogerson and Samuels, 1989; Sahr, 

1999). The preferred hosts of Sepedonium species are genera within Boletales, (e.g. Boletus, 

Xerocomus, and Paxillus), where infections can cause up to total necrosis and usually form large 

quantities of yellow aleurioconidia (Neuhof et al., 2007). Interestingly, once infected by 

Sepedonium species, host fruiting bodies are rarely colonized by other parasitic microorganisms, 

not even by those known to be also associated to Boletales, suggesting the role of secondary 

metabolites produced by the mycoparasite as chemical defense (Yurkov et al., 2012).  

 

Figure 2.8. Sepedonium infection of (A) Xerocomus chrysenteron, (B) Paxilus involutus, and (C) 

Boletus loyita in nature. (Photos Dr. Norbert Arnold) 

Traditionally, Sepedonium species are classified according to morphological features like the 

shape, size and ornamentation of conidia and aleurioconidia, respectively, the architecture of 

conidiophores as well as in vitro culture characteristics. For instance, the type species S. 

chrysospermum (Bull.) Fr. is characterized by two types of spores: ellipsoidal to cylindrical, 

colorless, smooth-walled phialoconidia and globose, bright yellow, 14-21 µm in diameter 

aleurioconidia with a coarsely verrucose spore wall, both formed on verticillate conidiophores 

(Helfer, 1991; Mitova et al., 2006; Sahr, 1999). However, these observed morphological features 

are not always distinctive and mostly require the examination of live cultures (Damon, 1952; 

Helfer, 1991; Sahr, 1999). In recent years, as a complement to classical taxonomy, DNA-sequence-

based molecular phylogeny has been evaluated and proven a valuable tool to investigate the 

taxonomic position of Sepedonium species, whereby new species like S. laevigatum and S. loyorum 
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were detected (Binimelis-Salazar et al., 2021; Otto et al., 2016b; Sahr, 1999). So far, 58 epithets 

were named for genus Sepedonium in Index Fungorum (http://www.indexfungorum.org). 

2.2.2 Secondary metabolites and their biological activities 

In natural habitats, it was observed that Boletales fruiting bodies primarily infected by Sepedonium 

spp. are hardly ever colonized by other secondary fungal parasites competing with Sepedonium for 

host nutrients (Otto et al., 2016a). This intriguing monopoly of Sepedonium species is probably 

due to their secondary metabolites, which may act as chemical defenders against other 

microorganisms. Therefore, the secondary metabolites from genus Sepedonium are of interest to 

not only chemists but also pharmacists. Nevertheless, there are only few reports on chemical 

constituents of this genus to date, leading, however, to the identification of various compound 

classes such as peptaibols (Dornberger et al., 1995; Hulsmann et al., 1998; Kronen et al., 2001; 

Mitova et al., 2008; Neuhof et al., 2007; Otto et al., 2016a; Otto et al., 2016b; Ritzau et al., 1997; 

Stadler, 2001), cyclic peptides (Mitova et al., 2006), tropolones (Divekar et al., 1965; Divekar and 

Vining, 1964), anthraquinones (mono-, dimeric) (Shibata et al., 1957), isoquinoline alkaloids 

(Quang et al., 2010), and azaphilones (Closse and Hauser, 1973). Because peptaibols and cyclic 

peptides are related to compounds described in this thesis, the next part of this chapter is dedicated 

to them. 

2.2.2.1 Peptaibols 

As stated by Degenkolb and co-workers, pept”Aib”ols are linear peptides, which i) have a 

molecular weight between 500 and 2,200 Da, with 5–20 amino acid residues; ii) posess a high 

content of the marker -aminoisobutyric acid (Aib); iii) are featured by the presence of non-

proteinogenic amino acids (e.g. isovaline (Iva) and trans-4-hydroxy-L-proline (Hyp)) (Figure 2.9); 

iv) carry an acylated N-terminus, while the C-terminus is reduced to a 2-amino alcohol (e.g. 

leucinol (Leuol) and tryptophanol (Trpol)) (Degenkolb et al., 2003; Degenkolb and Brückner, 

2008). 

 

Figure 2.9. Selected non-proteinogenic amino acids occurring in peptaibols.  

So far, approximately 1,000 peptaibols were solely isolated from filamentous fungi (Iijima et 

al., 2017; Jiao et al., 2018; Kai et al., 2018; Katoch et al., 2019; Kim et al., 2021; Marik et al., 2018; 

Momose et al., 2019; Neumann et al., 2015; Rawa et al., 2021a; Rawa et al., 2021b; Rivera-Chavez 

et al., 2017; Sica et al., 2017; Touati et al., 2018; van Bohemen et al., 2021; Wu et al., 2021; Zhang 

et al., 2021). The majority (over 80%) of peptaibols was described for Trichoderma species 

(Speckbacher and Zeilinger, 2018), while the rest of this compound class was found from other 
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genera like Sepedonium, Gliocladium, Acremonium, Paecilomyces, Emericellopsis, Clonostachys, 

Tolypocladium, and Stilbella (Neuhof et al., 2007). According to their main chain length, peptaibols 

can be classified into three categories: short-chain (5–10 residues), medium-chain (11–16 

residues), and long-chain (17–20 residues) sequences (Degenkolb and Brückner, 2008). 

Although only several reports on chemical constituents of Sepedonium species were published, 

32 peptaibols were isolated and divided into three categories mentioned above (for peptaibol 

sequences, see Table A1, appendix).  

Peptaibolin (2.64), the shortest peptaibol so far with only 5 residues, was found in cultures of 

Sepedonium sp. HKI-0117 and S. ampullosporum HKI-0053, which showed moderate 

antimicrobial activity against Gram-positive bacterium Bacillus subtilis (MIC 100 µg/ml) and yeast 

Candida albicans (MIC 100 µg/ml) (Hulsmann et al., 1998). 

The medium-chain sequences were detected from fungal cultures of S. ampullosporum, S. 

chalcipori, and S. chrysospermum. Firstly, eight characteristic 15-residue peptaibols, named 

ampullosporins A (2.65) – D (2.68) and E1 (2.69) – E4 (2.72), besides peptaibolin (2.64), were 

isolated from cultures of S. ampullosporum HKI-0053 (Kronen et al., 2001; Ritzau et al., 1997). 

Among them, ampullosporin A (2.65) – D (2.68) displayed neuroleptic-like activity in mice and 

acted as inducers of pigment formation by the fungal strain of Phoma destructiva in the same 

manner as described for the immunosuppressant drug cyclosporin A (Kronen et al., 2001; Ritzau 

et al., 1997). Secondly, six 15-member sequences, including chalciporins A (2.73) and B (2.74), 

tylopeptins A (2.75) and B (2.76), together with chilenopeptins A (2.77) and B (2.78), were 

detected from solid-state cultures of different strains of S. chalcipori and closely related taxa 

(Neuhof et al., 2007; Otto et al., 2016b). It is noteworthy that tylopeptins A (2.75) and B (2.76) 

were first described for the Boletales basidiomycete Tylopilus neofelleus (Lee et al., 1999), but 

turned out to be produced by the ascomycete S. chalcipori parasitizing on Boletales hosts (Neuhof 

et al., 2007). Compounds 2.75 – 2.78 showed strong antifungal activity against Botrytis cinerea 

and Phytophthora infestans (IC50 5.3 – 17.8 µM) (Otto et al., 2016b). In addition, tylopeptins A 

(2.75) and B (2.76) also exhibited inhibitory effects against different Gram-positive bacteria like 

Bacillus subtilis, Staphylococcus aureus, and Corynebacterium lilium (Lee et al., 1999). Finally, 

the bioactivity-guided isolation on the cytotoxic crude extract of S. chrysospermum CANU E609 

yielded a medium-chain peptaibol, named chrysaibol (2.79), which displayed cytotoxic effect 

against the P388 murine leukemia cell line (IC50 6.6 µM) and potent antibacterial activity against 

Bacillus subtilis (IC50 1.5 µM) (Mitova et al., 2008). 

Furthermore, the long-chain peptaibols were derived from S. chrysospermum, S. microspermum 

and S. tulasneanum. Firstly, four 19-residue chrysospermins A (2.80) – D (2.83) were found from 

S. chrysospermum (teleomorph Apiocrea chrysosperma), showing antimicrobial activity against 

bacteria like Bacillus subtilis, Staphylococus aureus, and Klebsiella pneumoniae, as well as fungi 

Sporobolomyces salmonicolor (Dornberger et al., 1995). Secondly, the bioassay-guided isolation 

on fungal cultures of had led to the identification of a series 19-member peptaibols named 

microspermins A (2.84) – H (2.91), which strongly inhibited herpes simplex virus type 1 (HSV1) 

(IC50 0.5 – 2.0 µM) (Stadler, 2001). Finally, Otto et al. (2016) isolated tulasporins A (2.92) – D 
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(2.95) with 19 amino acid residues from semi-solid cultures of S. tulasneanum. Compounds 2.92 – 

2.95 exhibited potent fungal inhibitory effects against Botrytis cinerea and Phytophthora infestans 

(IC50 3.7 – 22.6 µM). 

Similar to other microbial peptides, peptaibols are biosynthesized by non-ribosomal peptide 

synthetases (NRPS), enzymes that are characterized by the core domains for adenylation, thiolation 

and condensation, producing the peptide in one by one steps (Figure 2.10) (Llewellyn and Spencer, 

2007; Speckbacher and Zeilinger, 2018). After their synthesis outside of the ribosome, peptaibols 

frequently pass extensive secondary modifications. Especially, unlike most peptide synthases with 

a thioesterase domain at the C-terminus, peptaibol synthases possess a dehydrogenase domain. This 

dehydrogenase leads to the formation of the amino alcohol, which presents at the C-terminus as a 

defining characteristic of peptaibols (Fuente-Núñez et al., 2013). 

 

Figure 2.10. (A) in vivo posttranslational synthesis of peptaibols by nonribosomal peptide 

synthetases (NPRS) according to Llewellyn and Spencer (2007) as well as Fuente-Núñez et al., 

(2013); (B) the structure of ampullosporin A (2.65) highliting typical features of a peptaibol. 

2.2.2.2 Cyclic peptides 

Until now, the occurrence of cyclic peptides in Sepedonium was only found for the cyclic 

pentapeptide chrysosporide (2.96) from the cultures of S. chrysospermum CANU E609, a fungus 

isolated from a degraded basidimycete sporophore collected in New Zealand (Mitova et al., 2006). 

Compound 2.96 displayed moderate cytotoxic activity against the murine leukemia cell line (IC50 

33.4 µM) (Mitova et al., 2006). 



PhD thesis_Lam  Chapter 2. General introduction 
 

23 
 

 

2.2.3 Solid-phase synthesis of peptaibols  

Under in vitro conditions, peptaibols could be synthesized via classical peptide synthetic strategies, 

which can be carried out either entirely in solution or in solid phase. The solid-phase peptide 

synthesis (SPPS), implemented by Merrified in 1963, has become the preferred method due to its 

possibility to use robotic peptide synthesizer (Hjørringgaard et al., 2009). The first requirement of 

this automatic technique is to find a suitable resin – a solid polymer that is insoluble in all of the 

solvents used during synthetic process – which is not only able to carry the growing peptide chain 

but also convenient to be filtered and washed free of reagents and by-products (Merrifield, 1963). 

Furthermore, the resin also needs to bear a functional group to which the first protected amino acid 

could be firmly linked by a covalent bond. The most suitable resin is a chloromethylated copolymer 

of styrene and divinylbenzene (Merrifield, 1963). In addition, Boc- and Fmoc- are commonly used 

as the N--protecting groups of amino acids, of which Fmoc-approach is devoid of hazardous 

hydrofluoric acid usage and, thus, becoming popular nowadays (Hjørringgaard et al., 2009). 

 

Figure 2.11. The solid-phase based synthetic route of peptaibols, adapted from Kitson (2014). 

As illustrated in Figure 2.11, the synthetic protocol of peptaibols starts with the attachment of 

the C-terminus amino acid to the resin. In this step, amino alcohol is used to achieve the  

C-terminus amino alcohol characterizing peptaibol sequences. After that, the route continue with 

the SPPS cycle, which can be divided into three steps: (a) the Fmoc-protected amino group is 

deprotected (deprotection); (b) the next amino-protected amino acid is treated with TFFH to form 

an activated acyl fluoride from the carboxylic acid (activation); (c) the activated amino acid is 

coupled to the amino group of the resin-bound amino acid (coupling). This cycle is repeated until 
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the desired peptide length is achieved. Later on, the N-terminus is acetylated using acetanhydride 

(acetylation) followed by final deprotection and cleavage from the resin. 

2.2.4 Membrane activity of peptaibols 

Many peptaibols (e.g. compounds 2.64 – 2.68, 2.75 – 2.83) were known for their antimicrobial 

activity, which seems to lie in their ability to permeabilize lipid bilayers. Peptaibols can not only 

form transmembrane pores and carriers, but also modify the membrane surface in a surfactant-like 

mode. When pores are formed in membranes, they generally take the form of voltage-gated ion 

channels, which might be formed by several peptaibol molecules (from 6 to 12 units) creating a 

bundle (Duclohier et al., 2004). This bundle is then inserted into the membrane, creating a 

hydrophilic channel through its center (Figure 2.12A) (Fuente-Núñez et al., 2013). 

The basis for the antimicrobial activity of peptaibols can be explained by the leakage of 

cytoplasmic material through the peptaibol-induced channels. For example, alamethicin (2.97), one 

of the most extensively studied peptaibols isolated from cultures of Trichoderma viride, follows 

the so-called “barrel-stave model” to form amphipathic α-helical structure in biological membranes 

(Figure 2.12B) (Brogden, 2005; Leitgeb et al., 2007). The alamethicin (2.97) molecules attach to, 

aggregate and insert into oriented bilayers. While the hydrophobic regions of the peptides contact 

with the core of bilayer lipid, the hydrophilic regions create the inner region of the pore. 

 

Figure 2.12. (A) View from C-terminus of the octameric bundle pore structure of trichotoxin A50E 

(93) (from Duclohier et al. 2004). (B) The barrel-stave model of antimicrobial-peptide-induced 

killing (for peptides, hydrophilic regions in red, hydrophobic regions in blue) (from Brogden 2005). 

2.2.5 Sepedonium ampullosporum Damon 

Sepedonium ampullosporum Damon is characterized by bottle-shaped ampulloconidia with a 

truncate basis and a knob at the tip (Damon, 1952). The investigated strain KSH 534 was isolated 

from Boletus calopus. The fast growing culture of strain KSH 534 is white at first and produces 

after roughly one week golden-yellow, globose to subglobose, rough-tuberculate aleuriospores, 

leading to the golden color that appears in the center and gradually spreads over the colony. The 

aleurioconidia in S. ampullosporum was found to be shorter than in S. chrysospermum (Sahr, 1999). 
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The DNA-sequence analysis supported this close relationship between S. ampullosporum and S. 

chrysospermum, both forming a monophyletic group together with S. microspermum (Sahr, 1999). 

 

Figure 2.13. Morphological analyses of Sepedonium ampullosporum strain KSH 534. (A) Eight-

day-old culture grown on malt peptone agar; (B) bottle-shaped ampulloconidia; (C) golden-yellow 

globose aleurioconidia; (D) scanning electron micrograph of aleurioconidia (3500x, photo from 

Sahr et al., 1999). 
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 Four undescribed diterpenoids were isolated from Cortinarius pyromyxa. 

 The isolated diterpenoids possess the undescribed nor-guanacastane skeleton. 

 Pyromyxones A, B, and D exhibit weak antibacterial and antifungal activity. 

 Chemical and morphological studies support the monotypic position of C. pyromyxa. 
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Abstract 

For the first time, the pigment composition of basidiocarps from the Chilean mushroom Cortinarius 

pyromyxa was studied under various aspects like phylogeny, chemistry and antibiotic activity. A 

molecular biological study supports the monotypic position of C. pyromyxa in subgenus 

Myxacium, genus Cortinarius. Four undescribed diterpenoids, named pyromyxones A-D (3.1-3.4), 

were isolated from fruiting bodies of C. pyromyxa. Their chemical structures were elucidated based 

on comprehensive one- and two-dimensional NMR spectroscopic analysis, ESI-HRMS 

measurements, as well as X-ray crystallography. In addition, the absolute configurations of 

pyromyxones A-D (3.1-3.4) were established with the aid of JH,H, NOESY spectra and quantum 

chemical CD calculation. The pyromyxones A-D (3.1-3.4) possess the undescribed nor-

guanacastane skeleton. Tested pyromyxones A (3.1), B (3.2), and D (3.4) exhibit only weak activity 

against gram-positive Bacillus subtilis and gram-negative Aliivibrio fischeri as well as the 

phytopathogenic fungi Botrytis cinerea, Septoria tritici and Phytophthora infestans. 

 

Keywords: Cortinarius pyromyxa M. M. Moser & E. Horak; Cortinariaceae; diterpenoids; 

phylogeny; nor-guanacastepenes; pyromyxones. 
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3.1 Introduction   

Cortinarius Fr. (Fungi, Basidiomycota) is under current knowledge the most species-rich of fungal 

genera forming gilled mushrooms (Kirk et al., 2008). It is characterized by obligate 

ectomycorrhizal associations with diverse groups of woody seed plants, mainly across boreal and 

temperate forest ecosystems around the globe (Peintner et al., 2004). Also, Cortinarius dominates 

the ectomycorrhizal mycobiota in South American Nothofagus forests, with more than 260 species 

described so far (Garnica et al., 2002; Garrido, 1988; Harrower et al., 2015; Moser and Horak, 

1975). Its outstanding richness of species and supraspecific lineages is reflected by a high diversity 

of secondary metabolites, although to date, only a minor fraction of Cortinarii has been analyzed 

on the chemical level. The earlier studies on the chemical constituents of Cortinarius species have 

led to the isolation of different compound classes, including monomeric and dimeric 

dihydroanthracenones and anthraquinones (Gill, 1994, 1996, 1999, 2001; Gill and Steglich, 1987; 

Zhou and Liu, 2010), pyronaphtoquinones (Gill, 1999, 2001, 2003; Zhou and Liu, 2010), pigments 

containing a xanthone chromphore (Gill, 1999; Gill and Steglich, 1987), styrylpyrones (Gill, 1994, 

2003; Moser, 1985), sesquiterpenes (Gill, 1999, 2003), polyenes (Gill, 1999, 2003), quinolines and 

isoquinolines (Jiang et al., 2011; Zhou and Liu, 2010), N-glucosyl-indole derivatives (Jiang et al., 

2011; Zhou and Liu, 2010), nephrotoxic bipyridine N-dioxides (Chen and Liu, 2017; Gill, 1994, 

2003; Gill and Steglich, 1987), ß-carbolines (Chen and Liu, 2017; Gill, 1996; Gill and Steglich, 

1987; Jiang et al., 2011; Zhou and Liu, 2010), nitro-aromatic pigments (Gill, 1994, 2001; Gill and 

Steglich, 1987), dithiopyridine N-oxide metabolites (Gill, 1999, 2003), sphingolipids (Jiang et al., 

2011), and compounds based on a charge transfer complex between a phenol and a transition metal 

(Gill, 1999, 2003), and pigments with 3,6,9-trimethylazuleno[4,5-b]furan-2,7-dione structure (Gill, 

2003). 

Traditionally the genus Cortinarius has been divided into several subgenera like Myxacium, 

Phlegmacium etc., based on microscopical and morphological characters. Cortinarius pyromyxa 

M.M. Moser & E. Horak (Cortinariaceae) was first described from Argentinian Patagonia based 

on two collections (Moser and Horak, 1975). Beside the Argentinian type locality, in Chile this 

rare species is so far only reported in one collection (Garrido, 1988). It belongs to subgenus 

Myxacium within genus Cortinarius, comprising species featuring a gelatinous layer on pileus and 

stipe. C. pyromyxa is especially characterized by a bright orange stem cortex and yellow flesh 

towards the base. According to macro- and microscopic characters, the species is monotypic for 

section Pyromyxa within subgenus Myxacium (Horak and Wood, 1990). Suggested relationship 

between C. pyromyxa and the Australian species C. erythraeus and C. sinapicolor became doubtful 

since C. erythraeus was inserted in Sect. Delibuti within subgenus Myxacium according to 

investigated ITS sequences, whereas the systematic position of C. sinapicolor becomes uncertain 

(Garnica et al., 2016). Chemical investigations into pigments of C. sinapicolor demonstrate the 

occurrence of dimeric dihydroanthracenone pigments which suggest a relation to species of the 

subgenus Phlegmacium (Elsworth et al., 1999). 
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To the best of our knowledge, no chemical investigation into pigments of basidiocarps from 

Cortinarius subgenus Myxacium has been carried out so far. There is only two reports about the 

isolation and structural elucidation of secondary metabolites. The bitter triterpenoid crystallopicrin 

was isolated from C. crystallinus, C. croceocoeruleus and C. vibratilis, which is accompanied in 

the latter species by deoxyderivative (Steglich, 1994; Steglich et al., 1990). Structurally, both 

compounds are closely related to iridals from Iris spp. (Jaenicke and Marner, 1986). Vibratilicin, 

a representative of the rare group of natural products containing hydroxamic acid moieties, was 

also recognized from C. vibratilis (Wang et al., 2004). 

In the present paper, we describe for the first time the isolation and structural elucidation of 

diterpenoid pigments from fruiting bodies of C. pyromyxa with an undescribed nor-guanacastane 

core structure, named pyromyxones A-D (3.1-3.4). Compounds 3.1, 3.2, and 3.4 were tested against 

(+)-gram Bacillus subtilis and (-)-gram Aliivibrio fischeri as well as the phytopathogenic organisms 

Botrytis cinerea, Septoria tritici and Phytophthora infestans. Our preliminary molecular 

phylogenetic data support the monotypic status of C. pyromyxa. 

 

3.2 Results and discussion 

3.2.1 Isolation and structural elucidation of compounds 3.1-3.4 

Repeated column chromatography of the C. pyromyxa crude extract on Diaion HP20, silica gel, 

and sephadex LH20 in combination with semipreparative HPLC yielded four yellow compounds 

3.1-3.4 (Figure 3.1). 

 
Figure 3.1. Structure of pyromyxones A-D (3.1-3.4) and their skeleton. 
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Compound 3.1 was isolated as yellow amorphous solid with a positive optical rotation ([𝛼]D
27  

+42.5). Its molecular formula was determined to be C19H23NO2, based on HRESIMS data of the 

molecular ion at m/z 298.1793 ([M+H]+, calcd for C19H24NO2
+, 298.1802), corresponding to 9 

degrees of unsaturation. The occurrence of amide N in 3.1 is supported by the presence of one IR 

band at υmax = 3388 cm-1. By recrystallization from methanol, a crystal of sufficient quality enabled 

X-ray structural analysis (Figure 3.2; Table S4, Supplementary data). Compound 3.1 was assigned 

as a undescribed diterpenoid possessing a tetracyclic [5-7-6-5] core, which is similar to the 

guanacastane skeleton (Brady et al.; 2000, 2001; Markovic et al., 2015), except for a double bond 

between C-10 and C-11, as well as an additional 5-membered ring. Due to a methyl group missing 

at C-11, which distinguishes it from guanacastepenes, compound 3.1 is assigned as a nor-

guanacastane diterpenoid. 

 

Figure 3.2. ORTEP drawing of pyromyxone A (3.1). 

The guanacastane skeleton, which was first described in 1995 by Invernizzi et al. and named 

neodolastane, was then renamed by Brady et al. in 2000. This skeleton is characterized by a tricyclic 

[5-7-6] ring system as well as two methyl groups and one isopropyl group attached to C-8, C-11 

and C-12, respectively (Brady et al., 2000, 2001; Markovic et al., 2015). Interestingly, the family 

of diterpenoids, so-called guanacastepenes, with this guanacastane skeleton were mostly isolated 

from fungal and marine resources (Brady et al., 2000, 2001; Invernizzi et al., 1995; Markovic et 

al., 2015). 

 

Figure 3.3. Key COSY (bold) and HMBC (arrow) correlations of pyromyxone A (3.1). 

In agreement with the X-ray analysis, NMR studies on compound 3.1 revealed 19 carbon 

resonances, classified as three methyl groups, five aliphatic methylenes, three methines (one 
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olefinic and two aliphatic), and eight quaternary carbons (two carbonyl, five olefinic and one 

aliphatic). It is noteworthy that the C-2 carbon signal was not detected in methanol-d4, but in 

pyridine-d5. In addition, although signals of H-5 &, H-9 A&B, H-13 A&B and H-17 are 

overlapping, their chemical shifts were clearly assigned based on 1D TOCSY and HSQC 

experiments (Table 3.1).  

Table 3.1.1H and 13C NMR data of pyromyxone A (3.1) including HMBC and NOE correlations 

(600/150 MHz, CD3OD, δ in ppm). 

 

Pos. 

3.1 

δC, type δH, mult. (J in Hz) HMBC Key NOE 

1 118.1, C -   

2 142.8, Ca -   

3 152.8, C -   

4 133.4, C -   

5 

 

21.1, CH2 

 

 2.40 ddd 19.0/4.8/2.3 b  

 2.22 ddd 19.0/10.2/7.2 b 

d 
d  

6 19.8, CH2 1.94 c C-4, C-5, C-7, C-8  

7 

 

38.1, CH2 

 

 1.61 br dt-like 13.3/3.5 

 1.52 ddd 13.3/11.6/5.2 

C-2, C-3, C-5, C-6, C-8, C-16 

C-5, C-6, C-8, C-9, C-16 

16 

8 35.3, C -   

9 

 

39.6, CH2 

 

A 2.40 dt 16.5/3.8 b 

B 2.28 dd 16.5/8.9 b 

d 
d  

10 122.9, CH 5.89 ddd 8.9/3.8/2.6 C-8, C-9, C-11, C-12  

11 143.0, C -   

12 45.3, CH  3.01 m  13A,16,18 

13 

 

38.6, CH2 

 

A 2.47 dd 18.9/9.5 

B 2.27 dd 18.9/7.4 

C-1, C-2, C-11, C-12, C-14, C-17 

C-2, C-11, C-12, C-14, C-17 

 

14 209.5, C -   

15 173.3, C -   

16 23.0, CH3 1.11 s C-3, C-7, C-8, C-9 12, 7 

17 30.5, CH 2.28 septd 6.9/3.6 b d  

18 21.8, CH3 1.01 d 6.9 C-12, C-17, C-19  

19 15.1, CH3 0.76 d 6.9 C-12, C-17, C-18  

NH  9.47 b rs e   
a Measured in C5D5N. b Overlapping signals, chemical shifts were determined from 1D TOCSY. c Overlapping signals, 

chemical shifts were determined from 1H, 13C-HSQC correlation peaks. d Not assignable due to overlapping signals. e 

Measured in CDCl3.  

Initial analysis of the COSY and 1D TOCSY spectra, as depicted in Figure 3.3, reveals the 

presence of an isopropyl moiety as well as a -CH2-CH2-CH2- and an olefinic-CH-CH2- spin system. 

The 1H – 13C HMBC correlations from H-13 A&B to C-12, C-11, C-1 and C-14 confirm the 

presence of an isopropylpentenone moiety (ring A). Moreover, the 1H – 13C HMBC correlations 

from H3-16 to C-8, C-9, C-7 and C-3, as well as from the isochronous protons attached to C-6 to 

C-8, C-7, C-5, and C-4 indicate a methylcyclohexene moiety (ring C) connected to ring A through 
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C-10 – C-9. On the basis of the above analysis, the structure of 3.1 was determined, and named 

pyromyxone A (3.1). 

Compound 3.2, purified as yellow amorphous solid with a negative optical rotation ([𝛼]D
26  -

32.2), had the molecular formula C19H21NO2, as deduced from HRESIMS data (m/z 296.1649 

([M+H]+, calcd for C19H22NO2
+, 296.1645). The 1D and 2D NMR spectroscopic data (Table 3.2) 

of 3.2 closely resemble those of 3.1, except for the presence of an additional double bond between 

C-12 and C-13 (δH 6.13, s; δC 177.6 & 126.7). Additionally, the carbon signal of C-14 of 3.2 (δC 

197.0) was shifted upfield compared to that of 3.1 (δC 209.5) confirming this ketone group of 3.2 

to be conjugated to a double bond. HMBC correlations of H-13 with C-12 (δC 177.6), C-11 (δC 

137.4), C-1 (δC 113.7) and C-14 (δC 197.0) support the presence of the double bond between C-12 

and C-13. Thus, the structure of 3.2 was established as a dehydro derivative of 3.1, and 

subsequently named pyromyxone B. 

Table 3.2. 1H and 13C NMR data of compounds 3.2-3.4 (600/150 MHz, CD3OD, δ in ppm). 

Pos. δH, mult. (J in Hz) δC
 

3.2 3.3 3.4a 3.2 3.3 3.4a 

1 - - - 113.7 114.4 114.0 

2 - - - 141.0 n.d.b  148.3 

3 - - - 152.3 152.1 157.2 

4 - - - 134.5 136.6 130.5 

5 
 2.42 ddd 9.0/5.6/1.6 

 2.23 ddd 19.0/10.8/7.0 

 2.40 c 

 2.21 ddd 19.2/10.9/6.9 

 2.54 dd 19.4/6.0 

 2.31 ddd 19.4/11.1/6.8 

21.1 

 

21.2 

 

20.5 

 

6 1.95 m c 1.93 m c 2.00 m; 1.90 m 19.5 19.7 18.4 

7 
 1.68 ddd 13.1/3.3/3.3 

 1.62 dt 13.1/13.1/4.3 

 1.64 ddd 13.2/3.4/3.4 

 1.53 ddd 13.2/13.2/4.3 

 1.68 ddd 13.3/3.4/3.4 

 1.56 ddd 13.3/13.4/3.5 

38.1 

 

38.3 

 

36.7 

 

8 - - - 35.9 35.5 34.4 

9 
A 2.54 dd 16.8/3.6 

B 2.45 dd 16.8/8.6 

A 2.39 c 

B 2.29 dd 16.7/8.8 

A 2.51 dd 16.6/3.6 

B 2.38 dd 16.6/8.8 

40.4 

 

39.6 

 

38.7 

 

10 6.38 dd 8.6/3.6 6.23 dd 8.8/3.5 6.21 dd 8.8/3.6 125.9 125.7 122.6 

11 - - - 137.4 146.6 136.1 

12 - - - 177.6 70.2 174.4 

13 6.13 br s 3.65s 6.15 br s 126.7 57.2 127.4 

14 - - - 197.0 199.3 191.5 

15 - - - 173.4 n.d.b 168.5 

16 1.18 br s 1.12 br s 1.17 br s 24.5 23.3 23.8 

17 3.03 septd 6.9/0.9 2.68 septd 6.8/0.9 2.91 septd 6.8/1.0 27.6 25.6 26.4 

18 1.26 d 6.9 1.08 d 6.8 1.25 d 6.8 22.2 20.2 21.7 

19 1.25 d 6.9 1.00 d 6.8 1.24 d 6.8 22.8 17.8 22.2 

NH 9.29 br sa      
a measured in CDCl3. b n.d. = not detected. c Overlapping signals, chemical shifts were determined from 1H, 13C-HSQC 

correlation peaks.  

 

Compound 3.3 was obtained as yellow solid with a positive optical rotation ([𝛼]D
24  +92.5). The 

molecular formula of 3.3 was determined as C19H21NO3 from HRESIMS data ([M+H]+ at m/z 
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312.1593, calcd for C19H22NO3
+, 312.1594). Comparison of 1H NMR data (Table 3.2) of 3.3 and 

3.2 reveals a singlet at δH 3.65 ppm (s, H-13) instead of the olefinic singlet at δH 6.13 ppm (s,  

H-13) in 3.2. Interestingly, in the standard HSQC experiment adjusted to a 1JCH coupling constant 

of 146 Hz, this singlet H-13 at δH 3.65 ppm shows no correlation. However, by decreasing the 

corresponding HSQC delay according to a coupling constant of 180 Hz, a correlation with the 13C 

signal at δC-13 57.2 ppm (C-13) was detected (Figure S29, Supplementary data). This big 1JCH 

coupling constant but high field 13C chemical shift unambiguously indicates that C-13 is a part of 

an epoxide ring. Therefore, the structure of 3.3 was assigned as an epoxidized derivative of 3.2, 

and named pyromyxone C. 

Compound 3.4, purified as yellow solid with a positive optical rotation ([𝛼]D
25  +28.3), was 

determined as C19H20O3 from HRESIMS data, which showed a positive ion peak [M+H]+ at m/z 

297.1480 (calcd for C19H21O3
+, 297.1485). Furthermore, the 1D and 2D NMR spectroscopic data 

(Table 3.2) of 3.4 are very similar to those of 3.2, except for the absence of an amide proton signal 

(δH 9.29 for 3.2) and an upfield shift of the carbonyl carbon (C-15) of approximately 5 ppm 

(δC168.5 for 3.4 and 173.4 for 3.2). Thus, the structure of 3.4 bears in ring D a furan instead of a 

pyrrole moiety as in 3.2, and was named pyromyxone D. 

3.2.2 Assignment of relative and absolute configuration of compounds 3.1-3.4 

The relative configuration of compound 3.1 was deduced from X-ray analysis and was reflected in 

the vicinal H-H coupling constants JH,H and NOESY correlations between H-12 and CH3-16, as 

well as between CH3-16 and the equatorial oriented proton H-7 (1.61 br dt-like, J 13.3/3.5). 

Interestingly, no NOE correlation was detected between CH3-16 and the axially oriented proton H-

7. These findings indicate an -orientation of H-12 and CH3-16, consistent with guanacastepenes 

reported in the literature (Brady et al., 2000, 2001; Markovic et al., 2015).  

 

Figure 3.4. Calculated CD spectra of the 8S, 12R isomer (red) of compound 3.1 in comparison 

with the experimental one (black line) and its enantiomer (8R, 12S, blue). The best similarity factor 

(S = 0.8969) was found for sigma = 0.3 eV and a shift of 21 nm. The similarity factor for the 

enantiomer is only 0.0269. 
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Compound 3.1 contains two chiral centers at C-8 and C-12, corresponding to four possible 

stereoisomers. In order to figure out the absolute configuration of 3.1, the electronic circular 

dichroism (ECD) spectra of the four proposed isomers were calculated by quantum chemical 

methods, and compared with the experimental ECD spectrum. The one with 8S, 12R configurations 

was found to fit best with the experimental CD spectrum showing a similarity factor (S = 0.8969, 

sigma 0.3 eV and a shift of 21 nm), much higher than the similarity factors (S  0.3200) for the 

other three isomers (Figure 3.4; Figure S16, Supplementary data). Therefore, the configuration of 

compound 3.1 was determined as 8S and 12R. 

Similarly, to determine the absolute configurations of C-8 in 3.2 and 3.4, NOE correlations were 

analyzed and energy-optimized conformers of the two possible isomers (R and S) were calculated. 

The analysis demonstrate that both compounds 3.2 and 3.4 have an 8S configuration with an -

oriented methyl group CH3-16 (Figures S25, S43, Supplementary data). Taking the common 

biosynthetic pathway of all four compounds 3.1-3.4 into consideration, the same conformer with 

8S configuration and an -oriented methyl group CH3-16 can be presumed for compound 3.3. 

Furthermore, the absolute configurations of C-12 and C-13 in compound 3.3 were assigned by 

comparing calculated and experimental ECD spectra. Due to the three-membered epoxide moiety 

at ring A, the configurations of C-12 and C-13 were restricted to be either SS or RR. Thus, the 

possible number of stereoisomers is reduced from eight to four. The calculated ECD spectrum of 

the 8S, 12R, 13R-configuration in 3.3 showed the best match with the experimental one, with the 

similarity of 79% (Figure S33, Supplementary data). This relatively low similarity might be caused 

by some impurities of the sample, but is obviously much higher than the similarities found for the 

other three isomers (S  44%) (Figure S34, Supplementary data). Therefore, compound 3.3 is 

determined to have 8S, 12R, 13R -configuration. 

3.2.3 Phylogenetic analyses 

Closest BLAST matches of C. pyromyxa sequences presented only 91% sequence similarity (with 

an E value of 0.0). Interestingly, three matches correspond to unidentified sequences obtained from 

mass sequencing of soil/ root samples from Argentinian and Chilean Nothofagus forests (Table S3, 

Supplementary data). The most similar species identified by name were Cortinarius olidoamarus 

(NCBI accession version KJ421075.1) and Cortinarius misermontii (NR_130230.1), however, 

both belong to subgenus Phlegmacium and so far are known only from the Northern hemisphere. 

None of the 11 closest matches corresponds to subgenus Myxacium (Table S3, Supplementary 

data). As illustrated by the phylogenetic tree (Figure 3.5), compared to selected Cortinarius spp. 

from both hemispheres belonging to subgenus Myxacium, Cortinarius pyromyxa is monophyletic 

with 100% consensus support. 
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Figure 3.5. Phylogenetic tree of selected Cortinarius spp. belonging to subgenus Myxacium from 

both hemispheres based on ITS nucleotide sequences; branch labels show consensus support over 

50% out of 1000 bootstrap resampling replicates; Tricholoma aurantium was employed as 

outgroup.  

3.2.4 Biological evaluation 

Isolated compounds 3.1, 3.2 and 3.4 were examined towards their activity against the plant 

pathogenic fungi Botrytis cinerea (grey mold pathogen on many crops including strawberries and 

wine grapes) and Septoria tritici (causes septoria leaf blotch of wheat) as well as the oomycete 

Phytophthora infestans (causal agent of the late blight disease on potato and tomato) using a 96 

well microtiter plate assay (Table S45, Supplementary data). 4-Oxohexadec-2-enoic acid was used 

as reference compound as described before (Teichert et al., 2005; Otto et al., 2017). Only 

compound 3.1 showed weak activity against P. infestans. Furthermore, compounds 3.1, 3.2 and 3.4 

were also tested for antibacterial activity against gram-positive Bacillus subtilis and gram-negative 

Aliivibrio fischeri (Figure S46, Supplementary data). Only compounds 3.1 and 3.2 show moderate 

growth inhibition activity of ca. 50% at 100 µM against gram-negative A. fischeri, whereas 

pyromyxone D (3.4) inhibits bacterial growth around 30 % at 100 µM. Growth inhibition of gram-

positive B. subtilis was not observed. 

 

3.3 Concluding remarks 

In conclusion, the present study represents the first pigment chemical investigation of fruiting 

bodies of a species from suborder Myxacium in genus Cortinarius. Four undescribed pigments 

named pyromyxone A-D (3.1-3.4), responsible for the fire colored stem of the fruiting bodies of 

C. pyromyxa were isolated. Their structures were elucidated by means of X-ray crystallography, 

mass spectrometry and NMR spectroscopic methods. The absolute configurations of pyromyxones 

A-D (3.1-3.4) were assigned by comparing quantum chemical CD calculations to experimental 

spectra. Chemical, molecular and biological data support the isolated position of C. pyromyxa 
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within genus Cortinarius subgenus Myxacium. The isolated compounds were evaluated against 

gram-positive and gram-negative bacteria as well as phytopathogenic organisms but show only 

weak activity indicating that these pigments are probably not involved in the fungal pathogen 

defense.  

 

3.4 Experimental 

3.4.1 General experimental procedures 

Column chromatography was performed on Sephadex LH 20 (Fluka, Germany), silica gel (0.040-

0.063 mm, Merck, Germany), and silica gel 60 silanized (0.063-0.200 mm, Merck, Germany), 

whereas analytical TLC was performed on pre-coated silica gel F254 aluminum sheets (Merck, 

Germany). Diaion HP20 was purchased from Supelco (USA). The compound spots were detected 

by their color and their absorbance at λ 254 nm. UV spectra were recorded on a Jasco V-560 

UV/Vis spectrophotometer, CD spectra were obtained from a Jasco J-815 CD spectrophotometer. 

The specific rotation was measured with a Jasco P-2000 polarimeter. IR spectra were obtained 

from a Thermo Nicolet 5700 FT-IR spectrometer in ATR mode. 

NMR spectra were recorded with an Agilent VNMRS 600 NMR spectrometer operating at a 

proton NMR frequency of 599.83 MHz using a 5-mm inverse detection cryoprobe. 2D NMR 

spectra were recorded using standard CHEMPACK 7.1 pulse sequences (s2pul, 1H,1H zTOCSY-

1D, 1H,1H gDQCOSY, 1H,1H zTOCSY, 1H,1H ROESY(AD), 1H,13C gHSQCAD, 1H,13C 

gHMBCAD) implemented in Varian VNMRJ 4.2 spectrometer software. The mixing time for the 

TOCSY experiments was set to 80 msec, for the ROESY experiments was set to 400 msec (3.1) 

and 300 msec (3.2, 3.4). The HSQC experiment was optimized for 1JCH = 146 Hz with DEPT-like 

editing and 13C-decoupling during acquisition time. The HMBC experiment was optimized for a 

long-range coupling of 8 Hz; a two-step 1JCH filter was used (130-165 Hz). 1H chemical shifts are 

referenced to internal TMS (1H δ = 0 ppm), 13C chemical shifts to CD3OD (13C δ = 49.0 ppm), 

CDCl3 (
13C δ = 77.0 ppm) or C5D5N (13C δ = 123.5 ppm). 

The positive ion high-resolution ESI mass spectra were obtained from an Orbitrap Elite mass 

spectrometer (Thermo Fisher Scientific, Germany) equipped with an HESI electrospray ion source 

(spray voltage 4.0 kV, capillary temperature 275 °C, source heater temperature 80 °C, FTMS 

resolution 100.000). 

Spectroscopic data are available at RADAR (Lam et al., 2019). 

The semi-preparative HPLC was performed on a Shimadzu prominence system which consists 

of a CBM-20A communications bus module, a SPD-M20A diode array detector, a FRC-10A 

fraction collector, a DGU-20A5R degassing unit, a LC-20AT liquid chromatograph, and a SIL-

20A HT auto sampler, using a YMC Pack Pro C18 column (5 m, 120 Å, 150 x 10 mm I.D, YMC, 

USA) with H2O (A) and CH3CN (B) at a flow rate of 2.5 mL/min. 
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3.4.2 Fungal material 

Fruiting bodies of Cortinarius pyromyxa M. M. Moser & E. Horak (Cortinariaceae) were collected 

during autumn in Chile, IX. Region Araucania, Province Malleco, District of Angol, Cordillera de 

Nahuelbuta, LS 37° 49’ 42”, LO 73° 00’ 00”, 1196 msnm, on soil and leaf litter under Nothofagus 

dombeyi (Mirb.) Oerst. on 11.05.2017 (collection CONC-F 1783, leg. N. Arnold, det. G. Palfner), 

and IX. Region Araucania, Province Malleco, District of Curacautin, Rio Blanco near Laguna 

Blanca, LS 38° 24’ 18”, LO 71° 41’ 34”, 1032 msnm, on soil and leaf litter under Nothofagus 

dombeyi on 20.04.2013 (collection CONC-F0938, leg. et det. G. Palfner). Voucher specimens are 

deposited in the Fungarium of Concepción University (CONC-F). A duplicate is deposited at the 

Leibniz Institute of Plant Biochemistry (IPB), Halle, Germany. 

3.4.3 Molecular phylogenetic analyses 

DNA was extracted from small pieces of dehydrated basidiomata of two collections of Cortinarius 

pyromyxa CONC-F1783, CONC-F0938 (Figure S1, Supplementary data) using the commercially 

available FastDNATM SPIN kit for Soil and the FastPrepTM Instrument (MP Biomedicals, Santa 

Ana, CA, USA). 

Amplification of the ribosomal internal transcribed spacer region (ITS) was carried out by PCR 

in a VeritiTM 96-well thermal cycler (Applied Biosystems, Foster City, CA, USA) in a 25 

microliters reaction containing: KAPA Taq ReadyMix with dye containing 1.5 mM MgCl2 (KAPA 

Biosystems, Wilmington, MA, USA ), two microliters DNA and 0.2 µM each primer (ITS1: 5’ 

TCCGTAGGTGAACCTGCGG; ITS4: 5’ TCCTCCGCTTATTGATATGC ), under the following 

amplification conditions: initial denaturation step at 95˚C for 3 min; followed by 35 cycles at 95˚C 

for 15 s, 54˚C for 15 s and 72˚C for 30 s; and a  final step a 72˚C for 7 min.  

Products were visualized on a 1.5% agarose gel in 0.5 x TAE buffer and then purified and 

sequenced using Sanger methodology at Macrogen Korea, Seoul, Republic of Korea. 

The obtained DNA sequences were submitted for closest matches to the NCBI nucleotide 

database using the Basic Local Alignment Search Tool (BLAST); subsequently, sequences were 

analysed, aligned and a phylogenetic tree was constructed with selected sequences available in 

NCBI nucleotide database of Cortinarius spp. in the same subgenus Myxacium from both 

hemispheres (Table S2, Supplementary data). Applying Geneious® 9.1.8 software (Kearse et al. 

2012), we used the neighbor-joining method and the HKY genetic distance model, with 1000 

bootstrap resampling replicates. Tricholoma aurantium was employed as outgroup to root the tree. 

3.4.4 Extraction and isolation 

Air-dried fruiting bodies of Cortinarius pyromyxa were crushed using a blender and subsequently 

extracted with EtOAc (3 x 2L), MeOH (3 x 2L); and 80% aqueous MeOH (3 x 2L) in an ultrasound 

bath for 1 h at room temperature. The yellow-brown solutions were evaporated in vacuo to dryness 

to give three crude extracts (EtOAc, MeOH, and aq. MeOH). The MeOH and aq. MeOH extracts 
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were then combined according to their TLC pattern and subjected to Diaion HP20 column, eluting 

with water followed by MeOH. The resulting MeOH fraction and the crude EtOAc extract were 

combined together to afford a residue (11.45 g). This residue was chromatographed on a Sephadex 

LH20 column, using CH2Cl2 – MeOH (1:1) as eluent to give six fractions (A1 – A6). Fraction A2 

was separated on a silica gel 60 silanized column, eluting with n-hexane – EtOAc (5:1  1:1), 

which resulted in four fractions (A2a – A2d). Fraction A2a was first subjected to a silica gel column 

using n-hexane – EtOAc (10:1  1:2) as solvents, and then purified by semipreparative RP-C18 

HPLC (0  20 min, 30  100% solvent B) to afford 3.1 (tR = 11.8 min, 8 mg). Likewise, fraction 

A2b was purified to obtain three yellow compounds 3.2 (tR = 10.8 min, 5 mg), 3.3 (tR = 10.3 min, 

0.2 mg), and 3.4 (tR = 10.2 min, 3 mg). 

Pyromyxone A (3.1): yellow amorphous solid; TLC Rf  0.66 (n-hexane – EtOAc, 2:1);  [𝛼]D
27 

+42.5 (c 0.190, MeOH); UV (MeOH) λmax (log ε) 220 (1.87), 286 (1.78), 357 (1.52), 430 (1.71) 

nm; CD (MeOH) [θ]229 +26939, [θ]248 -5584, [θ]281 +15555, [θ]357 -24667, [θ]431 +10529 deg cm2 

x dmol-1 ; IR (ATR) υmax 3388 (w), 3014 (w), 2960 (w), 2297 (w), 2871 (w), 2362 (br, w), 1690 

(s), 1624 (m), 1600 (m), 1464 (w), 1387 (w), 1369 (w), 1349 (w), 1274 (w), 1214 (m), 1177 (w), 

1095(w), 1062 (w), 1033 (w), 1006 (w), 946 (w), 857 (w), 841 (w), 802 (w), 747 (s) cm-1; 1H NMR 

and 13C NMR see Table 1; HRESIMS m/z 298.1793 ([M+H]+, calcd for C19H24NO2
+, 298.1802).  

Pyromyxone B (3.2): yellow amorphous solid; TLC Rf  0.48 (n-hexane – EtOAc, 2:1); [𝛼]D
26 -

32.2 (c 0.190, MeOH); UV (MeOH) λmax (log ε) 267 (1.81), 314 (1.98) nm;CD (MeOH) [θ]208 

+14959, [θ]229 +7121, [θ]262 +17530, [θ]330 -9552deg cm2 x dmol-1; IR (ATR) υmax 3346 (br, w), 

2977 (w), 2934 (w), 2987 (w), 2359 (w), 2342 (w), 1682 (s), 1634 (s), 1385 (m), 1268 (m), 1214 

(m), 1075 (s), 1026 (s), 750 (s) cm-1; 1H NMR and 13C NMR see Table 2; HRESIMS m/z 296.1649 

([M+H]+, calcd for C19H22NO2
+, 296.1645). 

Pyromyxone C (3.3): yellow solid; TLC Rf  0.60 (n-hexane – EtOAc, 2:1); [𝛼]D
24 +92.5 (c 0.019, 

MeOH); UV (MeOH) λmax (log ε) 218 (3.96), 331 (2.92) nm; CD (MeOH) [θ]215-25813, [θ]239 

+19043, [θ]285 +4522, [θ]329 -689 deg cm2 x dmol-1; 1H NMR and 13C NMR see Table 2; HRESIMS 

m/z 312.1593 ([M+H]+, calcd for C19H22NO3
+, 312.1594). 

Pyromyxone D (3.4): yellow solid; TLC Rf  0.35 (n-hexane – EtOAc, 2:1); [𝛼]D
25 +28.3 (c 0.145, 

MeOH); UV (MeOH) λmax (log ε) 214 (1.90), 344 (1.21) nm; CD (MeCN) [θ]191+463, [θ]199+588, 

[θ]224+5675, [θ]252+2209, [θ]278+3042, [θ]326-1548 deg cm2 x dmol-1; IR (ATR) υmax 3362 (br, w), 

2930 (m), 2871 (m), 2358 (w), 1764 (m), 1687 (s), 1643 (m), 1628 (m), 1572 (w), 1455 (w), 1385 

(w), 1264 (w), 1216 (m), 1168 (w), 1106 (w), 1083 (w), 1066 (w), 1025 (m), 980 (w), 939 (w), 850 

(w), 808 (w), 781 (w), 748 (w), 722 (w), 705 (w), 695 (w) cm-1; 1H NMR and 13C NMR see Table 

2; HRESIMS m/z 297.1480 ([M+H]+, calcd for C19H21O3
+, 297.1485). 

3.4.5 X-ray crystallographic data of compound 3.1 

C19H32NO2, formula weight 297.38, monoclinic system, space group C2, a = 2074.70(19), b = 

680.14(4) pm, c = 1240.91(12) pm, V = 1.5933(2) nm3, Z = 4, d = 1.240 Mg/m3, crystal size: 0.490 
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x 0.050 x 0.050 mm3, number of independent reflections = 2587, R(int) = 0.0693, completeness to 

θ = 24.993°: 99.3 %. The structure was solved by direct methods and refined by full-matrix least-

squares on F2. Final R indices [I > 2σ(I)]: R1 = 0.0345, wR2 [all data] = 0.0565. Data set for the 

crystal structure was collected with a STOE-IPDS2 diffractometer. Programs used: structure 

solution and refinement SHELX (Sheldrick, 2008) and graphics Diamond (Diamond, 2017). 

Crystallographic data for 3.1 have been deposited with the Cambridge Crystallographic Data 

Centre (CCDC 1588663). Copies of these data can be obtained free of charge from the Cambridge 

Crystallographic Data Centre on application to the Director, CCDC, 12, Union Road, Cambridge 

CB2 1 EZ, UK (e-mail: deposit@ccdc.cam.uk). 

3.4.6 Computational details 

All possible stereoisomers of compounds 3.1-3.4 were constructed using the Molecular Operating 

Environment (MOE 2016) software and energy optimized using the MMFF94 molecular 

mechanics force field (Halgren, 1999). Conformational analysis was performed for the rotation of 

the isopropyl group, but it appeared later that the three alternative low energy conformations have 

only minor influences on calculated CD spectra. Furthermore, for the six-membered ring, an up 

and down conformations of the C-6 carbon atom was calculated. The DFT optimized structures 

with conformation other than the ones shown in figure S44 are energetically more than 4 kcal/mol 

less stable and were, therefore, not included in spectra calculations. Thus, here only the CD spectra 

are shown for the displayed conformations representing the lowest energy conformation of each 

compound and no Boltzmann distribution was taken into consideration. Subsequently all structures 

were again optimized by using the density functional theory (DFT) with BP86 functional and the 

def2-TZVPP basis set (Becke, 1988; Karton et al., 2008; Perdew, 1986; Schäfer et al., 1992; 

Weigend and Ahlrichs, 2005) implemented in the ab initio ORCA 3.0.3 program package (Neese 

et al., 2012). The influence of the solvent MeOH was included in the DFT calculations using the 

COSMO model (Sinnecker et al., 2006). For the simulation of the CD spectra, the first 50 excited 

states of each enantiomer were calculated by applying the long-range corrected hybrid functional 

TD CAM-B3LYP with the def2-TZVP(-f) and def2-TZVP/J basis sets (Karton et al., 2008; Schäfer 

et al., 1992; Weigend and Ahlrichs, 2005). The CD curves were visualized and compared with the 

experimental ones with the help of the software SpecDis 1.64 (Bruhn et al. 2013, 2014) from the 

calculated rotatory strength values using a Gaussian distribution function at a half-bandwidth of  

σ = 0.3 eV.  

3.4.7 Antifungal assay 

Compounds 3.1, 3.2 and 3.4 were tested in a 96-well microtiter plate assay against Botrytis cinerea 

Pers., Septoria tritici Desm., and Phytophthora infestans (Mont.) De Bary as described earlier (Otto 

et al., 2016). 
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3.4.8 Antibacterial assay 

The isolated compounds 3.1, 3.2 and 3.4 (1 and 100 μM) were tested against the gram-negative 

Aliivibrio fischerii and the gram-positive Bacillus subtilis. Chloramphenicol (100 µM) was used as 

positive control and induced the complete inhibition of bacterial growth. 

The assay against Aliivibrio fisheri was performed according to a procedure described by Stark 

(2016) using the gram-negative A. fischeri test strain DSM507 (batch no. 1209). Briefly, for each 

test run a fresh glycerol stock was incubated in 25 ml BOSS medium at 100 rpm and 23 °C for 16-

18 h and was afterwards diluted with fresh BOSS medium to an appropriate cell number 

(luminescence value between 30.000 and 50.000 RLU). The assay was conducted on black flat 

bottom 96 well plates (Brand cell Grade™ premium, STERILE R) in a final volume of 200 μl of 

BOSS medium containing 1% DMSO in each well (100 µl diluted bacterial solution and 100 µl 

test solution). The plates were incubated in the dark at 23 °C and 100 % humidity without lid and 

without shaking for 24 h. The bioluminescence (obtained in relative luminescence units, RLU) is 

dependent on the cell density and was determined after 24 h using the microplate reader 

TecanSpark. Therefore, the whole wavelength range was detected for 1000 ms without preliminary 

shaking to avoid secondary oxygen effects. The results (mean value ± standard deviation, n = 6) 

are given as relative values (% inhibition) in comparison to the negative control (bacterial growth, 

1% DMSO, without test compound). Negative values indicate an elevation of luminescence 

/increase of bacterial growth. 

The activity against Bacillus subtilis 168 (DSM 10) is determined in a turbidimetric assay. A 

preculture in 100 ml tryptone yeast (TY) broth was incubated at 37°C for 24 h with agitation (120 

rpm). The assay was performed on clear flat bottom 96 well plates (Greiner Bio-one) in a final 

volume of 200 μl TY broth containing 1% DMSO in each well (100 µl diluted bacterial suspension 

and 100 µl test solution). The microbial density was adjusted to the absorption of the medium at λ 

= 612 nm. To eliminate the influence of colored compounds for each test sample color controls 

without bacteria were treated in the same manner. The plate with lid was incubated for 16 h at 37°C 

with shaking (80 rpm) and the absorption determined at 612 nm using the microplate reader 

TecanSpark. The results (mean value ± standard deviation, n = 6) are given as relative values (% 

inhibition) in comparison to the negative control (bacterial growth, 1% DMSO, without test 

compound) after subtracting background absorption of color control samples. 

 

3.5 References 

Becke, A. D., 1988. Density-functional exchange-energy approximation with correct asymptotic behavior. 

Phys Rev A Gen Phys 38, 3098-3100. 

Brady, S. F., Bondi, S. M., Clardy, J., 2001. The guanacastepenes: a highly diverse family of secondary 

metabolites produced by an endophytic fungus. J Am Chem Soc 123, 9900-9901. 

Brady, S. F., Singh, M. P., Janso, J. E., Clardy, J., 2000. Guanacastepene, a fungal-derived diterpene 

antibiotic with a new carbon skeleton. J Am Chem Soc 122, 2116-2117. 



PhD thesis_Lam  Chapter 3. Nor-guanacastepenes from C. pyromyxa 
 

47 
 

Bruhn, T., Schaumlöffel, A., Hemberger, Y., Bringmann, G., 2013. SpecDis: quantifying the comparison of 

calculated and experimental electronic circular dichroism spectra. Chirality 25, 243-249. 

Bruhn, T., Schaumlöffel, A., Hemberger, Y., Bringmann, G., 2014. SpecDis. University of Würzburg, 

Germany. 

Chen, H. P., Liu, J. K., 2017. Secondary metabolites from higher fungi. In: Progress in the chemistry of 

organic natural products 106, Springer International Publishing AG, Cham, pp. 1-201. 

Diamond, 2017. Visual crystal structure information system. Crystal Impact GbR, Bonn. 

Elsworth, C., Gill, M., Giménez, A., Milanovic, N. M., Raudies, E., 1999. Pigments of fungi. Part 50.1 

Structure, biosynthesis and stereochemistry of new dimeric dihydroanthracenones of the phlegmacin 

type from Cortinarius sinapicolor Cleland. J Chem Soc Perkin Trans 1, 119-126. 

Garnica, S., Schon, M. E., Abarenkov, K., Riess, K., Liimatainen, K., Niskanen, T., Dima, B., Soop, K., 

Froslev, T. G., Jeppesen, T. S., Peintner, U., Kuhnert-Finkernagel, R., Brandrud, T. E., Saar, G., Oertel, 

B., Ammirati, J. F., 2016. Determining threshold values for barcoding fungi: lessons from Cortinarius 

(Basidiomycota), a highly diverse and widespread ectomycorrhizal genus. FEMS Microbiol Ecol 92, 

fiw045. 

Garnica, S., Weiss, M., Oberwinkler, F., 2002. New Cortinarius species from Nothofagus forests in South 

Chile. Mycologia 94, 136-145. 

Garrido, N., 1988. Agaricales s.l. und ihre Mykorrhizen in den Nothofagus-Wäldern Mittelchiles. J. Cramer, 
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Purpurascenines A-C, azepinoindole alkaloids from Cortinarius purpurascens 

Fr.: isolation, biosynthesis, and activity studies on 5-HT2A receptor 
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Graphical abstract 

 

 

Highlights 

 Three undescribed azepino-indole alkaloids were isolated from Cortinarius purpurascens. 

 7-hydroxytryptophan was isolated for the first time from a natural source (C. purpurascens). 

 The biosynthesis of purpurascenines was proposed on the basis of in vivo feeding experiments 

on fruiting bodies of C. purpurascens. 

 Purpurascenine A reduces a half of the maximal 5-HT dependent 5-HT2A activation and 

antagonizes the constitutive activity of the 5-HT2A receptor.   
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Abstract 

Three undescribed azepino-indole alkaloids, named purpurascenines A-C (4.1-4.3), together with 

the new-to-nature 7-hydroxytryptophan (4.4) as well as two known compounds, adenosine (4.5) 

and riboflavin (4.6), were isolated from fruiting bodies of Cortinarius purpurascens Fr. 

(Cortinariaceae). The structures of 4.1-4.3 were elucidated based on extensive spectroscopic 

analyses and ECD calculations. Furthermore, the biosynthesis of purpurascenine A (4.1) was 

investigated by in vivo feeding experiments using 13C labeled samples of sodium pyruvate, alanine, 

and sodium acetate on fruiting bodies of C. purpurascens. The incorporation of 13C isotope into 

4.1 was analyzed using 1D NMR and HRESIMS methods. In the experiments with [3-13C]-

pyuvate, the dramatic enrichment of 13C was observed, compared to the abundance of 13C in 

unlabeled control and other labeled samples. Accordingly, a biosynthetic route via a direct Pictet-

Spengler reaction between α-keto acids and 7-hydroxytryptophan (4.4) could be suggested for 

purpurascenines A-C (4.1-4.3). Compound 4.1 exhibited no anti-proliferative and cytotoxic effects 

against human prostate (PC-3), colorectal (HCT-116) and breast (MCF-7) cancer cells. 

Additionally, a new functional 5-HT2A receptor activation assay was established showing the 

ability of purpurascenine A (4.1) to reduce the maximal 5-HT dependent 5-HT2A activation by half 

and to antagonize the constitutive activity of the 5-HT2A receptor.   

 

Keywords: Cortinarius purpurascens Fr.; azepino-indole alkaloids; purpurascenines;  

7-hydroxytryptophan; biosynthesis; Pictet-Spengler; constitutive activity; 5-HT2A receptor 
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4.1 Introduction   

Cortinarius Fr. (Basidiomycetes) is the largest genus in Agaricales comprising more than 5000 

epithets occurring worldwide (Abdallah et al., 2018). Moreover, species in Cortinarius are rich 

sources of structurally diverse secondary metabolites such as terpenoids (Gill, 1999, 2003; Gill and 

Steglich, 1987; Lam et al., 2019), quinonoid pigments (Chen and Liu, 2017; Gill, 1999, 2003; Gill 

and Steglich, 1987), N-containing compounds (Chen and Liu, 2017; Jiang et al., 2011; Liu, 2005), 

sphingolipids (Jiang et al., 2011), as well as compounds based on a charge transfer complex 

between a phenol and a transition metal (Gill, 1999, 2003).  

C. purpurascens Fr. belongs to Cortinarius subgenus Phlegmacium, section Purpurascentes. For 

Europe only 5 species within the section Purpurascentes are recognized: Cortinarius 

collocandoides Reumaux, C. porphyropus (Alb. & Schwein.) Fr., C. subporphyropus Pilat, C. 

subpurpurascens (Batsch) Fr., and C. purpurascens Fr. (Saar et al., 2014). All these taxa are well 

characterized by a slowly progressive violet-purple staining on air (sic nomen) when the 

basidiomata are cut or scratched (Saar et al., 2014). The discoloration can be accelerated by treating 

the flesh with Lugol solution (1 equiv. I2, 2 equiv. KI in 100 mL H2O), leading to a wine-red to 

violet-purple reaction (Figure B1, Appendix). In addition, the flesh in cross section of C. 

purpurascens showed blue-green fluorescence under UV light ( = 366 nm) (Figure B1, 

Appendix). To the best of our knowledge, there is only one report about chemical constituents from 

a Chinese mushroom collection named C. purpurascens, thereby reporting the isolation of 

naphthalene–anthraquinone biaryl pigments together with known anthraquinoid pigments (Bai 

et al., 2013). However, this type of pigments is also characteristic of secondary metabolites from 

C. rufo-olivaceus (Gao et al., 2010; Gill and Steglich, 1987; Steglich and Oertel, 1984; Thiele et 

al., 2020), which is phylogenetically far distant from C. purpurascens (Garnica et al., 2005). 

Furthermore, quite recently, the occurrence of hydroxyl anthraquinones was described for 

mixing species names C. caerulescens and C. pupurascens (Song et al., 2022a), which were 

corrected to Cortinarius sp. soon after publishing (Song et al., 2022b).  

Our present paper describes the isolation and structure elucidation of three previously unknown 

azepino-indole alkaloids from C. purpurascens, named purpurascenines A-C (4.1-4.3), together 

with the first report of 7-hydroxytryptophan (4.4) as a naturally occurring constituent, beside 

adenosine (4.5) and riboflavin (4.6). Compounds 4.1-4.3 and 4.6 are responsible for the 

fluorescence of the basidiomata under UV light (λ = 366 nm), while the TLC spot of compound 

4.4 turns violet on air or by treating with Lugol solution (Figure B1, Appendix). The biosynthesis 

of purpurascenine A (4.1) was studied by extensive feeding experiments with proposed 13C-labled 

precursors. Furthermore, the isolated compound 4.1 was examined for cytotoxic effects as well as 

its activity on the serotonin 5-HT2A receptor. 
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4.2 Results and discussion 

4.2.1 Isolation and structural elucidation of compounds 4.1-4.6 

After repeated column chromatography of the methanol crude extract of C. purpurascens on Diaion 

HP20, silica gel, Sephadex LH20, and (semi)-preparative HPLC, compounds 4.1-4.6 could be 

isolated (Figure 4.1). 

 

Figure 4.1. Structures of compounds 4.1-4.6. 

Compound 4.1, purified as yellow amorphous solid, exhibited a strong green fluorescence on 

TLC plates under UV light (λ = 366 nm). The UV spectrum showed absorption bands at max = 342 

nm and max = 413 nm. The molecular formula of 4.1 was determined to be C13H12O3N2 based on 

HRESIMS data of the protonated molecule at m/z 245.0912 ([M+H]+, calcd for C13H13O3N2
+, 

245.0921), corresponding to 9 degrees of unsaturation. HRESIMSn analysis (Figure 4.2; Table S1, 

Supppementary data) in positive ion mode displayed two fragment ions at m/z 199 ([M+H-

HCO2H]+) and m/z 184 ([M+H-HCO2H-CH3]
+) as the most abundant peaks in MS2 and MS3 

spectra, respectively, indicating the loss of a carboxylic functionality and a methyl group. 

Furthermore, the MS3 spectrum of the ([M+H- HCO2H]+) ion shows two characteristic fragment 

ions: the ion at m/z 181 ([M+H-HCO2H-H2O]+) suggests the presence of a hydroxy group, whereas 

the ion at m/z 131 ([M+H-HCO2H-HCN-CH3CN]+) represents the hydroxyindan key ion resulting 

from an hydroxyindole derivative. Previously, such hydroxyindan moiety is also observed in the 

fragmentation of cimitrypazepine (Nikolić et al., 2012) and brunnein A (Teichert et al., 2007).  
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Figure 4.2. Fragmentation pattern of compounds 4.1-4.3.  

The structure of 4.1 was further determined on the basis of detailed NMR analysis (Table 4.1, 

Figure 4.3; Table B2, Appendix). The 13C NMR spectrum of 4.1 reveals 13 carbon resonances 

including two signals for carbonyl-like carbons at C 171.4 and 178.5 ppm, eight signals for 

aromatic carbons assigned for the hydroxylindole moiety (C109-155 ppm), and three signals for 

high-field shifted carbons (C 23.7, 30.9 and 61.4 ppm). The 1H NMR spectrum of 4.1 displays 

three resonances for aromatic protons including two ortho-coupling atoms at H 7.95 ppm (1H, d, 

J = 8.6 Hz, H-7) and 6.84 ppm (1H, d, J = 8.6 Hz, H-8), together with a singlet at H 7.42 ppm (1H, 

s, H-2) suggesting a 3,4-substituted hydroxyindole scaffold (indole numbering). This scaffold is 

confirmed by HMBC correlations from H-2 to C-2a, C-9a and C-9b, from H-7 to C-9 and C-9b, as 

well as from H-8 to C-6a and C-9a. The additional HMBC correlation from H-2 to C-9 (C 154.6 
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ppm) supports the position of the hydroxy group at C-9, resulting in the presence of a  

3,4-substituted 7-hydroxyindole scaffold (indole numbering). 

 In addition, an overlapping methine signal at H 4.81 ppm (1H, H-4), a broad methylene signal 

at H 3.52 ppm (2H, H2-3), and a methyl singlet at 2.95 ppm (3H, s, H3-11) were also detected 

based on the combination of 1H NMR, TOCSY and HSQC spectra. The methyl signal showed 

HMBC correlations with carbons at C 178.5 ppm (C-6) and 113.5 ppm (C-6a), allowing the partial 

structure CH3-C- to be located at the C-4 position of the 3,4-substituted 7-hydroxyindole scaffold. 

Moreover, TOCSY spectrum showed that the methine and methylene groups form a spin system 

with the indole singlet proton at H 7.42 ppm (H-2), which exhibits a HMBC correlation with the 

methylene carbon at C 30.9 ppm (C-3). Unfortunately, no HMBC correlations of the methine and 

methylene protons could be detected despite our repeated NMR studies in different solvents. 

Nevertheless, by comparison to related structures (e.g. hyrtiazepine (Sauleau et al., 2006) and 

hyrtioreticulins (Yamanokuchi et al., 2012)), a partial structure -CH2-CH- could be unambiguously 

established and assigned at the remaining – C-3 position of the 3,4-substituted 7-hydroxyindole 

nucleus.  

Considering the molecular formula of 4.1, the unsaturation degrees and the presence of a 

carboxylic group suggested by HRESIMS studies, as well as the aforementioned analysis, a 

remaining nitrogen atom is added. This nitrogen binds the quaternary carbon at C 178.5 ppm (C-

6) and the methine group (C-4), forming a tetrahydroazepine ring. In addition, a carboxylic group 

is assigned at C-4, also based on its comparable chemical shift with the same positon of the close 

analogue hyrtiazepine (C-4, H/C 4.81/61.4 ppm for 4.1; 4.34/63.3 for hyrtiazepine) (Sauleau et 

al., 2006). Therefore, the structure of 4.1 was determined to be a new azepino[5,4,3-cd]indole 

derivative, and trivially named purpurascenine A (4.1). 

 

4.1 

 

4.1a 

Figure 4.3. Key HMBC (plain arrow), ROESY (dashed arrow) and TOCSY (bold) correlations of 

compound 4.1 and 4.1a. 

Interestingly, during storage of 4.1 in CD3OD an unusual deuterium exchange phenomenon 

occurred. In the high field area of the methyl singlet at H/C 2.70/22.57 ppm, there are additional 

“triplet-like” resonances (see Figure B53 and B54, Appendix), which have very close chemical 

shifts (H/C 2.68/22.23 and 2.67/22.06 ppm) and exhibit the same HMBC correlations as the 
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methyl singlet (Figure B57, Appendix). After five months, both the methyl singlet and the 

additional “triplet-like” peaks disappeared, indicating that the deuterium exchange in 4.1 had been 

completed (Figure B58, Appendix). The deuterium exchange of alkyl protons is rarely observable 

and here is probably based on the effect of the highly conjugated system in 4.1 on its exo-methyl 

group, featuring acidic methyl protons in the -position to a C=N (in 4.1) or phenylogous carbonyl 

(in 4.1a) group. 

Table 4.1. NMR spectroscopic data (600/150 MHz, CH3OD/D2O = 5/1 (v/v)) for purpurascenine 

A in enol (4.1) and keto form (4.1a). 

Position 4.1   4.1a 

C, type  H (J in Hz) HMBC C, type  H (J in Hz) HMBC 

1-NH  11.28, br sa   11.16, br sa  

2 127.7, CH 7.42, s 2a, 3, 9, 9a, 9b 125.1, CH 7.27 s 2a, 3, 9a, 9b 

2a 114.0, qC   116.5, qC   

3 30.9, CH2 3.52b n.d. 33.2, CH2 3.69c 2, 2a, 4, 9b, 10a 

     3.06 m  

4 61.4, CH 4.81c n.d. 63.1, CH 4.06 2a, 3, 6, 10a 

6 178.5, qC   171.0, qC   

6a 113.5, qC   109.5, qC   

7 134.3, CH 7.95 d (8.6) 2a, 6, 6a, 9, 9a, 9b 135.4, CH 7.79 d (8.8) 2a, 6, 6a, 9, 9a, 9b 

8 109.5, CH 6.84 d (8.6) 6a, 9, 9a 113.1, CH 6.61 d (8.8) 9a; 6a, 9a 

9 154.6, qC   162.7, qC   

9a 126.3, qC   128.2, qC   

9b 130.0, qC   129.5, qC   

9-OH  9.40 br sa     

10-COOH 171.4, qC   170.2, qC   

11-CH3 23.7, CH3 2.95 s 6, 6a, 7 23.3, CH3 2.81 s 6, 6a, 7 
a detected in DMSO-d6 measurement; b broad signal, chemical shift determined from 2D TOCSY; c overlapping signal, 

chemical shift determined from 1H, 13C HSQC; n.d. = not detected. 

Compound 4.1a, obtained when avoiding any acidified solvents during its purification, 

exhibited identical physical properties [e.g. color, fluorescence under UV light (λ = 366 nm), Rf, 

and Rt] and mass spectroscopic data with 4.1, suggesting that 4.1a and 4.1 are isomers. While 1H 

and 13C NMR spectra of 4.1a are very similar to those of 4.1, 2D NMR data for 4.1a showed the 

major differences for C-6 and C-9. An upfield shift of C-6 (C 171.0 ppm for 4.1a and 178.5 ppm 

for 4.1) and a downfield shift of C-9 (C 162.7 ppm for 4.1a and 154.6 ppm for 4.1) confirmed 

that 4.1a is the keto-isomer of 4.1. Interestingly, all missing HMBC correlations of H2-3 and H-4 

in 4.1 could be detected in 4.1a (Table 4.1, Figure 4.3; Table B2, Appendix). Quantum chemical 

calculation showed that the keto form (4.1a) is 12 kcal more stable than the enol form (4.1) (data 

not shown). 

Compounds 4.2 and 4.3, purified as yellow amorphous solids, exhibited strong green 

fluorescence on TLC plates under UV light (λ = 366 nm) and UV absorption bands similar to 

compound 4.1 (Figure B1, B27, B35, Appendix). The molecular formulas were determined to be 
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C12H10O3N2 for 4.2 ([M+H]+ at m/z 231.0758, calcd for C12H11O3N2
+, 231.0757), and C16H18O3N2 

for 4.3 ([M+H]+ at m/z 287.1381, calcd for C16H19O3N2
+, 287.1390) established by HRESIMS in 

positive ion mode. As depicted in Figure 4.2, HRESIMSn analysis of compounds 4.2 and 4.3 

showed similar fragmentation patterns to that of purpurascenine A (4.1). Upon MS2 fragmentation 

of compounds 4.1-4.3, the base peak of each compound at m/z 199, 185, 241, respectively, is 

generated by the loss of a HCO2H molecule (neutral loss of 46 Da), indicating the fact that they 

possess a carboxylic acid moiety in their structures. Those base peaks were used as precursor ions 

in further MSn experiments, showing another common fragmentation feature of 4.1-4.3 that they 

share the characteristic loss of either a H2O, HCN, or CO molecule (neutral loss of 18, 27 or 28 

Da). Additionally, the key specific fragment at m/z 131, which represents the hydroxyindan key 

ion, was also detected upon MSn experiments of 4.1-4.3. Therefore, compounds 4.2 and 4.3 are 

assumed as close analogues of the new azepino[5,4,3-cd]indole alkaloid 4.1. 

Table 4.2. NMR spectroscopic data (600/150 MHz, CH3OD) of purpurascenine B (4.2) and  

C (4.3). 

Position 4.2 4.3 

C, type  H (J in Hz) HMBC C, type  H (J in Hz) HMBC 

2 125.5, CH 7.27 s 2a, 3, 9a, 9b 
124.4, CH 7.18 s 

2a, 9b 

2a 117.0, qC   116.8 qC   

3 33.2, CH2 3.82 d (15.4) 2, 2a, 4, 9b, 10a 33.9, CH2 3.74 n.d. 

  3.03 dd (15.4, 8.9)   2.93  

4 63.1, CH 4.04 d-like (8.8) n.d. 62.7, CH 3.94 n.d. 

6 159.8, CH 8.23 s 9b  171.0, qC   

6a 110.6, qC   n.d.   

7 138.8, CH 7.52 d (8.5) 2a, 6, 9a, 9b 135.6, CH 7.71 d (9.0) 2a, 6, 9a, 9b 

8 113.3, CH 6.59 d (8.5) 6a, 9a 115.1, CH 6.48 d (9.0) 9b 

9 n.d.   n.d.   

9a 128.0, qC   127.3, qC   

9b 130.6, qC   129.4, qC   

10-CO2H n.d.   n.d.   

11    45.5, CH2 3.12 m 

2.70 m 

n.d. 

12    31.4, CH 2.09 m n.d. 

13    22.8, CH3 1.06 d (6.6) 11, 12, 14 

14    22.4, CH3 1.02 d (6.6) 11, 12, 13 

n.d. = not detected. 

NMR spectroscopic data of compounds 4.2 and 4.3 (Table 4.2) also closely resemble that of 

4.1 except the signals related to substituents at C-6. For compound 4.2, the high-field singlet at H 

2.95 ppm (CH3-11) is absent, while one additional aromatic resonance at H 8.27 ppm (1H, s, H-

6) occurs in the low-field of the 1H NMR spectrum. This aromatic proton was shown to be involved 

in a spin system with two aromatic protons at H 7.52 ppm (H-7) and H 6.59 ppm (H-8) as well 

as saturated protons at H 3.82 / 3.03 ppm (H2-3) and H 4.04 ppm (H-4) based on its TOCSY 
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correlations. Unfortunately, due to the low amount of 4.2, the HMBC spectrum displayed only the 

correlation from H-6 to C-9b. Nonetheless, the interpretation of MS and NMR data clearly 

demonstrated that 4.2 is the demethylated derivative of 4.1, and trivially named purpurascenine B 

(4.2).  

Similarly, for compound 4.3, the methyl singlet at H 2.95 ppm (CH3-11) in 4.1 is replaced by 

a group of resonances at H 1.02-3.12 ppm representing an isobutyl (CH3)2CH-CH2- substituent, 

which is established on the basis of COSY, TOCSY and HMBC experiments (Table 4.2; Figure 

B32-B34, Appendix). Therefore, the structure of compound 4.3 was also assigned as a new 

azepino[5,4,3-cd]indole alkaloid, and named purpurascenine C (4.3).  

Up to now, azepino[5,4,3-cd]indole alkaloids form a small group of 30 natural products, roughly 

equally contributed by fungal cultures (i.e. Claviceps and Penicillium), plants (i.e. Psychotria, 

Evodia and Cimifuga) as well as the marine sponge Hyrtios spp. (Klein-Junior et al., 2020; Lindsay 

et al., 2018). Thus, the isolated purpurascenines 4.1-4.3 are the first azepinoindole alkaloids from 

fungal basidiocarps. 

Compound 4.4 was isolated as a white, amorphous solid. HRESIMS studies of the [M+H]+ ion 

at m/z 221.0908 afforded the molecular formula C11H12O3N2 (calcd for C11H13O3N2
+, 221.0921). 

Detailed analyses of 1D and 2D NMR spectroscopic data (Figure B39-B43, Appendix) confirmed 

the structure of 4.4 as 7-hydroxytryptophan. To the best of our knowledge, 7-hydroxytryptophan 

(4.4) was reported since 1990 as a synthetic product (Eich and Rochelmeyer, 1966; Gartz, 1985; 

van den Berg et al., 1990), but so far it was not found in any natural sources other than  

C. purpurascens. Given that the spot on TLC plate of 4.4 turned violet by exposing to the air or by 

treating with Lugol solution (Figure B1, Appendix), similar to the color reaction of the mushroom’s 

flesh, we could assume that 4.4 is responsible for this characteristic color change of  

C. purpurascens. 

Compound 4.5 was obtained as a white, amorphous solid. Deduced from positive ion high 

resolution MS studies of the [M+H]+ ion at m/z 268.1045 (calcd for C10H14O4N5
+, 268.1040) as 

well as 1D NMR experiments (Figure B46-B48, Appendix), 4.5 was identified as adenosine. All 

spectroscopic data are in agreement with published data (Ciuffreda et al., 2007). 

Compound 4.6, purified as a yellow solid, exhibited strong green fluorescence on TLC plates 

under UV light (366 nm). The molecular formula of 4.6 was determined as C17H20O4N6 from 

HRESIMS data ([M+H]+ at m/z 377.1477, calcd for C17H21O4N6
+, 377.1456). The mass 

spectroscopic as well as 1D and 2D NMR data (Figure B49-B51, Appendix) of 4.6 were in 

accordance with those of riboflavin (4.6) (Hu et al., 2013).  

Among the isolated compounds, compounds 4.1-4.3 and 4.6 are responsible for the blue-green 

fluorescence of the mushroom under UV light (λ = 366 nm). Moreover, the first natural  

7-hydroxytryptophan (4.4) is the chemical component behind the violet reaction of the flesh with 

Lugol solution and on air characterizing the section Purpurascentes. 
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The section Scauri, also placed in the section Purpurascentes by Moser (Moser, 1960) because 

of the same reaction with Lugol, differs in the absence of violet reaction of the flesh and the 

presence of green pigments in stipe, lamellae, velum and rhizomorphs. C. scaurus has been 

considered as sister species of C. purpurascens (Horak, 2005; Moser, 1983). The green pigments 

(scaurin A and B) of C. scaurus were identified as polyenes connected to glutamic acid (Gill, 1999), 

which can also react with Lugol. Furthermore, the molecular analyses by Garnica et al. suggested 

that C. scaurus belongs to the Scauri clade, whereas C. purpurascens is a part of the Purpurascentes 

clade. Therefore, phylogenetically the Purpurascentes and Scauri are closely related sister groups 

(Garnica et al., 2005). However, in the view of their chemical entities, they are far distant. 

In addition, anthraquinones and specific anthraquinone-related pigments were not detected in 

C. purpurascens. Therefore, the isolation of such types of pigments from a Chinese collection of 

C. purpurascens (Bai et al., 2013) might be based on an incorrect identification of the investigated 

species.  

4.2.2 Absolute configuration of compounds 4.1-4.4 

The absolute configuration of compounds 4.1-4.4 was determined using quantum chemical 

methods. Since each compound has only one chiral center at C-4 (4.1, 4.1a, 4.2, and 4.3) or C-1 

(4.4), corresponding to two possible stereoisomers, the electronic circular dichroism (ECD) spectra 

of these two presumed isomers were calculated and compared with the experimental ECD 

spectrum. For compound 4.1, a similarity factor S = 0.7911 (sigma 0.28 eV at 8 nm shift) was 

found for the S-configuration, while the R-configuration showed a much lower similarity S = 

0.1253 (Figure 4.4). This clearly demonstrated that 4.1 has a 4S configuration. Likewise, 

compounds 4.1a, 4.2-4.4 were shown to have the same S-configuration with the similarity factors 

S = 0.8309, 0.7451, 0.6336 and 0.9561, respectively (Figure B21, B28, B36, B45, Appendix).  

 

Figure 4.4. Calculated CD spectra of the 4R (green) and 4S (red) of compound 4.1 in comparison 

with the experimental one (black).  
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4.2.3 Biosynthesis of purpurascenines A-C  

Owing to their intriguing structures and potential as pharmaceuticals, azepino[5,4,3-cd]indole 

alkaloids have inspired many synthetic studies as well as biosynthetic research (Lindsay et al., 

2018). Among the known 30 natural azepino[5,4,3-cd]indole alkaloids (Figure 4.5), the plausible 

biosynthesis of fungi-derived products were investigated by enzyme-based experiments. The 

biosynthetic pathway of clavicipitic acid, a compound from submerged cultures of Claviceps 

species, was proven to involve 4-dimethylallyltryptophan (DMAT) catalyzed by an enzyme present 

in the extracted Claviceps species (Robbers et al., 1980; Saini et al., 1976). DMAT, an intermediate 

in ergot alkaloid biosynthesis, is formed via the prenylation of L-tryptophan with dimethylallyl 

pyrophosphate (DMAPP) catalyzed by dimethylallyl prenyltransferase (Lindsay et al., 2018). 

Likewise, the presumably decarboxylated derivative of clavicipitic acid, named aurantioclavine, 

isolated from Penicillium aurantio-virens seems to be also biosynthesized by DMAT (Lin et al., 

2015). Aurantioclavine, together with tryptamine, was then approved as biosynthetic precursor of 

communesins (e.g. communesin A), a group of eight azepino-indole alkaloids derived from various 

Penicillium species (Lin et al., 2015). In contrast, the biosynthesis of azepino-indole alkaloids from 

the marine sponge Hyrtios was only proposed based on biomimetic synthetic studies, while the 

biosynthetic pathway of plant-extracted alkaloids remains untouched due to their fresh detection 

(Lindsay et al., 2018). In the following part we describe an in vivo study towards the biosynthesis 

of purpurascenine A (4.1). 

 

Figure 4.5. Selected azepino-indole alkaloids from different natural sources. 

As depicted in Scheme 4.1, azepino[5,4,3-cd]indole alkaloids can be biosynthesized by the 

isoprenylation of tryptophan followed by the amino-cyclisation (pathway A), or via a Pictet-

Spengler reaction between tryptophan and an aldehyde component (pathway B). Considering the 
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involvement of tryptophan as a precursor in the biogenetic synthesis of communesins in 

Penicillium expansum(Lin et al., 2015; Wigley et al., 2006; Wigley et al., 2008; Xu et al., 2014), it 

could be speculated that the azepinoindole moiety in 4.1 is derived from 4.4, valid for both 

pathways A and B in Scheme 4.1. 

 

Scheme 4.1. Possible biosynthesis pathways to purpurascenine A (4.1*). (A) Isoprenylation 

followed by amino-cyclisation and predicted labeling pattern after feeding 13C-labeled precursors; 

(●) position of 13C via mevalonate (MVA) pathway, (●) position of 13C via methylerythritol 

phosphate (MEP) pathway. (B) Pictet-Spengler condensation and predicted labeling pattern after 

feeding 13C-labeled precursors (●).  

On the one hand, it is possible that the isoprenylation of 7-hydroxytryptophan (4.4) with 

dimethylallylpyrophosphate (DMAPP) forms 4-dimethylallyl-7-hydroxytryptophan (DMA-7-

hydroxytryptophan) in pathway A. The following amino-cyclisation afforded purpurascenine A 

(4.1). DMAPP can be achieved from the mevalonate (MVA) pathway via acetyl-CoA from 

pyruvate and acetate or from the methylerythritol phosphate (MEP) pathway via condensation of 

pyruvate and glyceraldehyde-3-phosphate (Yamazaki et al., 2004). 

On the other hand, the biogenesis of 4.1 may also involve a Pictet-Spengler reaction in pathway 

B. The Pictet-Spengler condensation, enzymatically catalyzed by Pictet-Spenglerase, had been 

evidenced in different organisms in nature (Naoi et al., 2002; Stockigt et al., 2011). 7-

hydroxytryptophan (4.4) acts as the amine precursor reacting with an aldehyde constituent to form 

purpurascenine A (4.1). The three possible aldehyde constituents could be pyruvate, acetyl-CoA 

or acetaldehyde. Acetyl-CoA is derived from acetate or pyruvate, whereas acetaldehyde is formed 

directly from alanine. Alanine itself may be formed from pyruvate via an aminotransferase. 

To examine these putative biogenic pathways of purpurascenine A (4.1), feeding experiments 

on basidiocarps of C. purpurascens were carried out in the field. To guarantee efficient 
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incorporation of labelled precursors into 4.1*, young fruiting bodies were selected due to their high 

rate of secondary metabolic activity. For this purpose, aqueous solutions of [3-13C]-pyruvate, [3-
13C]-alanine, or [2-13C]-acetate were separately injected using a syringe into the caps and stems of 

fruiting bodies of C. purpurascens. The basidiomata were harvested after seven to nine days after 

feeding. To evaluate the incorporation of fed precursors, intense 1H NMR and HRESIMS studies 

were performed. As illustrated in Scheme 1, the methyl 13CH3-11 group can be incorporated into 

4.1* from the labeled precursors with exception via MEP pathway (in pathway A). Successful 

incorporation of the labeled precursors would lead to an increase of the 13C satellites of the methyl 

signal CH3-11 in the 1H NMR spectrum as well as the enrichment of the isotope ions abundance in 

the HRESIMS spectrum.  

Purpurascenine A (4.1*) was isolated from the methanol extract of C. purpurascens using 

liquid-liquid partition, column chromatography on Sephadex LH20 followed by semi-preparative 

HPLC. Approximately 2.5 mg of 4.1* was obtained from fruiting bodies of C. purpurascens fed 

[3-13C]-alanine or [2-13C]-acetate, but only 0.5 mg of 4.1* could be isolated after feeding [3-13C]-

pyruvate. The 1H NMR and HRESIMS data of 4.1* are in agreement with those of the unlabeled 

control 4.1. 

The 1H NMR spectrum of 4.1* displayed a singlet signal at H 2.7-2.9 ppm representing the 

methyl 13CH3-11 group. The 13C satellites (J = 130 Hz) of this methyl signal were confirmed by 
1H, 13C HSQC spectrum without 13C decoupling (Figure B56, Appendix). In each sample of 

compound 4.1*, the integration of the main peak of the methyl group 13CH3-11 was set to 100 in 

order to calculate the integration of satellite signals (Figure B54, B61, B64, Appendix) allowing to 

evaluate the incorporation of 13C containing precursors into purpurascenine A (4.1*).  

As shown in Table 4.3, the satellite intensity was increased up to sevenfold in 4.1* due to the 

incorporation of [3-13C]-pyruvate, and over twofold in 4.1* fed [3-13C]-alanine or [2-13C]-acetate, 

compared to the unlabeled compound 4.1. Since the dramatic enhancement of the satellite intensity 

was only observed after feeding [3-13C]-pyruvate, the biosynthesis of the azepine moiety in 4.1 

through isoprenylation followed by amino-cyclisation (pathway A) can be excluded. Therefore, the 

biosynthesis of 4.1 via a direct Pictet-Spengler condensation of pyruvate is the most favored one.  

Table 4.3. Incorporation of [3-13C]-pyruvate, [3-13C]-alanine, and [2-13C]-acetate into 

purpurascenine A (4.1*) based on 1H NMR spectroscopic data. 

Position Satellite intensity (%)c 

 unlabeled controla 

(4.1) 

[3-13C]-pyruvateb 

(4.1*) 

[3-13C]-alaninea 

(4.1*) 

[2-13C]-acetatea 

(4.1*) 

11-CH3 1.1d 7.7  3.0 2.8 
a measured in CD3OD/D2O = 7/3 (v/v); b measured in CD3OD; c percentage ratio of the 13C – 13C satellite area to the 

global NMR signal area of the methyl group; d not detected, value from natural abundance of 13C. 



PhD thesis_Lam  Chapter 4. Purpurascenines from C. purpurascens 
 

63 
 

Additionally, the incorporation of 13C labelled precursors in 4.1* was corroborated by 

HRESIMS measurements displaying enhancement of the [M+1] and [M+2] ion abundances (Table 

4.4). In accordance with NMR results, the relative intensity of isotope ions of 4.1* increased 

significantly (almost twofold for [M+1] ion and threefold for [M+2] ion) after feeding [3-13C]-

pyruvate, and slightly after feeding [3-13C]-alanine or [2-13C]-acetate, compared to the unlabeled 

control 4.1. 

Table 4.4. HRESIMS analyses of purpurascenine A (4.1*) labeled with [3-13C]-pyruvate, [3-13C]-

alanine, and [2-13C]-acetate. 

Ion m/z, Relative intensity (%) 

  unlabeled control 

(4.1) 

[3-13C]-pyruvate  

(4.1*) 

[3-13C]-alanine 

(4.1*) 

[2-13C]-acetate 

(4.1*) 

12C13H13O3N2
+ [M] 245.0918, 100.0 245.0920, 100.0 245.0921, 100.0 245.0918, 100.0 

12C12
13C1H13O3N2

+ [M+1] 246.0952, 13.7 246.0954, 23.0 246.0954, 16.0 246.0952, 15.2 

12C11
13C2H13O3N2

+ [M+2] 247.0987, 0.8 247.0989, 2.1 247.0987, 1.2 247.0988, 1.1 

12C10
13C3H13O3N2

+ [M+3] n.d. n.d. n.d. n.d. 

 

Based on 1H NMR and HRESIMS analysis, the biogenetic pathway of purpurascenine A (4.1) 

is proposed as depicted in Scheme 4.2, which is at the same time in agreement with the absolute 

configurations of isolated compounds mentioned above.  

 

Scheme 4.2. Suggested biosynthesis pathway of purpurascenine A (4.1) via iminium intermediate 

in a Pictet-Spengler reaction, considering the proposal of Yamanokuchi et al. (2012) and Naoi et 

al. (2002).  
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Considering pyruvic acid as “α-ketoalanine”, we hypothesize that “α-ketoglycine” (glyoxilic 

acid), and “α-ketoleucine” (4-methyl-2-oxopentanoic acid) are the precursors for purpurascenines 

B (4.2) and C (4.3), respectively. Each α-keto acid can react with 7-hydroxytryptophan (4.4) in a 

Pictet-Spengler reaction as described in Scheme 4.3. In principle, α-keto acids can be formed from 

corresponding amino acids by the oxidative deamination via either amino acid dehydrogenase, L-

amino oxidase or L-amino acid desaminase (Nshimiyimana et al., 2019). However, due to the 

observed less incorporation rate of fed 13C alanine into 4.1*, it is most probably that the α-keto 

amino acids are formed through the reversible reaction catalyzed by amino acid dehydrogenase. 

 

Scheme 4.3. Proposed biosynthesis pathway of purpurascenines A-C (4.1-4.3). 

4.2.4 Purpurascenine A – Impact on cell viability 

Purpurascenine A (4.1) was screened for possible anti-proliferative and cytotoxic effects, 

respectively, on three human cell lines, namely prostate adenocarcinoma (PC-3), colorectal 

adenocarcinoma (HCT-116) and breast cancer (MCF-7) cells. The compound’s impact on the cells’ 

growth and viability after 48 h of cell treatment was measured by using a fluorometric resazurin 

assay read-out. Purpurascenine A (4.1) was tested with concentrations up to 100 µM. Furthermore, 

serotonin (5-hydroxytryptamine, 5-HT), the native agonist of the 5-HT2A serotonin receptor, was 

also tested for its impacts on cell viability since 5-HT was used as a reference in the functional  

5-HT2A reporter gene assay that was conducted to evaluate a potential modulatory function of the 

5-HT2A receptor by 4.1. 

Our results showed that neither 4.1 nor 5-HT were found to be cytotoxic and anti-proliferative, 

respectively, to any of the three tested human cell lines, even in higher concentration up to 100 µM 

(Figure B66, Appendix). The only sign for some cytotoxicity was detected with compound 4.1 in 

PC-3, where just the highest concentration of 100 µM reduced the PC-3 cell viability by ~ 30%. 

Therefore, the IC50 value of 4.1 is estimated to be distinctly higher than 100 µM, making 

purpurascenine A (4.1) a quite inactive compound with respect to cytotoxicity towards human cells. 

4.2.5 Effect of purpurascenine A on 5-HT2A receptor activation 

Due to its structural similarity to 5-HT as well as other known 5-HT2A receptor modulators, e.g. 

agonists like ibogaine or tabernanthine (Zieba et al., 2021) or allosteric modulators like glaucine 

(Fasciani et al., 2020; Heng et al., 2019), the question arose whether purpurascenine A (4.1) could 

permit some functional effect on the 5-HT2A serotonin receptor subtype. Thus, preliminary docking 
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studies were carried out demonstrating that purpurascenine A (4.1) can interact with 5-HT2A 

serotonin receptor with an interaction energy of -33.4 kcal/mol (Figure B66, Appendix). The 

interaction is stabilized by hydrogen bonds of the formic acid side chain with the side chain of 

K223 and N343. Furthermore, hydrophobic interactions with F339, L362, V366 and L228 

additionally support the docking arrangement (Figure 4.6A). Therefore, a functional reporter gene 

assay was conducted by using transiently co-transfected CHO-K1 cells overexpressing the 5-HT2A 

receptor and Promega’s reporter gene system pGL4.33 with a luciferase enzyme under the control 

of a serum response element (SRE) that becomes activated upon functional activation of a Gi/G0-

coupled receptor, e.g. the 5-HT2A receptor. 

As shown in Figure 4.6B, the transiently co-transfected CHO-K1 cells were treated with broad 

concentration ranges of (i) the native agonist ligand 5-HT as reference, (ii) purpurascenine A (4.1), 

and (iii) with a combination of 10-12 – 10-6 M 5-HT plus a fixed concentration of 100 µM of 4.1.  

 

Figure 4.6. (A) Most favored docking arrangement of purpurascenine A (4.1) (in green) with the 

5-HT2A receptor. (B) EC50 curves and values of the functional activation of the human 5-HT2A 

receptor by serotonin (5-HT), purpurascenine A (4.1) and a co-treatment of both with fixed 

purpurascenine A (4.1) excess concentration of 100 µM. Dose-response curves were determined 

by using a functional SRE reporter gene assays in transiently co-transfected CHO-K1 cells. The 

maximal receptor activation (in percentage) was normalized to the maximal receptor activation by 

the native agonist serotonin (5-HT).  

The native agonist serotonin activated the 5HT2A receptor with an EC50 value of approximately 

12 nM, which nicely fits to EC50 values published in the IUPHAR database of G protein-coupled 

receptors (Andrade et al., 2019), indicating the good performance of the functional reporter gene 

assay. Nevertheless, the lifted bottom plateau of the EC50 curve – to a basal receptor activation 

level of around 25% – is noteworthy, and could be either explained by some constitutive activity 

of the 5-HT2A receptor or some basal agonistic activity of the ligand 5-HT even with its lowest test 
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concentrations. Contrarily, purpurascenine A (4.1) by itself was found to be incapable to activate 

the 5-HT2A receptor, at least up to a concentration of 10 µM, and hence 4.1 is not able to act as 5-

HT2A agonist. However, the flat dose-response curve of 4.1 was detected very close to an activation 

level of 0%. Surprisingly, when 5-HT, applied with the same concentration range as reference 

treatment, was combined with 100 µM of 4.1, the bottom plateau of the EC50 curve of the co-

treatment was also close to 0% receptor activation. Furthermore, albeit the co-treatment activated 

the 5-HT2A receptor, it allowed just a half-maximal activation (maximum activation 52%). The 

EC50 of the co-treatment (in fact just due to the action of 5-HT) could be reduced by factor 2. 

However, the standard error is quite high for that EC50 calculation.  

These results of the functional 5-HT2A receptor activation assay demonstrated that: (i) 

purpurascenine A (4.1) did not permit substantial agonistic 5-HT2A activation, (ii) purpurascenine 

A (4.1) (100 μM) reduced the maximal 5-HT dependent 5-HT2A activation from 100% down to 

50%, with only minor effect on the EC50 of 5-HT, and (iii) purpurascenine A (4.1) seemed to inhibit 

putative constitutive 5-HT2A activity. In fact, constitutive activity of the 5-HT2A receptor is so far 

described to be relatively weak in vitro. However, it was observed that some experimental settings, 

e.g. overexpression of G-proteins or some methodologies for receptor amplification, can cause 

elevated constitutive activity of 5-HT2A receptors (Berg et al., 2005; De Deurwaerdère et al., 2018). 

It might be that the co-transfection of the 5-HT2A receptor, all the more as a fusion protein with 

EYFP for transfection control, with the SRE luciferase reporter, and the resulting strong 

overexpression of 5-HT2A are the reasons for the substantial constitutive receptor activity observed 

in our assay. Nonetheless, also under these artificial assay conditions, purpurascenine A (4.1) 

seems to be able to antagonize those constitutive 5-HT2A activity. 

Purpurascenine A (4.1) does not act as a classical, competitive inhibitor at the 5-HT2A receptor, 

since there seems to be no direct competition with the native ligand 5-HT at its receptor binding 

site. However, 4.1 could be a weak allosteric 5HT2A antagonist, inhibiting primarily weaker 

constitutive 5HT2A activity, and altering more the constitutive or agonist-induced activation height 

rather than the agonist’s EC50 value. On the other hand, purpurascenine A (4.1) could also primarily 

be a modulator of another 5-HT receptor subtype. 

Based on these results, it could be worthwhile for specialists in the field to investigate the effects 

of purpurascenine A (4.1) and derivatives thereof on 5-HT2A and other 5-HT receptor subtypes in 

more detail. All the more, since there is evidence that the 5-HT2A receptor can display significant 

levels of constitutive activity in vivo, where the constitutive activity of the 5-HT2A receptor acts to 

regulate associative learning through its ability to modulate the release of glutamate, acetylcholine, 

dopamine, and possibly other transmitters that, in turn, directly affect learning (Berg et al., 2008; 

Berg et al., 2005; De Deurwaerdere et al., 2020; Harvey, 2003; Harvey et al., 2004; Romano et al., 

2006). 
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4.3 Concluding remarks 

In summary, three new azepino-indole alkaloids, named purpurascenines A-C (4.1-4.3), together 

with the keto form of purpurascenine A (4.1a) and the new-to-nature 7-hydroxytryptophan (4.4) 

as well as two known compounds, adenosine (4.5) and riboflavin (4.6), were isolated from fruiting 

bodies of Cortinarius purpurascens Fr. (Cortinariaceae). The structures of 4.1-4.3 were elucidated 

based on extensive spectroscopic analyses and ECD calculations. Among the isolated compounds, 

purpurascenines A-C (4.1-4.3) and riboflavin (4.6) are responsible for the blue-green fluorescence 

of the mushroom under UV light (λ = 366 nm). Moreover, 7-hydroxytryptophan (4.4) is the 

chemical component behind the violet reaction of the flesh with Lugol solution and on air 

characterizing the section Purpurascentes.  

Additionally, the biosynthesis of purpurascenine A (4.1) was investigated by in vivo feeding 

experiments using 13C labeled samples of sodium pyruvate, alanine, and sodium acetate on fruiting 

bodies of C. purpurascens. The incorporation of 13C isotope was analyzed using 1D NMR and 

HRESIMS methods. In the experiments with [3-13C]-pyruvate, the dramatic enrichment of 13C was 

observed, compared to the abundance of 13C in unlabeled control and other labeled samples. 

Therefore, a biosynthetic route via a direct Pictet-Spengler reaction between pyruvic acid and  

7-hydroxytryptophan (4.4) could be suggested for purpurascenine A (4.1) (Scheme 4.2). 

Considering pyruvic acid as “α-ketoalanine”, “α-ketoglycine” (glyoxilic acid), and “α-

ketoleucine” (4-methyl-2-oxopentanoic acid) were hypothesized as the precursors for 

purpurascenines B (4.2) and C (4.3), respectively. Consequently, the biosynthesis of 

purpurascenines A-C (4.1-4.3) was proposed as described in Scheme 4.3.  

Furthermore, purpurascenine A (4.1) exhibited no anti-proliferative and cytotoxic effects 

against human prostate (PC-3), colorectal (HCT-116) and breast (MCF-7) cancer cells. In addition, 

a new functional 5-HT2A receptor activation assay was established showing the ability of 4.1 to 

reduce the maximal 5-HT dependent 5-HT2A activation by half and to antagonize the constitutive 

activity of the 5-HT2A receptor.   

 

4.4 Experimental 

4.4.1 General experimental procedures  

Column chromatography was performed on Sephadex LH20, Sephadex LH60, and Sephadex G25 

(Fluka, Germany), whereas analytical TLC was performed on pre-coated silica gel F254 aluminum 

sheets (Merck, Germany). The compound spots were detected by their color and their absorbance 

at λ = 366 nm. UV spectra were measured with a Jasco V-560 UV/Vis spectrophotometer, CD 

spectra were recorded on a Jasco J-815 CD spectrophotometer, and the specific rotation was 

obtained from a Jasco P-2000 polarimeter (Jasco, Pfungstadt, Germany).  

NMR spectra were recorded with an Agilent VNMRS 600 system (Varian, Palo Alto, CA, USA) 

operating at 599.83 MHz (1H) and 150.84 MHz (13C), respectively, using a 5-mm inverse detection 
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cryoprobe. 2D NMR spectra were recorded using standard CHEMPACK 8.1 pulse sequences 

(s2pul, 1H,1H zTOCSY, 1H,1H ROESY(AD), 1H,13C and 1H,15N gHSQCAD, 1H,13C gHMBCAD) 

implemented in Varian VNMRJ 4.2 spectrometer software. The mixing time for the TOCSY 

experiments was set to 80 msec, for the ROESY experiments was set to 300 msec. The HMBC 

experiment was optimized for a long-range coupling of 8 Hz. For measurements in DMSO-d6, 1H 

and 13C chemical shifts are referenced to internal DMSO-d6 (δH 2.51 ppm and δC 39.5 ppm), while 

for other measurements 1H chemical shifts are referenced to internal TMS (δH = 0 ppm), and 13C 

chemical shifts are referenced to CD3OD (δC 49.0 ppm). 

The positive ion high-resolution electron spray ionization mass spectra (HRESIMS) were 

obtained from either an Orbitrap Elite mass spectrometer or an API 3200 Triple Quadrupole 

System. The Orbitrap Elite mass spectrometer (ThermoFisher Scientific, Bremen, Germany) is 

equipped with an ESI electrospray ion source (spray voltage 4.0 kV; capillary temperature 275 °C, 

source heater temperature 40 °C; FTMS resolution 60.000). The API 3200 Triple Quadrupole 

System (AB SCIEX, Framingham, MA, USA) has a turbo ion spray source, which performs 

ionization with an ion spray voltage on 70 eV. Nitrogen was used as sheath gas. The sample 

solutions were introduced continuously via a 500 μl Hamilton syringe pump with a flow rate of 5 

μl/min. The instruments were externally calibrated by the Pierce® LTQ Velos ESI positive ion 

calibration solution (product number 88323). The data were evaluated by the Xcalibur software 2.7 

SP1 or the Peakview software 2.2.0.11391. The collision induced dissociation (CID) MSn 

measurements were performed using the relative collision energies given in Table B1 (Appendix).   

The preparative HPLC was performed on a Shimadzu prominence system which consists of a 

CBM-20A communications bus module, a SPD-M20A diode array detector, a FRC-10A fraction 

collector, a DGU-20A5R degassing unit, a LC-20AT liquid chromatograph, and a SIL-20A HT 

auto sampler, using either ODS-A column 1(5 m, 120 Å, 150 x 10 mm ID, YMC Europe, 

Dinslaken, Germany) or ODS-A column 2 (5 m, 120 Å, 150 x 20 mm ID, YMC Europe, 

Dinslaken, Germany). The following mobile phases were used: H2O (A) + 0.1% trifluoroacetic 

acid and CH3CN + 0.1% trifluoroacetic acid (B) (solvent system I); H2O + 0.1% formic acid (A) 

and CH3CN + 0.1% formic acid (B) (solvent system II); H2O + 10 mmol/L ammonium formate 

(A) and CH3CN +  0.1% formic acid (B) (solvent system III); H2O (A) and CH3CN (B) (solvent 

system IV). 

The labeled precursors, sodium [3-13C]-pyruvate, [3-13C]-alanine, and sodium [2-13C]-acetate 

(all 99% 13C abundance), were purchased from Sigma Aldrich (Steinheim, Germany). 

4.4.2 Fungal materials 

Fruiting bodies of Cortinarius purpurascens Fr. were collected under Quercus spec. at different 

places in the Campus area of University Bayreuth (49°55’43’’N11°35’25’’E; 

49°55’47’’N11°35’03’’E; 49°55’44’’N11°35’14’’E), Bavaria, Germany in October 2016 and 2017 

(leg./det. N. Arnold). A voucher specimen (coll. 2/2016) is deposited at the Leibniz Institute of 

Plant Biochemistry (IPB), Halle, Germany. 
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4.4.3 Extraction and isolation 

The frozen fruiting bodies of C. purpurascens (1285 g) were macerated using a blender and 

extracted with methanol (3 x 3.5 L). The yellow-brown solution was evaporated in vacuo to 

dryness. The MeOH crude extract (41.54 g) was subsequently partitioned with CH2Cl2, n-BuOH 

and H2O. According to TLC (UV, λ = 366 nm), the n-BuOH crude extract (2.24 g) contained most 

of the blue-green fluorescent compounds and therefore subjected to size exclusion chromatography 

using Sephadex LH20 (eluent: MeOH) to afford 8 fractions (B1-B8). Fraction B3 (0.16 g) was 

separated by preparative HPLC using column 2 with solvent system I, (4.5 mL/min; 0-10 min, 10-

35% B, 10-30 min, 35-59% B) yielded 4.6 (tR = 15.6 min, 1.4 mg). Fraction B4 (0.15 g) was 

chromatographed on Sephadex G25 (eluent: acetic acid 0.05M degassed and saturated with argon) 

to arise pure compound 4.4 (5.5 mg). Fraction B5 (0.89 g) was submitted to chromatography using 

Sephadex LH60 (eluent: MeOH) to give fractions C1-C50. The fractions C10-23 were combined 

according to their TLC pattern and separated by repeated semipreparative HPLC using column 1 

with solvent system II (flow rate 2.5 mL/min; 0-18 min, 10-55% B) to afford 4.2 (tR = 7.5 min, 0.4 

mg), 4.1 (tR = 7.8 min, 10.6 mg), and 4.3 (tR = 10.0 min, 0.7 mg). The fractions C24-40 containing 

4.5 were combined and finally purified by preparative HPLC using column 2 with solvent system 

III (15 mL/min; 0-10 min, 5-10% B) yielded 4.5 (tR = 6.2 min, 12.8 mg). Fraction B6 (0.29 g) was 

separated by preparative HPLC using column 2 with solvent system IV (4 mL/min; 30%B, 

isocratic) to give 4.1a (tR = 8.4 min, 9.3 mg). 

Purpurascenine A - enol form (4.1): yellow, amorphous solid; TLC Rf = 0.41 (n-BuOH/AcOH/ 

H2O, 4:1:1);  [𝛼]D
24 +54.7 (c 0.100, MeOH/H2O, 4:1); UV (MeOH/H2O, 4:1) λmax (log ε) 286 (1.57), 

341 (1.64), 413 (2.15) nm; CD (MeOH/H2O, 4:1) [θ]215 -20165, [θ]233 +6709, [θ]247 -2043, [θ]267 

+2904, [θ]283 +3205, [θ]344 +3192, [θ]387 +1653 deg cm2 x dmol-1; 1H NMR and 13C NMR see 

Table 1; HRESIMS m/z 245.0912 ([M+H]+, calcd for C13H13O3N2
+, 245.0921). HRESIMSn see 

Table B1, Appendix. 

Purpurascenine A – keto form (4.1a): yellow, amorphous solid; TLC Rf = 0.41 (n-BuOH/ 

AcOH/H2O, 4:1:1);  [𝛼]D
25 +48.0 (c 0.100, MeOH/H2O, 4:1); UV (MeOH/H2O, 4:1) λmax (log ε) 

285 (1.45), 342 (1.53), 413 (2.08) nm; CD (MeOH/H2O, 4:1) [θ]227 -14800, [θ]234 +5464, [θ]247 -

2113, [θ]266 +1637, [θ]280 +1708, [θ]347 +2487, [θ]396 +1164 deg cm2 x dmol-1; 1H NMR and 13C 

NMR see Table 1; HRESIMS m/z 245.0919 ([M+H]+, calcd for C13H13O3N2
+, 245.0921). 

HRESIMSn see Table B1, Appendix. 

Purpurascenine B (4.2): yellow amorphous solid; TLC Rf = 0.43 (n-BuOH/AcOH/H2O, 4:1:1); 

 [𝛼]D
22 -7.2 (c 0.040, MeOH); UV (MeOH) λmax (log ε) 251 (1.61), 288 (1.40), 344 (1.66), 404 

(2.15) nm; CD (MeOH) [θ]217 -6068, [θ]233 +2108, [θ]251 -1557, [θ]336 +2114 deg cm2 x dmol-1 ; 1H 

NMR and 13C NMR see Table 1; HRESIMS m/z 231.0758 ([M+H]+, calcd for C12H11O3N2
+, 

231.0757). HRESIMSn see Table B1, Appendix.  

Purpurascenine C (4.3): yellow amorphous solid; TLC Rf 0.57 (n-BuOH/AcOH/H2O, 4:1:1); 

 [𝛼]D
25 -9.2 (c 0.070, MeOH); UV (MeOH) λmax (log ε) 341 (1.12), 415 (1.40) nm; CD (MeOH) 
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[θ]216 -2107, [θ]234 +1110 deg cm2 x dmol-1 ; 1H NMR and 13C NMR see Table 1; HRESIMS m/z 

287.1381 ([M+H]+, calcd for C16H19O3N2
+, 287.1390). HRESIMSn see Table B1, Appendix. 

7-hydroxytryptophan (4.4): white, amorphous solid; TLC Rf 0.43 (n-BuOH/AcOH/H2O, 

4:1:1);  [𝛼]D
23 -37.2 (c 0.450, H2O); UV (H2O) λmax (log ε) 218 (1.50), 268 (0.70) nm; CD (H2O) 

[θ]195 -15138, [θ]220 +8761 deg cm2 x dmol-1 ; 1H NMR and 13C NMR in accordance with Van den 

Berg et al. (1990); HRESIMS m/z 221.0908 ([M+H]+, calcd for C11H13O3N2
+, 221.0921).  

Adenosin (4.5): white, amorphous solid; TLC Rf 0.43 (n-BuOH/AcOH/H2O, 4:1:1); 1H NMR 

and 13C NMR in agreement with Ciuffreda et al. (2007); HRESIMS m/z 268.1045 ([M+H]+, calcd 

for C10H14O4N5
+, 268.1040).  

Riboflavin (4.6): yellow, amorphous solid; TLC Rf 0.43 (n-BuOH/AcOH/H2O, 4:1:1); 1H NMR 

and 13C NMR in accordance with Hu et al. (2013); HRESIMS m/z 377.1520 ([M+H]+, calcd for 

C17H21O6N4
+, 377.1456)  

4.4.4 Feeding experiments 

Feeding experiments on fruiting bodies of C. purpurascens Fr. growing in the campus area of 

University of Bayreuth, Bayreuth, Germany were performed during October and November 2019 

and 2020. For this purpose, 50 mg of each precursor was dissolved in 200 µL water and injected 

via a syringe into the caps and stems of young fruiting bodies of C. purpurascens. To monitor 

mushroom growth, diameter of the cap was measured at the beginning and the end of the feeding 

experiment (Table 4.5). After seven to nine days, the fruiting bodies were harvested, immediately 

frozen in liquid nitrogen, and stored at -20 C until isolation process. 

Table 4.5. Experimental details of labelling studies and purification of purpurascenine A (4.1*). 

 

precursor 

feeding experiments weight of 

number of 

fruit bodies 

days to 

harvest 

growth 

(cm) 

fruiting 

bodies 

crude 

extract 

purified 

(4.1*) 

[3-13C]-pyruvate 2 7 1.2 – 2.7 58.45 g 1.31 g 0.5 mg 

[3-13C]-alanine 11 9 2.0 – 8.5 382.44 g 5.06 g 2.4 mg 

[2-13C]-acetate 10 8 1.5 – 4.5 443.40 g 5.97 g 2.5 mg 

4.4.5 Isolation procedure of purpurascenine A (4.1*) after feeding experiments 

Frozen fruiting bodies fed with respective labeled precursor were crushed using a blender and 

extracted with methanol (4 x 1 L) in an ultrasound bath for 1h at room temperature. The isolation 

procedure follows the same protocol as for unlabeled compound 4.1 (see Table 4.5). 

 



PhD thesis_Lam  Chapter 4. Purpurascenines from C. purpurascens 
 

71 
 

4.4.6 Computational details 

The initial molecular geometries of the compounds, including all possible stereoisomers, were built 

using Molecular Operating Environment (MOE) software (v2020.09, 2022). All structures and 

conformational analyses were performed with the MMFF94 force field (Halgren, 1999). The force 

field energy minimum structures were further optimized with DFT method (B3LYP/def2-TZVP) 

(Becke, 1993; Lee et al., 1988; Vosko et al., 1980) using the ORCA 5.0 program package (Neese, 

2018) and the conductor-like polarizable continuum model (CPCM) solvent field for water and 

methanol (Barone and Cossi, 1998). Optimized structures were subsequently used for the CD 

spectra calculation using ORCA. The first 25 excited states of each compound and conformation 

were calculated employing TD B3LYP hybrid functional (Becke, 1993; Lee et al., 1988; Vosko et 

al., 1980) with the def2-TZVP basis set (Weigend and Ahlrichs, 2005) and CPCM model. To 

compare the calculated CD spectra with the experimental ones, the single spectra of the 

energetically relevant conformers were summed according to the Boltzmann factors derived from 

the single-point energies. The SpecDis software (version 1.71) (Bruhn et al., 2017) were applied to 

visualize and compare the calculated spectra with the experimental ones. 

4.4.7 Molecular docking studies 

The X-ray structure (pdb code 6A93) of the 5-HT2A receptor in complex with risperidone was used 

for docking studies. (Kimura et al., 2019) First, the protons were added to the crystal structure by 

applying the protonate-3d tool implemented in MOE (v2019.0101, 2019). 100 docking poses were 

generated with the docking tool in MOE defining the position of risperidone as putative binding 

site for purpurascenine A (4.1). The 30 best scored docking arrangements of 4.1 to the 5-HT2A 

receptor were analysed in detail. For this purpose, the docking poses were energy optimized using 

the Amber14:EHT force field with Born solvation. The backbone atoms of the receptor were fixed. 

Subsequently the interaction energies of the ligand with the receptor were calculated. 

4.4.8 Assay materials and reagents 

The three human cancer cell lines under investigation – PC-3 (prostate adenocarcinoma), HCT-116 

(colorectal adenocarcinoma), and MCF-7 (breast ductal carcinoma) – were purchased from ATCC 

(Manassas, USA). Media and supplements for cell culturing, namely RPMI 1640 and DMEM basal 

media, FCS, L-glutamine, non-essential amino acids (NEAA), sodium pyruvate, PBS and 

trypsin/EDTA, were purchased from Capricorn Scientific GmbH (Ebsdorfergrund, Germany). The 

reagents for the reporter gene assay were purchased from the following vendors:  

5-hydroxytryptamine (5-HT, serotonin) and BSA from Sigma-Aldrich (Taufkirchen, Germany), 

ONE-GloTM reagent and the reporter gene vector pGL4.33 from Promega GmbH (Mannheim, 

Germany), Metafectene® Pro transfection reagent from Biontex Laboratories GmbH (Martinsried, 

Germany). White/clear bottom 96-well plates were purchased from Corning (Corning, USA). All 

other multi-well plates, culture flasks and further cell culture plastics were purchased from TPP 

(Trasadingen, Switzerland) and Greiner Bio-One GmbH (Frickenhausen, Germany), respectively. 
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4.4.9 Cell culture 

The prostate cancer cell line PC-3, as well as the Chinese hamster ovary cell line CHO-K1 for the 

reporter gene assay, were cultured in RPMI 1640 medium supplemented with 10% heat-inactivated 

FCS and 2 mM L-glutamine. For MCF-7 breast cancer cells RPMI 1640 medium supplemented 

with 10% heat-inactivated FCS, 2 mM L-glutamine, 1 mM sodium pyruvate and 0.2% (v/v) NEAA 

was used. HCT-116 colorectal cancer cell were cultured in DMEM supplemented with 10% not 

heat-inactivated FCS and 2 mM L-glutamine. All cells were routinely cultured in T-75 flasks in a 

humidified atmosphere with 5% CO2 at 37°C to reach subconfluency (~ 70-80%) prior to 

subsequent sub-culturing or assay usage. The adherent cells were rinsed with PBS and detached by 

using trypsin/EDTA (0.05% in PBS) prior to cell passaging and seeding (Khan et al., 2020). 

4.4.10 In vitro cell viability assay 

Anti-proliferative and cytotoxic effects, respectively, of the compounds were investigated by 

performing a fluorometric resazurin-based cell viability assay (Sigma-Aldrich, Taufkirchen, 

Germany) (Kufka et al., 2019). For that purpose, cancer cells were seeded in low densities in 96-

well plates – namely 4,000 cells/well (PC-3) and 6,000 cells/well (HCT-116 and MCF-7) – to yield 

a seeding confluency of ~ 10%, and were allowed to adhere for 24 h. Subsequently, the cells were 

treated for 48 h with purpurascenine A (4.1) and serotonin (5-HT), respectively using 

concentrations up to 100 µM. For control measures, cells were treated in parallel with 1% DMSO 

(negative control, representing the final DMSO content of the highest concentrated test compound 

concentration) and 100 µM digitonin (positive control, for data normalization set to 0% cell 

viability), both in the respective standard growth medium. As soon as the 48 h incubation was 

finished, the incubation medium was discarded, and cell were rinsed once with PBS. Resazurin 

solution in RPMI 1640 without phenol red and other supplements was prepared freshly prior to 

use, and added to the cells in a final resazurin concentration of 50 µM. Subsequently, the cells were 

incubated under standard growth conditions for further 2 hours. Finally, the conversion of resazurin 

to resorufin by viable, metabolically active cells was measured with 540 nm excitation and 590 nm 

emission settings by using a SpectraMax M5 multiwell plate reader (Molecular Devices, San Jose, 

USA). Data were determined in biological and technical triplicates. For data analyses, GraphPad 

Prism version 8.0.2 and Microsoft Excel 2013 were used. 

4.4.11 In vitro functional 5-HT2A receptor activation assay 

Due to its structural similarity to 5-hydroxytryptamine (5-HT; serotonin), purpurascenine A (4.1) 

was evaluated for its possible ability to modulate the function of the 5-HT2A G protein-coupled 

receptor by conducting a functional reporter gene assay. For that purpose, CHO-K1 cells were 

transiently co-transfected with an expression vector encoding for a fusion protein comprising the 

human 5-HT2A receptor with a N-terminal HA tag and a C-terminally fused enhanced yellow 

fluorescent protein (EYFP) (expression vector HA-5HT2A-EYFP-pVitro2; kindly provided by 

OntoChem GmbH (Halle (Saale), Germany) and the commercial reporter gene vector pGL4.33 

(Promega GmbH, Mannheim, Germany) containing a luciferase under the control of a serum 
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response element (SRE) allowing the functional investigation of Gi/G0-coupled G protein-coupled 

receptors, as 5-HT2A is, by using luminescence read-out. For transient cell transfection, 2.5·106 

CHO-K1 cells were seeded per 25 cm2 cell culture flask and allowed to adhere and grow to reach 

a cell confluency of ~ 80% overnight. Subsequently, co-transfection of the cells was done by using 

8 µg 5-HT2A expression vector, 4 µg pGL4.33 reporter vector and 24 µL of Metafectene® Pro 

transfection reagent (Biontex Laboratories GmbH, Martinsried, Germany) per culture flask. 

Reconstitution and preparation of the transfection mixture was done in RPMI 1640 basal medium 

without any supplements following the manufacturer’s guideline of the transfection reagent. After 

6 hours transfection incubation of the cells under standard growth conditions, the transfection 

solution was discarded, transfected cells were harvested by using 0.01% Trypsin/EDTA in PBS, 

and seeded with fresh CHO-K1 medium in white/clear bottom 96-well plates (90,000 

cells/100µL/well). To allow receptor and reporter gene expression, cells were cultured for 24 hours 

under standard growth conditions. Subsequently, the transfection medium was discarded, cells were 

washed once and then starved for 60 min with RPMI 1640 basal medium supplemented with 0.2% 

(w/v) BSA (incubation medium). Then cells were incubated with (i) 10-12-10-6 M of serotonin (5-

HT), (ii) 10-11-10-5 M of purpurascenine A (4.1), and (iii) 10-12-10-6 M of serotonin (5-HT) plus  

10-4 M (100 µM) of purpurascenine A (1) as co-treatment. After 5.5 hours of cell incubation at 

37°C incubation media were removed and 60 µL/96-well of Promega`s ONE-GloTM reagent (1:1 

in PBS, v/v) were added. After 60 min incubation at room temperature the reporter gene generated 

luminescence signal was measured by using a SpectraMax M5 multiwell plate reader (Molecular 

Devices, San Jose, USA). Data were determined in triplicates. For data analyses, GraphPad Prism 

version 8.0.2 and Microsoft Excel 2013 were used. 
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Highlights 

 Two undescribed peptaibols and five known peptides were isolated from S. ampullosporum. 

 The novel peptaibols were synthesized on solid-phase establishing all chiral amino acids as L. 

 Ampullosporin A, F and G exhibit strong antifungal and anticancer activity. 

 Molecular docking study explains the structure-activity correlation of the ampullosporins. 
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Abstract 

Fungal species of genus Sepedonium are rich sources of diverse secondary metabolites (e.g., 

alkaloids, peptaibols), which exhibit variable biological activities. Herein, two new peptaibols, 

named ampullosporin F (5.1) and ampullosporin G (5.2), together with five known compounds, 

ampullosporin A (5.3), peptaibolin (5.4), chrysosporide (5.5), c(Trp-Ser) (5.6) and c(Trp-Ala) 

(5.7), have been isolated from the culture of Sepedonium ampullosporum Damon strain KSH534. 

The structures of 5.1 and 5.2 were elucidated based on ESI-HRMSn experiments and intense 1D 

and 2D NMR analyses. The sequence of ampullosporin F (5.1) was determined to be  

Ac-Trp1-Ala2-Aib3-Aib4-Leu5-Aib6-Gln7-Aib8-Aib9-Aib10-GluOMe11-Leu12-Aib13-Gln14-Leuol15, 

while ampullosporin G (5.2) differs from 5.1 by exchanging the position of Gln7 with GluOMe11. 

Furthermore, the total synthesis of 5.1 and 5.2 was carried out on solid-phase to confirm the 

absolute configuration of all chiral amino acids as L. In addition, ampullosporin F (5.1) and G (5.2) 

showed significant antifungal activity against B. cinerea and P. infestans, but were inactive against 

S. tritici. Cell viability assays using human prostate (PC-3) and colorectal (HT-29) cancer cells 

confirmed potent anticancer activities of 5.1 and 5.2. Furthermore, a molecular docking study was 

performed in silico as an attempt to explain the structure-activity correlation of the characteristic 

ampullosporins (5.1–5.3). 

 

Keywords: Sepedonium ampullosporum; peptaibols; ampullosporin; glutamic acid methyl ester; 

solid-phase peptide synthesis; antifungal; anticancer; molecular docking. 
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5.1 Introduction   

Filamentous fungi from saprophytic genera, e.g. Acremonium, Trichoderma/Hypocrea and 

Sepedonium, are known for a high abundance of nonribosomal-peptide-synthetase (NRPS)-derived 

metabolites, so-called pept”Aib”ols (Degenkolb and Brückner, 2008). This class of compounds is 

defined as linear peptides with 5−20 amino acid (AA) residues including i) a high proportion of 

the non-proteinogenic α,α-dialkylated amino acid α-aminoisobutyric acid (Aib); ii) an N-acetyl 

terminus; iii) and a C-terminal AA reduced into amino alcohol such as leucinol (Leuol) or 

phenylalaninol (Pheol) (Degenkolb and Brückner, 2008). Peptaibols are intriguing not only 

because of the structural variability generated by varying amino acid building blocks but also due 

to their broad range of bioactivities i.e. cytotoxic (Ayers et al., 2012; Carroux et al., 2013; Du et 

al., 2017; Liu et al., 2015; Mohamed-Benkada et al., 2016; Neumann et al., 2015; Rivera-Chavez 

et al., 2017; Sica et al., 2017; van Bohemen et al., 2021; Wu et al., 2021), antibacterial (Ayers et 

al., 2012; Kimonyo and Bruckner, 2013; Mohamed-Benkada et al., 2016; Neumann et al., 2015; 

Panizel et al., 2013; van Bohemen et al., 2021; Wu et al., 2021), antiviral (Kai et al., 2018; Stadler, 

2001), antileishmanial (Fragiadaki et al., 2018), antifungal (Mohamed-Benkada et al., 2016; 

Neumann et al., 2015; Otto et al., 2016a; Otto et al., 2015; Otto et al., 2016b), plant root growth 

inhibiting (Shi et al., 2016), insecticidal (Du et al., 2017), and anthelmintic activity (Ayers et al., 

2012). Furthermore, ampullosporin A (5.3), a peptaibol isolated from Sepedonium ampullosporum 

Damon, had been shown to permit neuroleptic-like activity in mice (Kronen et al., 2001; Ritzau et 

al., 1997), whereby a more targeted interaction with the glutamatergic system, namely the NMDA 

receptor (Berek et al., 2009). 

These biological activities appear to be related to the strong foldameric capacity of Aib, so that 

peptaibols would adopt helical structures in artificial bilayers and natural membranes (Speckbacher 

and Zeilinger, 2018). Consequently, the amphipathic voltage-dependent helices can act as ion 

channels throughout the cell membrane causing cytoplasmic leakage and cellular breakdown 

(Milov et al., 2016; Speckbacher and Zeilinger, 2018).  

The genus Sepedonium (teleomorph Hypocrea, Ascomycota), which was established by H.F. 

Link and restricted to mold-like fungal parasites, is characterized by the occurrence of two 

synanamorphs, i.e., aleurioconidia (for persistence) and phialoconidia (for fast propagation). 

Sepedonium species were mostly found to live on basidiocarps of Boletales s.l. (Sahr, 1999). Unlike 

the systematically studied genus Trichoderma/Hypocrea, there are only few reports on secondary 

metabolites isolated from Sepedonium spp. So far, compounds belonging to tropolones (Divekar et 

al., 1965; Divekar and Vining, 1964), anthraquinones (mono-,  dimeric) (Shibata et al., 1957), 

isoquinoline alkaloids (Quang et al., 2010), azaphilones (Closse and Hauser, 1973), cyclopeptides 

(Laub et al.; Mitova et al., 2006), and peptaibols (Dornberger et al., 1995; Hulsmann et al., 1998; 

Kronen et al., 2001; Mitova et al., 2008; Neuhof et al., 2007; Otto et al., 2016a; Otto et al., 2015; 

Otto et al., 2016b; Ritzau et al., 1997; Stadler, 2001) are recognized from this genus. Therefore, 

further studies on chemical components of Sepedonium species are promising for novel bioactive 

compounds, especially for new peptaibols. 
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During our ongoing work to study secondary metabolites from Sepedonium species, the culture 

broth and mycelial MeOH extract of S. ampullosporum Damon strain KSH 534 was investigated. 

So far, the chemical studies on S. ampullosporum have resulted in the isolation of characteristic 

15-residue peptaibols, named ampullosprins A-D and E1-E4 (Kronen et al., 2001; Ritzau et al., 

1997), together with peptaibolin (Hulsmann et al., 1998) and ampullosine (Quang et al., 2010).  

The present paper describes the MS-guided isolation, structural elucidation, and total synthesis 

of two new linear 15-residue peptaibols, named ampullosporin F (5.1) and G (5.2), together with 

five known compounds including two linear peptaibols, ampullosporin A (5.3) and peptaibolin 

(5.4), as well as three cyclic peptides, chrysosporide (5.5), c(Trp-Ser) (5.6), and c(Trp-Ala) (5.7), 

from the semi-solid culture of S. ampullosporum strain KSH 534. The absolute configuration of 

compounds 5.1 and 5.2 was determined by comparing with their synthesized counterparts. 

Moreover, the linear 15-residue peptaibols 5.1-5.3 were evaluated for their biological activity 

against the plant-pathogenic organisms Botrytis cinerea Pers., Septoria tritici Desm., and 

Phytophthora infestans (Mont) de Bary, as well as their anticancer effects against human prostate 

(PC-3) and colorectal (HT-29) cancer cells. Additionally, the relationship between change in amino 

acid sequence and activity of compounds 5.1-5.3 could be explained using a chemoinformatic 

molecular docking approach. 

 

5.2 Results and Discussion 

5.2.1 Isolation and structural elucidation of compounds 5.1-5.7 

The chromatographic separation of the culture broth and mycelial crude extract using Diaion HP 

20 and Sephadex LH 20 in combination with (semi)preparative HPLC yielded seven compounds 

(5.1−5.7) (Figure 5.1).  

Compound 5.1 was isolated as a white, amorphous solid. The amino acid sequence of 5.1 was 

determined based on positive and negative ion ESI-HRMSn studies, which showed diagnostic 

fragments of the b and y series (Figure 5.2 and 5.33; Table 5.1; Table S1, Supplementary data). 

The signal of the [M+2H]2+ ion at m/z 819.4849 (calcd for C78H130N18O20
2+ 819.4849) was the most 

intense one in the positive mode full scan spectrum of 5.1, followed by the signal for the [M+H]+ 

ion at m/z 1637.9608 (calcd for C78H129N18O20
2+ 1637.9625), both corresponding to the molecular 

formula C78H128N18O20.  
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Figure 5.1. Structures of compounds 5.1–5.7. 

 
Figure 5.2. Positive ion ESI-HRMSn spectra of ampullosporin F (5.1). 
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Fragmentation of the [M+H]+ ion generated a series of product ions b4
+ to b13

+, providing 

successive losses of Lxx5, Aib6, Gln7, Aib8, Aib9, Aib10, GluOMe11, Lxx12 and Aib13. The MS2 

spectrum of the [M+2H]2+ ion displayed further N-terminal b ions b2
+ and b3

+ corresponding to 

Aib3 and Aib4. The negative ion MS2 spectrum of the [M-H]- yielded diagnostic fragment ions y13
- 

and y14
- representing Ala2 and Ac-Trp1 as the acetylated N-terminal amino acid. In addition, the 

observed series of C-terminal ions y4
+ to y12

+ and y9
- to y12

- fully supported the sequence deduced 

from b series. Thus, the N-terminal peptide part was shown to be Ac-Trp1-Ala2-Aib3-Aib4-Lxx5-

Aib6-Gln7-Aib8-Aib9-Aib10-GluOMe11-Lxx12-Aib13. 

Table 5.1. Diagnostic fragment ions [m/z] of ampullosporin F (5.1) and ampullosporin G (5.2) 

from ESI-HRMSn experiments in positive and negative ion modes. 

 5.1 5.2  5.1 5.2 

tR (min) 11.62 11.54 y11
+ 1168.7280 1168.7294 

[M+2H]2+ 819.4849 819.4864 y12
+ n.d. n.d. 

[M+H]+ 1637.9608 1637.9646 y13
+ n.d. n.d. 

b1
+ 229.0977 229.0978 y14

+ n.d. n.d. 

b2
+ 300.1361 300.1345 y9

+ 970.5923 970.5915 

b3
+ 385.1870 385.1874 y9

+- aa15 853.4770 853.4781 

b4
+ 470.2393 470.2400 y9

+- aa14–15 725.4192 725.4180 

b5
+ 583.3235 583.3235 y9

+- aa13–15 640.3662 640.3654 

b6
+ 668.3765 668.3763 y9

+- aa12–15 527.2811 527.2847 

b7
+ 796.4326 811.4340 y9

+- aa11–15 n.d. 399.2281 

b8
+ 881.4879 896.4871 y9

+- aa10–15 n.d. n.d. 

b9
+ 966.5402 981.5396 y9

+- aa9–15 n.d. n.d. 

b10
+ 1051.5927 1066.5923 y9

+- aa8–15 n.d. n.d. 

b11
+ 1194.6510 1194.6440 [M-H]− 1635.9458 1635.9453 

b12
+ 1307.7346 1307.7357 y2

− n.d. n.d. 

b13
+ 1392.7877 1392.7875 y3

− n.d. n.d. 

b14
+

 n.d. n.d. y4
− n.d. n.d. 

y1
+ n.d. n.d. y5

− n.d. 570.3615 

y2
+ n.d. 246.1820 y6

− n.d. 655.4136 

y3
+ n.d. n.d. y7

− n.d. 740.4655 

y4
+ 444.3214 444.3169 y8

− n.d. 825.5215 

y5
+ 587.3766 572.3767 y9

− 968.5731 968.5756 

y6
+ 672.4281 657.4289 y10

− 1053.6372 1053.6267 

y7
+ 757.4816 742.4813 y11

− 1166.7102 1166.7143 

y8
+ 842.5358 827.5331 y12

− 1251.7668 1251.7572 

y9
+ 970.5923 970.5915 y13

− 1336.8179 1336.8088 

y10
+ 1055.6453 1055.6426 y14

− 1407.8525 1407.8543 

 

Furthermore, the MS3 spectrum of the C-terminal ion y9
+ displayed the characteristic mass 

differences of 117 amu (y9
+-aa15, m/z 853.4759) and 245 amu (y9

+-aa14-15, m/z 725.4192) 

corresponding to isoleucinol/leucinol (Lxxol15) as a C-terminal amino acid, and hence revealed the 

presence of Gln14. Based on the above mass spectrometric analyses, the tentative sequence of 5.1 
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was proposed to be Ac-Trp1-Ala2-Aib3-Aib4-Lxx5-Aib6-Gln7-Aib8-Aib9-Aib10-GluOMe11-Lxx12-

Aib13-Gln14-Lxxol15. 

 

Figure 5.3. Negative ion ESI-HRMSn spectra of ampullosporin F (5.1). 

The sequence of 5.1 resulting from mass spectrometry fragmentations was confirmed by 1D & 

2D NMR data, which simultaneously specified the isomeric residues Leu and Ile.  

The 1H spectrum of 5.1 (Table 5.2) displayed resonances of twenty exchangeable amide protons 

in the range of 6.7-11 ppm, including one broad low-field singlet (H 10.86, Trp1), eight doublets, 

seven singlets representing seven Aib, as well as four broad singlets displaying two side-chain N-

H2 (H 7.12 and 6.75, Gln7; H 7.13 and 6.73, Gln14), which were assigned in combination with 1H-
15N HSQC data. In addition, five aromatic protons (H 7.22, 7.56, 7.33, 7.05 and 6.96, Trp1) 

characterized the indole ring of tryptophan. In the high-field, multiple broad singlets between 1.30-

1.50 ppm for Aib residues and a doublet for Ala2 (H 1.27, d, 7.4 Hz) were observed, while six 

characteristic doublets (H 0.93, 0.86 (x2), 0.84, 0.83 and 0.81; each J = 6.6 Hz) were 

unambiguously assigned to CH3 groups of Leu5, Leu12 and Leuol15. 
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Figure 5.4.  Key HMBC (H to C), COSY, ROE correlations of ampullosporin F (5.1) and G (5.2). 

As depicted in Figure 5.4, 1H-1H correlations from TOCSY and COSY spectra allowed defining 

eight N-H doublet peaks as part of eight spin systems, of which five correspond to one Ala, two 

Leu, and two Gln residues. Another leucine-related coupling system showing additional 

hydroxymethylene signals at H 3.30/3.18, (C 63.5) and a hydroxyl resonance at H 4.50 bound to 

its methine at H 3.78 (C 48.2), demonstrated the presence of the reduced C-terminal Leuol residue. 

An additional moiety was pointed out by 1H-1H TOCSY correlations between the N-H amide group 

at H 8.38, the methine at H 4.40 (C 54.4), and the methylene at H 3.12/2.98, (C 26.8). 1H-13C 

HMBC correlations demonstrated that this methylene carbon is linked to protons of the indole ring. 

Additionally, the ROESY correlation between the above amide at H 8.38 and the acetyl CH3 group 

at H 1.86 (C 22.2), which showed HMBC correlation to a carbonyl carbon at C 170.2, clearly 

resulted in the characterization of an acetylated N-terminal Trp residue. Finally, the -methylene 

of a glutamine-related spin system exhibited HMBC correlation to a carbonyl carbon at C 173.0, 

which itself showed the strong HMBC correlations with a methoxy group at H 3.55 (C 50.8), 

supporting the presence of a glutamic acid -methyl ester residue. 

Seven N-H singlets (H 8.46, 8.06, 7.99, 7.96, 7.87, 7.57, and 7.45) were assigned for seven Aib 

residues due to their HMBC correlations to seven characteristic quaternary C- carbons (C
 55.1-

56.0) and seven carbonyl carbons (C
 173.4-176.3), as well as their ROESY interactions with 

methyl broad singlet peaks (H 1.30-1.50 ppm/C
 22.0-26.2). 

Detailed analysis of HMBC interactions of N-H resonances with carbonyl and C- signals 

coupled with ROESY correlation peaks between neighboring proton signals afforded the sequence 

establishment as in accordance with mass spectrometry fragmentations. Therefore, the structure of 
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5.1 was confirmed to be Ac-Trp1-Ala2-Aib3-Aib4-Leu5-Aib6-Gln7-Aib8-Aib9-Aib10-GluOMe11-

Leu12-Aib13-Gln14-Leuol15, and named as ampullosporin F (5.1) consistent with the ampullosporin 

series reported by Ritzau et al. in 1997 (Ritzau et al., 1997) and Kronen et al. in 2001 (Kronen et 

al., 2001). 

Compound 5.2 was obtained as a white, amorphous solid. ESI-HRMS studies showed that 5.2 

exhibited the same molecular formula (C78H128N18O20) as ampullosporin F (5.1). Positive and 

negative ion ESI-HRMSn investigations (Table 5.1; Table S1, Supplementary data) clearly revealed 

that 5.2 is an isomer of 5.1. The only difference between 5.1 and 5.2 is the positional exchange of 

Gln7/GluOMe11 in 5.1 by GluOMe7/Gln11 in 5.2. Likewise, NMR data of 5.2 (Table 5.3, Figure 

5.4) are closely resemble that of 5.1, including the strong correlation between the methoxy singlet 

at H 3.54 (C 51.1) and a carbonyl carbon at C 172.2 confirming the glutamic acid methyl ester 

moiety. Thus, the structure of 5.2 was determined as Ac-Trp1-Ala2-Aib3-Aib4-Leu5-Aib6-

GluOMe7-Aib8-Aib9-Aib10-Gln11-Leu12-Aib13-Gln14-Leuol15, and trivially named ampullosporin G 

(5.2). 

The -methyl ester of glutamic acid is rarely recognized in natural peptaibols, with only five 

examples of the over 1450 peptaibiotics reported in literature so far (Abdalla and McGaw, 2018; 

Iijima et al., 2017; Jiao et al., 2018; Katoch et al., 2019; Kim et al., 2021; Marik et al., 2018; 

Momose et al., 2019; Neumann et al., 2015; Ojo et al., 2018; Rawa et al., 2021a; Rawa et al., 

2021b; Rivera-Chavez et al., 2017; Sica et al., 2017; Singh et al., 2018; Touati et al., 2018; van 

Bohemen et al., 2021; Wu et al., 2021; Zhang et al., 2021). The first occurrence was in four 

peptaibols Trichorzianines (TA) 1896, TA1924, TA1910, and TA1924a isolated from Trichoderma 

atroviride by Panizel et al. in 2013 (Panizel et al., 2013). The second was reported for Glu(OMe)18-

alamethicin F50 isolated from Trichoderma arundinaceum by Rivera-Chávez et al. in 2017 

(Rivera-Chavez et al., 2017). Consequently, the isolation and characterization of compounds 5.1 

and 5.2 represents the third report of glutamic acid methyl ester containing peptaibols isolated from 

natural sources, and the first from a Sepedonium species. 

Compound 5.3, isolated as a white, amorphous solid, has the molecular formula C77H127N19O19 

as deduced from ESI-HRMS studies of the protonated ion at m/z 1622.9646. The structure of 5.3 

was identified as the ampullosporin A (5.3, Ac-Trp1-Ala2-Aib3-Aib4-Leu5-Aib6-Gln7-Aib8-Aib9-

Aib10- Gln11-Leu12-Aib13-Gln14-Leuol15) based on MS studies in positive mode as well as 1D NMR 

experiments (Figures S29-S30, Table S2, Supplementary data).  

Compound 5.4 was obtained as a white, amorphous solid. On the basis of ESI-HRMS studies, 

the molecular formula C31H51N5O6 was determined from the [M+H]+ ion’s signal at m/z 590.3892. 

Mass fragmentation analyses coupled with 1D and 2D NMR investigations (Figures S31-S33, 

Table S2, Supplementary data) established 5.4 as peptaibolin (5.4, Ac-Leu1-Aib2-Leu3-Aib4-

Pheol5), the shortest peptaibol with only five amino acid residues. Both compounds ampullosporin 

A (5.3) and peptaibolin (5.4) were previously isolated from cultures of S. ampullosporum HKI-

0053 (Hulsmann et al., 1998; Ritzau et al., 1997). 
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Compound 5.5 was obtained as a white, amorphous solid. ESI-HRMS analysis of the signal at 

m/z 510.3649 ([M+H]+, calcd for C26H48N5O5
+ 510.3650) resulted in the molecular formula 

C26H47N5O5. Deduced from mass fragmentation analyses as well as 1D NMR investigations 

(Figures S34, Table S2, Supplementary data) compound 5.5 was identified as the cyclic 

pentapeptide chrysosporide (5.5). 

Compound 5.6 was obtained as an amorphous solid, and exhibited the molecular formula 

C14H15N3O3 based on ESI-HRMS analyses of the [M-H]- ion at m/z 272.1042 (Figures S35, 

Supplementary data). 1D NMR spectroscopic data (Figures S36-S37, Supplementary data) of 5.6 

were in accordance with those of c(Trp-Ser) (5.6), which was reported as a synthetic product in 

2006 (Tullberg et al., 2006) and later isolated from several fungus like Oidiodendron truncatum 

GW3-13 (Li et al., 2012), Acrostalagmus luteoalbus SCSIO F457 (Wang et al., 2012), and 

Rheinheimera aquimaris QSI02 (Sun et al., 2016). 

Compound 5.7 was obtained as a white, amorphous solid. On the basis of ESI-HRMS studies, 

the molecular formula C14H15N3O2 was deduced from the [M-H]- ion at m/z 256.1089 (Figures S38, 

Supplementary data), indicating the absence of one oxygen atom in 5.7 compared to 5.6. 1D NMR 

spectroscopic data data (Figures S39-S40, Supplementary data) of 5.7 were in agreement with those 

of c(Trp-Ala) (5.7), which was synthesized in 1998 (Caballero et al., 1998)  and later recognized 

in different fungal sources such as Eurotium sp. (Zhao et al., 2018) and Eurotium chevalieri MUT 

2316 (Bovio et al., 2019). To the best of our knowledge, this is the first detection of c(Trp-Ser) 

(5.6) and c(Trp-Ala) (5.7) in a Sepedonium species. 
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Table 5.2. NMR data of ampullosporin F (5.1) (600/150 MHz, DMSO-d6,  in ppm). 

Pos.  δH, Mult. J (Hz) δC/δN Pos. δH, Mult. J (Hz) δC/δN Pos. δH, Mult. J (Hz) δC/δN 

Ac    1.77 a; 1.58 a 38.4 C=O  173.0 

CH3 1.86 s 22.2  1.72 a  23.8  3.95 m 54.4 

C=O  170.2 1 0.84 d 6.6 20.8  2.07 a; 2.00 a 25.3 

Trp1   2 0.93 d 6.6 22.0  2.60 m; 2.45 m 29.6 

NH 8.38 d 6.5 125.3 Aib6   C=O  172.5 

C=O  173.0 NH 7.87 s 127.9 O-CH3 3.55 s 50.8 

 4.40 54.4 C=O  175.5 Leu12   

 3.12 dd 14.6/3.6 26.8  1.48 55.4 NH 7.42 d 7.3 115.4 

 2.98 dd 14.6/9.4   1.36 s 22.6 C=O  172.8 

1-NH 10.86 br s 131.2  1.48 s 26.1  4.08 m 52.5 

2 7.22 d 2.4 123.4 Gln7    1.67 a; 1.59 a 38.4 

3  109.8 NH 7.41 d 6.2 112.9  1.73 a 23.7 

3a  127.1 C=O  173.1 1 0.86 d 6.6 22.2 

4 7.56 d 8.1 117.9  3.82 m 55.7 2 0.83 d 6.6 20.6 

5 6.96 t 7.5 117.7  2.00 a; 1.91 a  25.8 Aib13   

6 7.05 a 120.5  2.22 a; 2.07a 31.0 NH 7.45 s 126.5 

7 7.33 d 8.1 111.0 C=O  172.9 C=O  173.4 

7a  136.0 N-H2 7.12 br s 107.7   56.0 

Ala2    6.75 br s   1.38 s 23.7 

NH 8.52 a 121.9 Aib8    1.41 s 25.4 

C=O  174.0 NH 7.99 s 128.5 Gln14   

 4.04 a 50.1 C=O  175.0 NH 7.19 d 7.7 109.2 

 1.27 d 7.4 15.5   55.1 C=O  173.1 

Aib3  132.1  1.31 s 22.0  3.98 m 52.9 

NH 8.46 s 174.6  1.43 s 25.3  2.05 a; 1.81 a 26.7 

C=O  55.4 Aib9    2.18 a; 2.08 a 31.2 

  25.3  NH 7.96 s 125.2 C=O  173.5 

 1.38 s 22.6 C=O  175.0 N-H2 7.13 br s 107.9 

 1.35 s 22.6   55.3  6.73 br s  

Aib4    1.39 s 26.0  Leuol15   

NH 8.06 s 124.3  1.32 s 22.0 NH 7.06 a 118.8 

C=O  176.3 Aib10    3.78 m 48.2 

  55.3 NH 7.57 s 125.1  1.35 a 39.4 

 1.38 s 26.2 C=O  175.8  1.66 a 23.5 

 1.36 s 22.0   55.4 1 0.86 d 6.6 23.2 

Leu5    1.39 s 22.3 2 0.81 d 6.6 21.2 

NH 7.71 d 4.1 114.8  1.49 s 26.1 ’ 3.30 a; 3.18 m 63.5 

C=O  173.7 GluOMe11   O-H 4.50 t 6.0  

 3.90 m 54.1 NH 7.76 d 6.6 111.2    

Chemical shifts of quaternary carbons were determined from 1H, 13C HMBC correlation peaks; a overlapping signals, chemical 

shifts were determined from 1H, 15N or 1H, 13C HSQC correlation peaks. 

  



PhD thesis_Lam  Chapter 5. Ampullosporins from S. ampullosporum 
 

89 
 

Table 5.3. NMR data of ampullosporin G (5.2) (600/150 MHz, DMSO-d6,  in ppm). 

Pos.  δH, Mult. J (Hz) δC/δN Pos. δH, Mult. J (Hz) δC/δN Pos. δH, Mult. J (Hz) δC/δN 

Ac    1.55 a; 1.76 a 38.7  3.93 m  55.0 

CH3 1.85 br s 22.3  1.70 a 24.3  1.94 a; 2.00 a 26.3 

C=O  170.4 1 0.833 d 6.6 21.1  2.13 m; 2.34 m  31.5 

Trp1   2 0.914 d 6.6 22.1 C=O  173.2 

NH 8.30a 125.2 Aib6   N-H2 7.12 br s 107.6 

C=O  173.0 NH 7.85 s 127.8  6.70 br s  

 4.39 m 54.4 C=O  176.0 Leu12   

 3.11 dd 14.4/4.2    55.6 NH 7.77 d 6.6 115.2 

 2.98 dd 14.4/9.6 26.8  1.35 s 22.2 C=O  173.2 

1-NH 10.84 br s 131.1  1.45 s 26.2  4.07 m 52.6 

2 7.21 d 2.4 123.5 GluOMe7    1.58 a & 1.67 a 38.5 

3  109.6 NH 7.47 d 6.0 111.8  1.70 a 23.9 

3a  126.9 C=O  172.8 1 0.85 d 6.6 22.3 

4 7.55 d 7.8  118.0  3.87 m 55.2 2 0.82 d 6.6 20.7 

5 6.95 t-like 7.2  117.9  1.96 a; 2.03 a 25.4 Aib13   

6 7.06 t-like 7.8 120.7  2.49 a; 2.39 m 29.7 NH 7.48 s 126.7 

7 7.33 d 8.1 111.1 C=O  172.2 C=O  173.7 

7a  135.9 O-CH3 3.54 s    56.0 

Ala2   Aib8    1.37 s 23.8 

NH 8.30a 121.6 NH 7.97 s 128.7  1.41 s 25.6 

C=O  174.0 C=O  175.0 Gln14   

 4.01 m 50.3   55.4 NH 7.22 d 8.4 109.3 

 1.25 d 7.2 15.7  1.34 s 22.4 C=O  170.6 

Aib3    1.42 s 25.4  3.98 m 53.0 

NH 8.33 s 131.9 Aib9    1.80 a & 2.05 a 26.6 

C=O  174.7 NH 7.87 s 125.0  2.09 a & 2.18 a 31.3 

  55.4 C=O  175.0 C=O  173.8 

 1.33 s 23.0   55.4 N-H2 7.17 br s 108.2 

 1.37 s 25.4  1.31 s 22.0  6.73 br s  

Aib4    1.37 s 26.1 Leuol15   

NH 8.06 s 124.4 Aib10   NH 7.07 d 8.4 119.1 

C=O  176.4 NH 7.56 s 125.1  3.76 m 48.4 

  55.4 C=O  175.9  1.34 a 39.5 

 1.32 s 22.0   55.5  1.64 a 23.7 

 1.37 s 26.5  1.38 s 22.6 1 0.85 d 6.6 23.2 

Leu5    1.48 s 26.2 2 0.81 d 6.6 21.3 

NH 7.65 d 5.4 114.8 Gln11   ’ 3.18 m, 3.30 m 63.6 

C=O  173.8 NH 7.74 d 5.4 111.9 O-H 4.54 t-like  

 3.88a 54.2 C=O  173.5    

Chemical shifts of quaternary carbons were determined from 1H, 13C HMBC correlation peaks; a overlapping signals, chemical 
shifts were determined from 1H, 15N or 1H, 13C HSQC correlation peaks. 
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5.2.2 In situ chemical analysis 

Because ampullosporin F (5.1) and G (5.2) were isolated as minor compounds with similar 

structures as ampullosporin A (5.3), the dominant component of S. ampullosporum, a question may 

arise with regard to the authenticity of these new compounds 5.1 and 5.2. Are the isolated 

ampullosporins 5.1 and 5.2 biosynthesized by fungus itself or are they artefacts formed during 

extraction, fractionation and/or the purification processes using methanol?  

In order to answer this question, a crude extract from cultivated S. ampullosporum was prepared 

using ethanol, instead of methanol, and investigated using LC-HRMS screening approach. From 

an enriched fraction of the ethanol crude extract of S. ampullosporum, the ampullosporin F (5.1) 

and G (5.2) as well as ampullosporin A (5.3) could be unambiguously detected by their 

characteristic mass (Figure S43, Supplementary data). Therefore, ampullosporin F (5.1) and G (5.2) 

are native constituents of S. ampullosporum Damon strain KSH 534. 

5.2.3 Solid phase synthesis and absolute configuration of ampullosporin F and G 

 

Scheme 5.1. Solid-phase peptide synthesis of ampullosporin F (5.1) and G (5.2). 
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The absolute configuration of 5.1 and 5.2 was established based on solid-phase peptide synthesis 

using Fmoc protected, L-configured amino acids (except the achiral Aib) and tetramethylfluoro-

form-amidinium hexafluorophosphate (TFFH) as coupling reagent (Scheme 5.1).  

The combined manual and automated synthesis was carried out on L-Leucinol 2-chlorotrityl 

polystyrene resin. The first four amino acid residues were incorporated by automated synthesis 

using the standard PyBOP (benzotriazol-1-yloxytripyrrolidinophosphonium hexafluorophosphate) 

strategy, while the rest of the synthesis was performed manually using TFFH or HATU (1-

[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphat-

e) activations. N-terminal acetylation was achieved after complete peptide assembly by treating the 

resin with Ac2O, followed by solid-phase cleavage and deprotection using TFA. The synthesized 

peptides 5.1 and 5.2 were purified by size exclusion column chromatography using LH20 in 

combination with preparative HPLC. The ESI-HRMSn, 1D NMR, and CD spectra of the synthetic 

peptaibols 5.1 and 5.2 were consistent with those of the natural ampullosporin F (5.1) and 

ampullosporin G (5.2) (Figures S17-S28, Supplementary data). Consequently, all chiral amino 

acids naturally present in 5.1 and 5.2 possess the L-configuration, which is typical for the particular 

class of ampullosporins (Hulsmann et al., 1998; Ritzau et al., 1997).  

5.2.4 Evaluation of antifungal activities 

Isolated peptaibols 5.1-5.3 were examined for their antifungal activities against plant pathogenic 

ascomycetous fungi Botrytis cinerea (grey mold pathogen on many crops, e.g. strawberries and 

wine grapes) and Septoria tritici (causes septoria leaf blotch of wheat) as well as the oomycete 

Phytophthora infestans (causal agent of the late blight disease on potato and tomato) using a 96–

well microtiter plate assay. The commercially available fungicides epoxinazole and terbinafine 

were used as positive controls.  

Table 5.4. Biological activity of ampullosorin F (5.1), G (5.2) and A (5.3) (IC50, μM). 

Compound 
Toxicity a Antifungal Activity b 

HT29 PC3 B. cinerea S. tritici P. infestans 

5.1 5.90 ± 0.65 3.62 ± 0.49 7.27 ± 0.95 >125 14.75 ± 1.89 

5.2 6.04 ± 0.64 3.35 ± 0.89 4.59 ± 0.34 >125 14.79 ± 2.84  

5.3 10.45 ± 1.18 6.68 ± 1.67 11.41 ± 1.48 >125 19.49 ± 4.29 

Epoxiconazole c   <1.5 <1.5  

Terbinafine c     48.30 ± 0.2 
a Data represent biological quadruplicates (n = 4), each comprising technical triplicates. b The experiment was 

carried out in triplicates (n = 3), each comprising technical triplicates. c Used as positive control. 

All three compounds 5.1-5.3 showed strong activity against B. cinerea and only slightly lower 

inhibitory effects against P. infestans, but were inactive against S. tritici. Interestingly, the growth-

inhibitory effects against both B. cinerea and P. infestans increased with the presence of GluOMe 

in ampullosporin F (5.1) and G (5.2), compared to ampullosporin A (5.3) (Table 5.4; Figures S41, 

Supplementary data).  
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5.2.5 Evaluation of anticancer activities 

The peptaibols 5.1 – 5.3 were tested for their effects on the viability of two different human cancer 

cell lines, namely prostate PC-3 adenocarcinoma cells and colorectal HT-29 adenocarcinoma cells. 

The cell viability and cytotoxicity assay was conducted by using resazurin and fluorometric read-

out after 48 h cell treatment. The saponin digitonin (100 µM), a very potent permeabilizer of cell 

membranes, was used as positive control compromising the cells to yield 0% cell viability after 48 

h. As negative control, representing 100% cell viability for data normalization, medium with 0.5% 

(v/v) DMSO supplementation (highest final DMSO concentration in test item samples) was 

measured.  

The peptaibols 5.1 – 5.3 were tested with concentrations in the range of 0.195 – 100 µM (factor 

2 dilutions) in order to determine IC50 values that have been calculated to be ~ 3 – 6 µM for both 

novel ampullosporins F (5.1) and G (5.2), with twofold higher activity in prostate PC-3 cancer cells 

compared to the colorectal cancer cells HT-29. Furthermore, in both cancer cell lines, 5.1 and 5.2 

were found with twofold lower IC50s compared to the already known ampullosporin A (5.3) (Figure 

5.5), indicating that the GluOMe modifications at the amino acid positions 7 and 11, respectively, 

enhance not only the antifungal but also the anticancer activity of the ampullosporins. Summarized 

results are shown in Table 5.3. 

 

Figure 5.5. Cell viability of (A): prostate cancer PC-3 cells, and (B): colon cancer HT-29 cells 

treated for 48 h with the peptaibols 5.1 (●), 5.2 (■), and 5.3 (▲), respectively, as determined by 

resazurin-based fluorimetric assay. Data represent biological quatruplicates (n = 4), each 

comprising technical triplicates.  

5.2.6 In silico NMDA receptor docking 

In 2009, Berek et al. investigated the neuroleptic-like activity of ampullosporin A (5.3) in mice. 

Thereby, they described a complete suppression of the effects of the N-methyl-D-aspartate 

(NMDA) receptor antagonist MK-801, and alteration of the activity of those glutamate receptors 
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(Berek et al., 2009), indicating NMDA receptors as potential biological target molecules of 

ampullosporin A (5.3). Recently, Lu et al. (2017) investigated the interplay of MK-801 and NMDA 

receptor in more detail using cryo-EM structural analyses, explaining the allosteric antagonistic 

action of MK-801 (pdb-code 5UOW) (Lu et al., 2017). Based on those results, we decided to proof 

the hypothesis of NMDA receptor binding of our ampullosporins (5.1-5.3) by using a 

chemoinformatic molecular docking approach based on two protein databank entries (5UOW and 

6IRA). While 5UOW includes the MK-801 inhibitor but reflects the situation at non-human 

NMDA receptor proteins, 6IRA comprises the human GluN1/GluN2A ligand binding domain as 

the relevant part of the human NMDA receptor (Zhang et al., 2018). 

Based on the protein databank entry 5UOW, a putative binding site on the triheteromeric 

NMDA receptor GluN1/GluN2A/GluN2B was indicated by the cryo-EM-based localization of the 

inhibitor MK-801 in structure 5UOW (Figure 5.6). Moreover, our in silico docking approach based 

on 5UOW highlighted a very good docking of 5.3 in very close proximity to MK-801, as also 

shown in Figure 5.6. The indicated binding site is located in a hydrophobic cleft that is formed by 

several helices of both NMDA receptor subunits GluN1 and GluN2A. This theoretical co-

localization of ampullosporin A (5.3) and the allosteric NMDA receptor antagonist MK-801 could 

explain the complete suppression of MK-801 effects caused by the peptaibol (5.3). 

 
Figure 5.6: The complete structure of the non-human triheteromeric NMDA receptor 

GluN1/GluN2A/GluN2B (based on protein databank entry 5UOW) with docked ampullosporin A 

(5.3) (magenta atoms, left site). The position of a proposed allosteric binding site is given by the 

cryo-EM structure-based position of the inhibitor MK-801 (drawn in grey) in structure 5UOW. 

In addition, compounds 5.1-5.3 were tested for their antiproliferative effects in  PC-3 prostate 

and HT-29 colorectal human cancer cells, which, to some extent, express the NMDA receptor 

proteins GluN1 and GluN2A (according to mRNA expression data; analyzed by using the 

Genevestigator software, data base: HS_mRNASeq_HUMAN_GL-1; data not shown). Therefore, 

we also investigated the ampullosporins’ binding in silico based on protein databank entry 6IRA 
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representing the human GluN1/GluN2A NMDA receptor complex that, however, do not include 

MK-801. Indeed, also in our 6IRA-based in silico model the peptaibols 5.1-5.3 were docked with 

best scores at the same position in the hydrophobic cleft between GluN1 and GluN2A (Figure 5.7). 

 

Figure 5.7. (A) Ampullosporins (5.1-5.3) dock with best docking scores into cleft formed by 

several helices of human NMDA recep-tor subunits GluN1 and GluN2A. (B) The hydrophobic 

potential blot –hydrophobic (in green)/ hydrophilic (in lilac)– indicates the primarily hydrophobic 

character of the binding site. 

Our in silico results, coupled with the observations by Berek et al. (Berek et al., 2009), led to 

the hypothesis that this hydrophobic cleft at the interphase between GluN1 and GluN2A could be 

the binding site for the very hydrophobic peptaibols 5.1-5.3, causing their biological effects. To 

shed more light on the molecular ampullosporins binding mode and especially to investigate 

consequences of the sequence modifications in the novel ampullosporin F (5.1) and G (5.2), further 

docking studies were performed to validate this hydrophobic cleft as potential binding site of 

compounds 5.1-5.3.  

As illustrated in Figure 5.8 and Figure S43 (Supplementary data), all compounds 5.1-5.3 fit 

nicely into the described hydrophobic cleft and seem to be stabilized by numerous hydrophobic 

interactions to hydrophobic receptor side chains. Accordingly, for ampullosporin A (5.3) an 

interaction energy of – 92.0 kcal/mol was calculated. However, replacement of each of Gln residues 

(Gln7 and Gln11) in ampullosporin A (5.3) by GluOMe resulted in additional hydrophobic 

interactions of ampullosporin F (5.1; GluOMe11) and ampullosporin G (5.2; GluOMe7) with 

hydrophobic receptor residues. In case of 5.1, enhanced hydrophobic interactions to the receptor 

residues V820, I824 and F637 elevates the calculated interaction energy to be -94.5 kcal/mol. In 

case of 5.2, the molecular docking indicates additional hydrophobic interactions of its GluOMe7 

modification with the hydrophobic receptor residues W608 and W611. The calculated interaction 

energy (-92.9 kcal/mol) for 5.2 is slightly enhanced compared to 5.3. Based on these calculated 
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interaction energies, the binding of both ampullosporin F (5.1) and G (5.2) should outperform the 

binding of ampullosporin A (5.3).   

 

Figure 5.8. Docking arrangements of (A) ampullosporin A (5.3), and (B) ampullosporin F (5.1) in 

the proposed binding site in the hydrophobic cleft between NMDA receptor subunits GluN1 and 

GluN2A, as modeled based on protein databank entry 6IRA. 

Interestingly, the determined antiproliferative activities of compounds 5.1-5.3 (Figure 5.5) 

correlate very well with the proposed enhanced binding of both novel ampullosporins (5.1 and 5.2). 

The antiproliferative IC50 values in the anticancer assay were detected to be by twofold better for 

ampullosporin F (5.1) and G (5.2) than for ampullosporin A (5.3). 

Whether or not the NMDA receptor is really the relevant molecular target explaining the 

observed antiproliferative effects of the ampullosporins on human cancer cells, further 

investigations are neccessary. However, considering the well-published neuroleptic-like activities 

of ampullosporin A (5.3) (Berek et al., 2009; Nguyen et al., 2002; Ritzau et al., 1997), that can be 

easily attributed to NMDA receptor pathways, it would be of very high interest to test our novel 

ampullosporins F (5.1) and G (5.2), with presumed improved NMDA receptor binding, for their 

neuroleptic activity, e.g. in vivo in mice.   

 

5.3 Concluding remarks 

In conclusion, the present study represents the chemical investigation of semi-solid culture of 

Sepedonium ampullosporum Damon strain KSH 534. There are seven constituents including two 

new 15-residue linear peptaibols, named ampullosporin F (5.1) and G (5.2), as well as two known 

linear peptaibols, ampullosporin A (5.3) and peptaibolin (5.4), together with three previously 

described cyclic peptides, chrysosporide (5.5), c(Trp-Ser) (5.6), and c(Trp-Ala) (5.7). The 

authenticity of peptaibols 5.1 and 5.2 was approved by using LC-HRMS approach. Additionally, 

the total synthesis of 5.1 and 5.2 was performed on solid-phase synthesis establishing the  

L-configuration of all chiral amino acids. Furthermore, peptaibols 5.1–5.3 showed significant anti-

phytopathogenic activity against B. cinerea and P. infestans, but no activity against S. tritici. 

Moreover, compounds 5.1–5.3 exhibited strong anticancer activities against human prostate (PC-
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3) and colorectal (HT-29) cancer cells. Interestingly, for both antifungal and anticancer assays, the 

activities of ampullosporin F (5.1) and G (5.2) were found to be twofold higher than the structurally 

similar ampullosporin A (5.3), demonstrating the effect of a GluOMe moiety on biological activity. 

Our molecular docking data on NMDA receptors suggests the better hydrophobic interaction of 5.1 

and 5.2 than 5.3 with the hydrophobic cleft of the receptor, which might lead to the higher 

inhibitory effects of the new compounds 5.1 and 5.2 compared to 5.3. 

 

5.4 Experimental 

5.4.1 General Experimental Procedures 

Column chromatography was carried out on Sephadex LH 20 (Fluka, Steinheim, Germany), 

while analytical TLC was performed on precoated silica gel F254 aluminum sheets (Merck, 

Darmstadt, Germany). Peptaibols were detected on TLC plates using ninhydrin reagent as 

described in literature (Otto et al., 2015). Diaion HP 20 was purchased from Supelco (Bellefonte, 

PA, USA). UV spectra were recorded on a Jasco V-770 UV-Vis/NIR spectrophotometer (Jasco, 

Pfungstadt, Germany), meanwhile CD spectra were obtained from a Jasco J-815 CD 

spectropolarimeter (Jasco, Pfungstadt, Germany). The specific rotation was measured with a Jasco 

P-2000 digital polarimeter (Jasco, Pfungstadt, Germany). 

NMR spectra were obtained from an Agilent DD2-400 and an Agilent VNMRS 600 system 

(Varian, Palo Alto, CA, USA) using a 5-mm inverse detection cryoprobe. Compounds were 

dissolved in DMSO-d6 (99.96% D for 5.1 and 5.2, 99.80% D for 5.3-5.7). The spectra were 

recorded at 399.82/599.83 MHz (1H) and 100.54/125.80 (13C), respectively. 2D NMR spectra were 

recorded using standard CHEMPACK 8.1 pulse sequences (s2pul, 1H,1H gDQCOSY, 1H,1H 

zTOCSY, 1H,1H ROESY(AD), 1H,13C and 1H,15N gHSQCAD, 1H,13C gHMBCAD) implemented 

in Varian VNMRJ 4.2 spectrometer software. The mixing time for the TOCSY experiments was 

set to 80 msec, for the ROESY experiments was set to 250 msec. The HMBC experiment was 

optimized for a long-range coupling of 8 Hz. 1H and 13C chemical shifts were referenced to internal 

DMSO-d6 (δH 2.51 ppm and δC 39.5 ppm), whereas 15N chemical shifts were given relative to liquid 

NH3 (δN 0 ppm). 

The solid phase synthesis was partly carried out on a ResPep SL peptide synthesizer (Intavis 

Bioanalytical Instruments, Germany). The L-configured Fmoc-amino acids Fmoc-Trp(Boc)-OH, 

Fmoc-Ala-OH, Fmoc-Leu-OH, Fmoc-Gln(Trt)-OH and Fmoc-Glu(OMe)-OH were purchased 

from Carbolution Chemicals (Ingbert, Germany), while L-Leucinol 2-chlorotrityl polystyrene resin 

were obtained from Iris Biotech GmbH (Marktredwitz, Germany). TFFH was supplied Carbolution 

Chemicals (Ingbert, Germany). Piperidine, Ac2O, DIPEA, and DMF were purchased from Sigma-

Aldrich (Steinheim, Germany). 

The high resolution mass spectra in positive and negative modes were obtained from an Orbitrap 

Elite mass spectrometer (Thermofisher Scientific, Bremen, Germany) equipped with an ESI 
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electrospray ion source (spray voltage 4.0 kV; capillary temperature 275 °C, source heater 

temperature 40 °C; FTMS resolution 60.000). Nitrogen was used as sheath gas. The sample 

solutions were introduced continuously via a 500 μl Hamilton syringe pump with a flow rate of 5 

μl/min. The instrument was externally calibrated by the Pierce® LTQ Velos ESI positive ion 

calibration solution (product number 88323) and Pierce® ESI negative ion calibration solution 

(product number 88324) from Thermofisher Scientific (Rockford, IL, 61105 USA). The data were 

evaluated by the Xcalibur software 2.7 SP1 (Thermofisher Scientific, Waltham, MA, USA). The 

collision induced dissociation (CID) MSn measurements were performed using the relative 

collision energies given in Table S1 (Supplementary data).  

The preparative HPLC was performed on a Shimadzu prominence system (Kyoto, Japan) which 

consists of a CBM-20A communications bus module, a SPD-M20A diode array detector, a FRC-

10A fraction collector, a DGU-20A5R degassing unit, a LC-20AT liquid chromatograph, and a 

SIL-20A HT auto sampler, using either column 1 (ODS-A, 5 m, 120 Å, 150 x 20 mm I.D; YMC, 

Devens, MA, USA) or column 2 (ODS-A, 5 m, 120 Å, 150 x 10 mm I.D; YMC, Devens, MA, 

USA). The mobile phases were H2O (A) and CH3CN (B), with 0.1% formic acid contained in both 

solvents, using a gradient system. 

5.4.2 Extraction and Isolation  

The fungal strain Sepedonium ampullosporum KSH 534 was isolated in August 1999, from Boletus 

calopus in Crista Acri near Cosenza, Italy (leg./det. C. Lavorato). A voucher specimens is deposited 

at the herbarium of the University Regensburg. The fungal culture of S. ampullosporum KSH 534 

was stored on malt peptone agar (MPA) plates and transferred periodically. The up-scaled semi-

solid cultures, used for isolation, were grown in 31 Erlenmeyer flasks (size 1 L) each containing 

1.5 g of cotton wool and 250 ml of malt peptone medium (2.5 g malt and 0.625 g peptone in 250 

ml deionized water), resulting in a total volume of 7.75 L. Each culture flask was inoculated with 

a 10 x 10 mm agar plug of colonized fungus and incubated for 14 days at room temperature without 

agitation. 

5.4.3 Extraction and Isolation 

The mycelia were separated from the culture broth by vacuum filtration, frozen with liquid nitrogen 

and subsequently extracted with EtOAc (2 x 2L) and MeOH (2 x 2L) to yield two crude extracts 

(EtOAc, 2.20 g and MeOH, 8.98 g, respectively). Meanwhile, activated Diaion HP 20 (50 g) was 

added to the culture broth and agitated for 12 hours at room temperature. Diaion HP 20 was then 

removed by vacuum filtration, washed with H2O, eluted with MeOH to give a yellow solution, 

which was then evaporated in vacuo to dryness. This dryness (3.44 g) from culture broth was 

combined with the EtOAc extract from mycelia according to their LC-MS profiles. The resulting 

residue (5.64 g) was chromatographed on a Sephadex LH 20 column, using aq. MeOH 60% as 

eluent to afford 140 fractions (8 ml each). Based on ESI-MS spectra, fractions 26-38 were 

combined (1.91 g), which were first separated by size exclusion column chromatography (using 
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Sephadex LH 20, eluent: MeOH), then subjected to preparative HPLC using column 1 at a flow 

rate of 4.5 mL/min (0-30 min, 30-80% B; 31-50 min, 80-100% B) to afford 5.3 (ampullosporin A, 

tR = 34.0 min, 100.9 mg), 5.1 (ampullosporin F, tR = 37.5 min, 4.7 mg), and 5.2 (ampullosporin G, 

tR = 40.5 min, 3.8 mg). In addition, the combination of fractions 39-48 (311.7 mg) was purified by 

semipreparative HPLC using column 2 at a flow rate of 2.2 mL/min (0-12 min, 30-100% B; 12-17 

min, 100% B) to afford 5.4 (peptaibolin, tR = 12.7 min, 1.4 mg) and 5.5 (chrysosporide, tR = 14.5 

min, 0.3 mg). Similarly, fractions 61-74 (85.4 mg) were combined and finally purified by 

semipreparative HPLC using column 2 at a flow rate of 2.2 mL/min (0-20 min, 10-100% B) to 

afford 5.6 (c(Trp-Ser), tR = 10.6 min, 8.1 mg) and 5.7 (c(Trp-Ala), tR = 11.2 min, 7.3 mg). 

5.4.4 Sample preparation for LC-MS screening  

For the preparation of the enriched fraction for the LC-HRMS screening, one stored deep frozen 

agar plate cultures of S. ampullosporum KSH534 was crushed in small pieces and extracted with 

EtOH 96% (2 x 250 mL) in an ultrasonic bath at room temperature. The resulted yellow solution 

was evaporated in vacuo to dryness. The dried crude extract was redissolved in EtOH 96%/H2O 

(1:2, v/v) to a concentration of 50 mg/mL. The resulting solution was separated on SPE cartridges 

Chromabond® C18 (loading 200 mg/3 mL, particle size 45 µm, Macherey-Nagel, Düren, 

Germany), targeted peptaibols 5.1-5.3 were eluted with EtOH 96%. After evaporation to dryness 

in vacuo, the enriched fraction was redissolved in CH3CN and submitted to LC-HRMS. 

5.4.5 Solid-phase peptide synthesis 

Compounds 5.1 and 5.2 were synthesized by combining manual and automated synthesis. The 

protocol was based on a Fmoc/t-butyl strategy in a 0.1 mmol scale starting from L-Leucinol  

2-chlorotrityl resin (200−400 mesh, loading 0.67 mmol/g resin). The first four amino acids 

residues, were incorporated by automated synthesis using the standard method based in 

PyBOP/NMM activation. The rest of the synthesis was performed manually using 4 equiv. of the 

amino acids and DMF as a solvent. For all the Aib residues the coupling cycle protocol was based 

on activation with TFFH (4 equiv.) and NMM (N-methylmorpholine, 4 equiv.) for 12 min and 

coupling time of 120 min. The rest of the amino acids were coupled using activation with HATU 

(4 equiv.) and NMM (4 equiv.) for 5 min and a coupling time of 120 min. Fmoc removals were 

carried out using a solution of 20% piperidine in DMF for two cycles of 10 min. N-terminal 

acetylation was performed after complete peptide assembly by treating the resin with Ac2O (10 

equiv.) and DIPEA (10 equiv.) in DMF for 30 min. Solid-phase cleavage and global deprotection 

was achieved by treating the resin with 5 mL of TFA/H2O/TIPS (95:2.5:2.5, v/v/v) for 120 min. 

The cleavage mixture was concentrated under reduced pressure, suspended in a mixture of CH3CN 

50% in water and lyophilized.  

For the peptide 5.1, the crude peptide mixture (183.8 mg) obtained after lyophilizing was re-

dissolved in MeOH, and subjected to column chromatography (360 x 30 mm) using Sephadex 

LH20, eluting with MeOH to afford 30 fractions (8mL each). Fractions 6 and 7 were combined 
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(78.6 mg) and purified by preparative HPLC using column 1 (0-2 min, 30-70% B; 3-15 min,  

70-100% B; 10 mL/min) to give 5.1 in 7.0% total yield (tR = 15.6 min, 11.5 mg). 

For the peptide 5.2, the crude peptide mixture (201.7 mg) obtained after lyophilizing was  

redissolved in MeOH, and separated by column chromatography (360 x 30 mm) on Sephadex 

LH20, using MeOH as eluent to give 30 fractions (8mL each). Fractions 1-5 were combined (95.6 

mg) and purified by preparative HPLC using column 1 (0-2 min, 30-80% B; 3-15 min, 80-100% 

B; 10 mL/min) to give 5.2 in 7.7% total yield (tR = 16.2 min, 12.6 mg). 

Natural ampullosporin F (5.1): white, amorphous solid; TLC Rf 0.34 (n-BuOH/AcOH/H2O 

4:1:1); [𝛼]D
22 -15.6 (c 0.100, MeOH); CD (MeOH) [θ]208 -120119, [θ]224 -103881 deg cm2 x  

dmol-1; UV (MeOH) λmax (log ε) 290 (23.56) nm; 1H NMR and 13C NMR see Table 5.2; ESI-HRMS 

m/z 819.4849 ([M+2H]2+, calcd for C78H130N18O20
2+ 819.4849); ESI-HRMSn see Table 5.1, and 

Table S1 (Supplementary data). 

Synthetic ampullosporin F (5.1): white, amorphous solid; CD (MeOH) [θ]208 -232819, [θ]224 

-208346 deg cm2 x dmol-1; 1H NMR and 13C NMR in accordance with data of natural 5.1; ESI-

HRMS m/z 819.4855 ([M+2H]2+, calcd for C78H130N18O20
2+ 819.4859); ESI-HRMSn in agreement 

with natural 5.1. 

Natural ampullosporin G (5.2): white, amorphous solid; TLC Rf 0.44 (n-BuOH/AcOH/H2O 

4:1:1); [𝛼]D
23 -17.1 (c 0.080, MeOH); CD (MeOH) [θ]208 -150953, [θ]223 -125977 deg cm2 x  

dmol-1; UV (MeOH) λmax (log ε) 281 (1.88), 290 (1.81) nm; 1H NMR and 13C NMR see Table 5.3; 

ESI-HRMS m/z 819.4860 ([M+2H]2+, calcd for C78H130N18O20
2+ 819.4849); ESI-HRMSn see Table 

5.1, and Table S1 (Supplementary data). 

Synthetic ampullosporin G (5.2): white, amorphous solid; CD (MeOH) [θ]207 -246393, [θ]222 

-205061 deg cm2 x dmol-1; 1H NMR and 13C NMR in accordance with data of natural 5.2; ESI-

HRMS m/z 819.4848 ([M+2H]2+, calcd for C78H130N18O20
2+ 819.4859); ESI-HRMSn in agreement 

with natural 5.2. 

Natural ampullosporin A (5.3): white, amorphous solid; TLC Rf 0.26 (n-BuOH/AcOH/H2O 

4:1:1); 1H NMR and 13C NMR in agreement with data of Ritzau et al. (1997); ESI-HRMS m/z 

811.9851 ([M+2H]2+, calcd for C77H129N19O19
2+ 811.9851); ESI-HRMSn see Table S2, 

Supplementary data.  

Natural peptaibolin (5.4): white, amorphous solid; TLC Rf 0.88 (n-BuOH/AcOH/H2O 4:1:1); 
1H NMR and 13C NMR in agreement with data of Hulsmann et al. (1998); ESI-HRMS m/z 590.3892 

([M+H]+, calcd for C31H52N5O6
+ 590.3912); ESI-HRMSn see Table S2, Supplementary data.  

Natural chrysosporide (5.5): white, amorphous solid; TLC Rf 0.68 (n-BuOH/AcOH/H2O 

4:1:1); 1H NMR and 13C NMR in agreement with data of Mitova et al. (2006); ESI-HRMS m/z 

510.3649 ([M+H]+, calcd for C26H48N5O5
+ 510.3650); ESI-HRMSn see Table S2, Supplementary 

data.  
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Natural cyclic-(Trp-Ser) (5.6): white, amorphous solid; TLC Rf 0.66 (n-BuOH/AcOH/H2O 

4:1:1); 1H NMR and 13C NMR in agreement with data of Tullberg et al. (2006); ESI-HRMS m/z 

272.1042 ([M+H]+, calcd for C14H14N3O3
- 272.1041). 

Natural cyclic-(Trp-Ala) (5.7): white, amorphous solid; TLC Rf 0.76 (n-BuOH/AcOH/H2O 

4:1:1); 1H NMR and 13C NMR in agreement with data of Zhao et al. (2018); ESI-HRMS m/z 

256.1089 ([M+H]+, calcd for C14H14N3O2
- 256.1092). 

5.4.6 Antifungal assay 

Compounds 5.1-5.3 were tested in a 96-well microtiter plate assay against Botrytis cinerea Pers., 

Septoria tritici Desm., and Phytophthora infestans (Mont.) de Bary as described earlier (Otto et al., 

2016b). The experiment was carried out in triplicates (n = 3), each comprising technical triplicates. 

For data analyses, GraphPad Prism version 8.0.2 (GraphPad Software, San Diego, CA, USA), 

SigmaPlot 14.0 (Systat Software, San Jose, CA, USA) and Microsoft Excel 2013 (Microsoft, 

Redmond, WA, USA) were used. 

5.4.7 In vitro cell proliferation assay – anticancer activity 

The prostate cancer cell line PC-3 (ATCC, Manassas, VA, USA) and the colon cancer cell line HT-

29 (ATCC, Manassas, VA, USA) were cultured in RPMI 1640 medium supplemented with 2 mM 

L-glutamine and 10% heat-inactivated FCS. The cells were routinely grown in a humidified 

atmosphere with 5% CO2 at 37°C to reach subconfluency (~ 70-80%) prior to subsequent usage or 

subculturing. The adherent cells were rinsed with PBS and detached by using trypsin/EDTA 

(0.05% in PBS) prior to cell passaging and seeding. RPMI 1640 basal medium, FCS, L-glutamine, 

PBS and trypsin/EDTA for cell culturing were purchased from Capricorn Scientific GmbH 

(Ebsdorfergrund, Germany). The culture flasks, multi-well plates and further cell culture plastics 

were purchased from TPP (Trasadingen, Switzerland) and Greiner Bio-One GmbH 

(Frickenhausen, Germany), respectively. 

Antiproliferative and cytotoxic effects, respectively, of the compounds 5.1 – 5.3 were 

investigated by performing a fluorimetric resazurin-based cell viability assay (Sigma-Aldrich, 

Taufkirchen, Germany). For that purpose, prostate PC-3 and colorectal HT-29 cancer cells were 

seeded in low densities into 96-well plates (3,000 – 6,000 cells per well; seeding confluency ~ 

10%), and were allowed to adhere for 24 h. Subsequently, the cells were treated for 48 h with 

compound concentrations up to 100 µM. For control measures, cells were treated in parallel with 

0.5% DMSO (negative control, representing the final DMSO content of the highest concentrated 

test compound concentration) and 100 µM digitonin (positive control, for data normalization set to 

0% cell viability), both in standard growth medium. As soon as the 48 h incubation was finished, 

the incubation medium was discarded, and cell were rinsed once with PBS. Resazurin solution in 

RPMI 1640 without phenol red and other supplements was prepared freshly prior to use, and added 

to the cells in a final resazurin concentration of 50 µM. Subsequently, the cells were incubated 

under standard growth conditions for further 2 hours. Finally, the conversion of resazurin to 

resorufin by viable, metabolically active cells was measured with 540 nm excitation and 590 nm 
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emission settings by using a SpectraMax M5 multiwell plate reader (Molecular Devices, San Jose, 

USA). Data were determined in biological quatruplicates, each with technical triplicates. For data 

analyses GraphPad Prism version 8.0.2 (GraphPad Software, San Diego, CA, USA) and Microsoft 

Excel 2013 (Microsoft, Redmond, WA, USA) were used. 

5.4.8 Computational details 

The X-ray structures of the human GluN1/GluN2A NMDA receptor in the glutamate/glycine- 

bound state at pH 7.8 (pdb-code 6IRA) (Zhang et al., 2018) and non-human (frog and mouse) 

triheteromeric NMDA receptor GluN1/GluN2A/GluN2B in complex with glycine, glutamate, the 

uncompetitive NMDA receptor antagonist MK-801 and a GluN2B-specific Fab, at pH 6.5 (pdb-

code 5UOW) (Lu et al., 2017) were downloaded from the protein databank (Berman et al., 2000) 

and used for in silico docking analyses of compounds 5.1-5.3. 

All theoretical investigations were performed using the molecular modelling software package 

MOE (molecular operating environment) (2019). The X-ray structure was prepared for docking 

studies by adding the missing hydrogen atoms using the 3D-protonate module implemented in 

MOE. The structures of all three peptaiboles were constructed in MOE and force field optimized 

with AMBER-14:EHT which is also implemented in MOE. 

The putative active site of the enzyme is indicated by the co-crystallized inhibitor MK-801 

(Figure 5.6, left site). By closer inspection of this site, an almost complete hydrophobic cleft formed 

by several helices could be detected, which led to the hypothesis that this could be a perfect binding 

site for the very hydrophobic peptaibols due to multiple Aib amino acid containing residues. 

Therefore, docking studies were performed defining this as a binding site. For each of the three 

peptaibols, ampullosporin A (5.3), F (5.1), and G (5.2), 30 poses were generated using the triangle 

matcher for fast placement, the London dG as fitness function with subsequent induced fit 

relaxation of the binding site. The best scored docking poses are displayed and discussed. 
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of 5.2) can be found online at https://www.mdpi.com/article/10.3390/ijms222312718/s1. 
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Chapter 6 

 

General discussion 

Cortinarius is one of the most species-rich genera in Agaricales, with more than 5,600 epithets 

recorded worldwide, whereas 58 epithets were named for genus Sepedonium to date 

(http://www.indexfungorum.org). However, according to our statistical analysis using the two 

global citation databases Scifindern (https://scifinder-n.cas.org) and Web of Science 

(https://www.webofscience.com), it turns out that the two genera have not yet been well studied in 

contrast to their number of epithets (Table 6.1). A maximum of 904 publications refer to 

Cortinarius and 196 publications mention Sepedonium. Of these, less than 15 % deal with 

secondary metabolites from genus Cortinarius, and less than 35% are chemical investigations in 

genus Sepedonium. Although being chemically untapped, both genera have been proven as 

producers of structurally intriguing compounds that display a variety of biological activities. Thus, 

the main objective of our research work was to isolate and identify new fungal natural products, in 

order to find potential lead compounds for drug development and agricultural fungicides. 

Therefore, the present thesis describes studies on fruiting bodies of basidiomycete genus 

Cortinarius and cultures of the ascomycete genus Sepedonium in a polythetic approach based on 

chemical, molecular and biological data.  

Table 6.1. Number of publications about Cortinarius and Sepedonium species found in public 

databases (last access 13.04.2022). 

Context Scifindern Web of Science 

Cortinarius 904 (100%) 740 (100%) 

 Chemistry-related 116a (13%) 87a’ (12%) 

Sepedonium 196 (100%) 74 (100%) 

 Chemistry-related 54b (28%) 25b’ (34%) 

a Selected context: new natural product; mycotoxins; 2,2’-dipyridyl; pigments, biological. 
a’ Selected context: chemistry multidisciplinary; chemistry medicinal; chemistry organic; chemistry applied; chemistry 

analytical; spectroscopy; engineering chemical. 
b Selected context: fungicides; antibiotics; magnetic resonance spectroscopy; peptides; anti-bacterial agents; antitumor 

agents; peptaibols; new natural products; molecular structure, natural product; spectrum analysis; steroids. 
b’ Selected context: chemistry multidisciplinary; chemistry medicinal; chemistry organic; chemistry applied; chemistry 

analytical; engineering chemical; neurosciences. 

 

Two species of genus Cortinarius were studied under various aspects like chemistry, 

biosynthesis, phylogeny, and biological activity (Chapter 3 and 4). The first investigation on the 

Chilean mushroom Cortinarius pyromyxa afforded four new diterpenoid pigments, named 
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pyromyxones A-D (3.1-3.4) (Chapter 3). The pyromyxones A-D (3.1-3.4) do not only possess an 

undescribed nor-guanacastane skeleton, but also represent the first occurrence of diterpenoids in 

the genus Cortinarius. The pyromyxones A-D (3.1-3.4) belong to a group of almost 60 

guanacastane diterpenoids (other name: neodolastane diterpenoids), which also include 

guanacastepenes, heptemerones, plicatilisins, radianspenes, dahlianes, 2,15-epoxy-5,13-

dihydroxyneodolast-3-en-14-one and sphaerostanol (Figure 6.1.) (Markovic et al., 2015; Wu et al., 

2016; Yin et al., 2014; Zhang and Feng, 2022). 

 
Figure 6.1. Selected structures of guanacastane diterpenoids from natural sources. 

 
Figure 6.2. Selected structures of azepino[5,4,3-cd]indole alkaloids from natural sources. 

From fruiting bodies of Cortinarius purpurascens Fr. (Cortinariaceae), three new azepino[5,4,3-

cd]indole alkaloids, named purpurascenines A-C (4.1-4.3), together with the new-to-nature 7-
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hydroxytryptophan (4.4) and the known compounds, adenosine (4.5) and riboflavin (4.6), were 

isolated (Chapter 4). Up to now, azepino[5,4,3-cd]indole alkaloids is a small group of 30 natural 

products, roughly equally contributed by fungal cultures (i.e. Claviceps and Penicillium), plants 

(i.e. Psychotria, Evodia and Cimifuga) as well as the marine sponge Hyrtios spp. (Figure 6.2) 

(Klein-Junior et al., 2020; Lindsay et al., 2018). Thus, the isolated purpurascenines A-C (4.1-4.3) 

are the first azepinoindole alkaloids from fungal basidiocarps. 

A crucial purpose of natural product research is to understand the biosynthetic origin of the 

targeted compounds. The pyromyxones A-D (3.1-3.4) posess a nor-guanacastane skeleton that is 

related to the guanacastane skeleton, and hence also to the dolabellane or dolastane skeletons. The 

biosynthesis of those guanacastane, dolabellane or dolastane diterpenoids was not studied yet, 

however, it was proposed by Hiersemann and Helmboldt (2005) as a series of enzyme catalyzed 

ring closures and Wagner-Meerwein migrations from geranylgeranyl pyrophosphate (GGPP) 

(Hiersemann and Helmboldt, 2005). GGPP is the common precursor of diterpenoids, which could 

be generated from either dimethylallyl pyrophosphate (DMAPP) or farnesyl pyrophosphate (FPP) 

together with isopentenyl pyrophosphate (IPP) (Zhang and Feng, 2022).  Based on this knowledge, 

a biosynthetic route could be also presumed for pyromyxones A-D (3.1-3.4) (Figure 6.3).  

 

Figure 6.3. Proposed biosynthesis of pyromyxones A-D (3.1-3.4), adapted from Hiersemann et al. 

(2005). 
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This may be a suggestion to study the biosynthesis of the pyromyxones A-D (3.1-3.4) by feeding 
13C- labeled samples of either GGPP or its precursors to the fruiting bodies of C. pyromyxa in the 

field. In addition, the conversion of the -lactone ring (in 3.4) to the -lactam ring (in 3.1-3.3) may 

be verified by feeding 15N- labeled samples (e.g. 15NH3 or  15N-amino acids) also to the basidiocarps 

of C. pyromyxa. To the best of our knowledge, the biosynthesis of -lactams is yet to be published 

(Caruano et al., 2016); however, such conversion was successfully obtained under in vitro 

conditions by using NH3 or amines even in an one-step reaction at room temperature (Caruano et 

al., 2016; Rankic et al., 2017). 

Such isotopic labeling experiments have been successfully broadened human knowledge of 

biosynthesis of secondary metabolites (Rinkel and Dickschat, 2015). In natural product chemistry, 

the use of stable, i.e. non-radioactive, isotopes such as 13C and 2H has become favored over the 

radioactive nuclei like 14C and 3H thanks to the development of suitable NMR and MS methods. 

Furthermore, the labelling experiments were performed on fungal fruiting bodies including 

Cortinarius species (e.g. Elsworth et al., 1999; Müller et al., 2004; Spiteller et al., 2000), leading 

to the proposal of plausible biosynthetic pathways of different compound classes. The efficiency 

of feeding experiments to study fungal secondary metabolite biosynthesis was thus clearly 

demonstrated.  

Moreover, among the known 30 natural azepino[5,4,3-cd]indole alkaloids, only fungal culture-

derived products were investigated into their biosynthesis by enzyme-based experiments (Lindsay 

et al., 2018). Therefore, a highlight of the present thesis is the in vivo study towards the biosynthesis 

of purpurascenine A (4.1) using 13C labeled precursors. To study the biosynthetic pathway of 

purpurascenine A (4.1), feeding experiments using separately [3-13C]-pyruvate, [3-13C]-alanine, 

and [2-13C]-acetate were performed on fruiting bodies of C. purpurascens. Tryptophan was proven 

as a biogenetic precursor of the azepino[5,4,3-cd]indole alkaloids named communesins, e.g. 

communesin A (6.10), in Penicillium expansum (Lin et al., 2015; Wigley et al., 2006; Wigley et 

al., 2008; Xu et al., 2014), and hence 7-hydroxytryptophan (4.4), an isolated compound from C. 

purpurascens, was speculated to be involved in the biosynthesis of purpurascenines (4.1-4.3). 

Furthermore, the results of our in vivo feeding experiments reveals the participation of pyruvate in 

biosynthetic pathway of 4.1. Thus, the biosynthesis of purpurascenine A (4.1) was proposed to 

involve pyruvic acid and 7-hydroxytryptophan (4.4) in a Pictet-Spengler reaction condensation 

enzymatically catalyzed by Pictet-Spenglerase, which had been evidenced in different organisms 

in nature (Naoi et al., 2002; Stockigt et al., 2011). Moreover, considering pyruvic acid as “α-

ketoalanine”, “α-ketoglycine” (glyoxilic acid), and “α-ketoleucine” (4-methyl-2-oxopentanoic 

acid) were hypothesized as the precursors for purpurascenines B (4.2) and C (4.3), respectively. 

Consequently, a biosynthesis of purpurascenines (4.1-4.3) could be proposed (Figure 6.4). 
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Figure 6.4. Proposed biosynthesis of purpurascenines A-C (4.1-4.3), considering the proposal of 

Yamanokuchi et al. (2012) and Naoi et al. (2002). 

Furthermore, the ultimate goal of our research was to evaluate the potential of isolated 

compounds for pharmaceutical and agricultural use. Thus, selected pyromyxones and 

purpurascenines were subjected to biological studies. Pyromyxones A (3.1), B (3.2) and D (3.4) 

were evaluated for their antifungal and antibacterial activity, showing only weak inhibitory effects 

against the organisms tested (Chapter 3). The weak antibacterial activities were also reported for 

other close analogues like guanacastepene A (6.1) and heptermerones, e.g. heptemerone G (6.2) 

(Kettering et al., 2005; Markovic et al., 2015; Singh et al., 2000). Nonetheless, Kettering and 

coworkers observed that the antifungal activities of heptemerones depend largely on the assay 

medium (Kettering et al., 2005). In water, the inhibition of those heptemerones occurred at 5 to 10 

fold lower concentration than in medium, showing their potent inhibition of fungal germination in 

water. Furthermore, the pyromyxone-related analogues, namely radianspenes, plicatilisins, 

heptemerones and sphaerostanol were also evaluated for their cytotoxicities against different tumor 

cell lines (Markovic et al., 2015). Among them, radianspene C (6.3) exhibited the most significant 

effect with an IC50 of 0.91 µM against the human breast carcinoma MDA-MB-435 cell line (Ou et 

al., 2012). Therefore, it would be more than worse to perform comprehensive biological assays or 

studies concerning structure-activity relationships on the pyromyxones as well as other 

guanacastane diterpenoids. 

Additionally, purpurascenine A (4.1) was examined for its activation with a G protein-coupled 

receptor subtype, namely 5-HT2A (Chapter 4). The structure of 4.1 is very similar to 5-

hydroxytryptamine (5-HT; serotonin) and other known 5-HT2A receptor modulators, e.g. agonists 

like ibogaine or tabernanthine (Zieba et al., 2021) or allosteric modulators like glaucine (Fasciani 

et al., 2020; Heng et al., 2019). Moreover, the possible interaction of purpurascenine A (4.1) with 
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the 5-HT2A serotonin receptor was also suggested by our preliminary docking studies. Thus, a new 

functional reporter gene assay was established, which demonstrated that: (i) 4.1 did not permit 

substantial agonistic 5-HT2A activation, (ii) 4.1 (at 100 μM) reduced the maximal 5-HT dependent 

5-HT2A activation from 100% down to 50%, with only minor effect on the EC50 of 5-HT, and (iii) 

4.1 seemed to inhibit putative constitutive 5-HT2A activity. In fact, constitutive activity of the 5-

HT2A receptor is so far described to be relatively weak in vitro. However, it was observed that some 

experimental settings, e.g. overexpression of G-proteins or some methodologies for receptor 

amplification, can cause elevated constitutive activity of 5-HT2A receptors (Berg et al., 2005; De 

Deurwaerdère et al., 2018). A future perspective would thus be to investigate the effects of 

purpurascenine A (4.1) and its derivatives on 5-HT2A and other 5-HT receptor subtypes in more 

detail.  

Besides the chemical, biosynthetic and biological investigations, a preliminary molecular 

biological study was also carried out that reveals the monotypic position of C. pyromyxa in 

subgenus Myxacium, genus Cortinarius, which is also demonstrated by the chemical pigments. 

Accordingly, our studies also demonstrate the integration of morphological, molecular and 

chemical data as a powerful tool to estimate phylogenetic relationships in fungal taxa, especially 

in such phylogenetically complicated genus like Cortinarius.  

The further part of the present thesis was to study the chemical constituents of the fungicolous 

species Sepedonium ampullosporum Damon (KSH 534), which yielded in total 7 natural products 

(Chapter 5). Beside the known peptaibols, ampullosporin A (5.3) and peptaibolin (5.4), two new 

15-residue peptaibols, named ampullosporins F (5.1) and G (5.2), were isolated from semi-solid 

cultures of S. ampullosporum. Both ampullosporin F (5.1) and G (5.2) bear in their structures a -

methyl ester of glutamic acid residue, which is rarely recognized in natural peptaibols, with only 

five examples of the over 1,450 peptaibiotics reported in literature so far (Chapter 5). 

Consequently, they represent the third report of glutamic acid methyl ester containing peptaibols 

isolated from natural sources, and the first from the whole genus Sepedonium. The small amounts 

of compounds 5.1 - 5.2 proved a challenge of isolation works, and hence, probably led to the rare 

observation of this compound class. In contrast to peptaibols – the characteristic components of 

Sepedonium spp. – cyclopeptides were hardly recognized from this genus. The known cyclo(Trp-

Ser) (5.6) and cyclo(Trp-Ala) (5.7), isolated from S. ampullosporum, record only the second 

occurrence of this compound class in the genus Sepedonium after chrysosporide (5.5), isolated 

from S. chrysospermum and S. ampullosporum. The biosynthesis of non-ribosomal peptides like 

peptaibols (e.g. 5.1-5.4) and cyclic peptides (e.g. 5.5-5.7) has been proven to involve the giant 

multi-domain enzymes so-called non-ribosomal peptide synthetases (NPRS), which produce the 

peptides in one by one steps (Chapter 2).  

In natural product research, synthesis plays an important role as it does not only support the 

identification and biological studies of compounds isolated in minor amounts, but also improve the 

utilization of natural products (e.g. in pharmacy and agriculture) by derivatization. Therefore, the 

synthesis of the ampullosporins F (5.1) and G (5.2) in solid phase was accomplished (Chapter 5). 
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The ESI-HRMSn, 1D NMR, and CD spectra of the synthetic peptaibols 5.1 and 5.2 were consistent 

with those of the natural ampullosporin F (5.1) and ampullosporin G (5.2), consequently 

establishing the L-configuration for all chiral amino acids in the natural peptaibols.  

Besides the chemical and synthetic studies, it would be also worthwhile to determine the 

biological effects of the isolated compounds. The ampullosorins (5.1-5.3) exhibited strong 

antifungal activity against Botrytis cinerea and Phytophthora infestans, but were inactive against 

Septoria tritici. These results are in agreement with the reports of Otto and coworkers that the 

antiphytophathogenic activity of peptaibols may lie in their chain length (Otto et al., 2016a; Otto 

et al., 2015; Otto et al., 2016b). Among the twelve tested peptaibols, the most potent 

antiphytopathogenic effects were recorded for the long-chain (19-residue) peptaibols tulasporins 

A-D (2.92-2.95), followed by significant activity of the medium-chain (15-residue) chilenopeptins 

A-B (2.75-2.76) and tylopeptins A-B (2.77-2.78). However, the short-chain (11-residue) 

albupeptins A-D (6.11-6.14; Table A2, Appendix) exhibited only modest antifungal activity. In 

fact, many peptaibols, e.g. the long-chain (20-residue) alamethicin (2.97), were reported to have 

antimicrobial activites (e.g. Chapter 2 and 5). Interestingly, the -helical molecules of alamethicin 

(2.97) are 34 A° in length, which is sufficient to span lipid bilayers, and hence able to form channels 

in various lipid molecules (Chugh and Wallace, 2001). The mechanism behind amphipathic 

channel formation of alamethicin (2.97) was proven to follow the “barrel-stave model” (Chapter 

2). The shorter peptaibols may have similar membrane activity, however, they can not span the 

membrane in the same way like the longer ones. Indeed, it was shown that the medium-chain 

ampullosporin A (5.3) is not strongly anchored to the membrane surfaces as found for alamethicin 

(2.97), so the barrel-stave pores are likely not formed by the medium chain peptaibol (Bortolus et 

al., 2016). Instead, two other mechanisms were proposed for the medium- and short-chain 

peptaibols. On the one hand, within the bilayer they could form end-to-end bundles, effectively 

doubling their length perpendicular to the bilayer. On the other hand, those peptaibols could also 

form membrane-associated aggregates, surface-associated “carpets” membrane spanning circular 

channels or act via a detergent-like mechanism (Fuente-Núñez et al., 2013).  

Our cell viability assays using human prostate (PC-3) and colorectal (HT-29) cancer cells 

confirmed potent anticancer activities of ampullosporins (5.1–5.3). It was observed that 

ampullosporins F (5.1) and G (5.2) exhibited antifungal and cytotoxic effects at roughly twofold 

lower concentrations than that of ampullosporin A (5.3) despite their very similar structures. The 

new peptaibols 5.1–5.2 only differ from the known 5.3 one by replacing either Gln11 or Gln7 by 

GluOMe. Thus, it was proposed that this slight modification either changes the peptaibol spatial 

structures or increases the lipophylicity of 5.1–5.2, and hence enhances the membrane permeability 

as well as their biological effects. 

Peptaibols are smaller but share a number of common features with larger protein channels (e.g. 

potassium and sodium channels) including: i) the nature of their lumen, formed from carbonyl 

groups of the polypeptide backbone or polar side chains; ii) their ability to form pores in correct 

sizes for specific ion transport; and iii) the occurrence of aromatic amino acids in their sequences 
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that can stabilize the structures within membranes (Chugh and Wallace, 2001). These features 

together with their exponentially risen number of natural peptaibol sequences make the “small” 

compounds particularly good model systems for computational simulations of ion binding and 

translocations, and eventually shed more light into the complex processes involved in transport 

across membranes. In our studies, a preliminary docking calculation was performed to validate the 

binding capacity of ampullosporins (5.1–5.3) with the N-methyl-D-aspartate (NMDA) receptor, 

which was indicated as potential biological target molecule of ampullosporin A (5.3) (Chapter 5). 

Our in silico results showed that replacement of each of Gln residues (Gln7 and Gln11) in 

ampullosporin A (5.3) by GluOMe resulted in additional hydrophobic interactions of 

ampullosporin F (5.1; GluOMe11) and ampullosporin G (5.2; GluOMe7) with hydrophobic receptor 

residues, and thus causing higher biological effects of the new peptaibols. From this point of view, 

a future perspective would be promising to test our new ampullosporins F (5.1) and G (5.2) for 

their neuroleptic activity, which was reported for ampullosporin A (5.3). Also, it is very interesting 

to synthesize other derivatives of 5.3 by replacing partly/totally three Gln residues in its sequence 

with GluOMe and evaluate their biological activities, e.g. antifungal and anticancer activities, 

which might lead to the potential candidate for pharmaceutical and agricultural products. 

In conclusion, valuable contributions have been made to the investigation of secondary 

metabolites regarding their identification, biosynthesis, total synthesis, and biological activity. This 

work also demonstrate the important role of new fungal natural products as leading compounds for 

the development of pharmaceutical and agricultural products, as well as the potential of fungi, 

including both basidiomycetes and ascomycetes, as a great but untapped source of new bioactive 

compounds. 
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Appendix 

 

A     Peptaibol sequences 

Table A1. Sequences of peptaibols isolated from Sepedonium species (*) 

source/peptaibol  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 

S. ampullosporum                     

peptaibolin (2.64) Ac Leu Aib Leu Aib Pheol               

ampullosporin A (2.65) Ac Trp Ala Aib Aib Leu Aib Gln Aib Aib Aib Gln Leu Aib Gln Leuol     

ampullosporin B (2.66) Ac Trp Ala Aib Aib Leu Aib Gln Ala Aib Aib Gln Leu Aib Gln Leuol     

ampullosporin C (2.67) Ac Trp Ala Aib Aib Leu Aib Gln Aib Ala Aib Gln Leu Aib Gln Leuol     

ampullosporin D (2.68) Ac Trp Ala Aib Aib Leu Aib Gln Aib Aib Ala Gln Leu Aib Gln Leuol     

ampullosporin E1 (2.69) Ac Trp Ala Aib Aib Leu Aib Gln Ala Aib Aib Gln Leu Ala Gln Leuol     

ampullosporin E2 (2.70) Ac Trp Ala Aib Aib Leu Aib Gln Aib Ala Ala Gln Leu Aib Gln Leuol     

ampullosporin E3 (2.71) Ac Trp Ala Aib Aib Leu Aib Gln Aib Aib Ala Gln Leu Ala Gln Leuol     

ampullosporin E4 (2.72) Ac Trp Ala Aib Aib Leu Aib Gln Ala Ala Aib Gln Leu Aib Gln Leuol     

S. chalcipori                     

chalcipori A (2.73) Ac Trp Val Aib Val Ala Gln Ala Aib Ser Leu Ala Leu Aib Gln Leuol     

chalcipori B (2.74) Ac Trp Val Aib Val Ala Gln Ala Aib Gln Aib Ala Leu Aib Gln Leuol     

tylopeptin A (2.75) Ac Trp Val Aib Iva Ala Gln Ala Aib Ser Aib Ala Leu Aib Gln Leuol     

tylopeptin B (2.76) Ac Trp Val Aib Aib Ala Gln Ala Aib Ser Aib Ala Leu Aib Gln Leuol     

chilenopeptin A (2.77) Ac Aib Ser Trp Aib Pro Leu Aib Aib Gln Aib Aib Gln Aib Leu Pheol     

chilenopeptin B (2.78) Ac Aib Ser Phe Aib Pro Leu Aib Aib Gln Aib Aib Gln Aib Leu Pheol     
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Table A1. (continued) 

S. chrysospermum                     

chrysaibol (2.79) Ac Trp Aib Aib Leu Val Gln Aib Aib Aib Gln Leu Aib Pro Gln Alaol     

chrysospermin A (2.80) Ac Phe Aib Ser Aib Aib Leu Gln Gly Aib Aib Ala Ala Aib Pro Aib Aib Aib Gln Trpol 

chrysospermin B (2.81) Ac Phe Aib Ser Aib Aib Leu Gln Gly Aib Aib Ala Ala Aib Pro Iva Aib Aib Gln Trpol 

chrysospermin C (2.82) Ac Phe Aib Ser Aib Iva Leu Gln Gly Aib Aib Ala Ala Aib Pro Aib Aib Aib Gln Trpol 

chrysospermin D (2.83) Ac Phe Aib Ser Aib Iva Leu Gln Gly Aib Aib Ala Ala Aib Pro Iva Aib Aib Gln Trpol 

S. microspermum                     

microspermin A (2.84) Ac Trp  Aib Ser Aib Iva Trp Gln Gly Aib Aib Ala Ala Aib Pro Aib Aib Aib Gln Leuol 

microspermin B (2.85) Ac Trp  Aib Ser Aib Aib Trp Gln Gly Aib Aib Ala Ala Aib Pro Aib Aib Iva Gln Leuol 

microspermin C (2.86) Ac Trp  Iva Ser Aib Iva Trp Gln Gly Aib Aib Ala Ala Aib Pro Aib Aib Aib Gln Leuol 

microspermin D (2.87) Ac Trp  Aib Ser Aib Iva Trp Gln Gly Aib Aib Ala Ala Aib Pro Aib Aib Iva Gln Leuol 

microspermin E (2.88) Ac Trp  Iva Ser Aib Iva Trp Gln Gly Aib Aib Ala Ala Aib Pro Aib Aib Iva Gln Leuol 

microspermin F (2.89) Ac Trp  Iva Ser Aib Iva Leu Gln Gly Aib Aib Ala Ala Aib Pro Aib Aib Aib Gln Leuol 

microspermin G (2.90) Ac Trp  Aib Ser Aib Iva Leu Gln Gly Aib Aib Ala Ala Aib Pro Aib Aib Iva Gln Leuol 

microspermin F (2.91) Ac Trp  Iva Ser Aib Iva Leu Gln Gly Aib Aib Ala Ala Aib Pro Aib Aib Iva Gln Leuol 

S. tulasneanum                     

tulasporin A (2.92) Ac Phe Aib Ser Aib Aib Leu Gln Gly Aib Aib Gln Ala Aib Pro Aib Aib Aib Gln Trpol 

tulasporin B (2.93) Ac Phe Aib Ser Aib Iva Leu Gln Gly Aib Aib Gln Ala Aib Pro Aib Aib Aib Gln Trpol 

tulasporin C (2.94) Ac Phe Aib Ser Aib Aib Leu Gln Ala Aib Aib Gln Ala Aib Pro Aib Aib Aib Gln Trpol 

tulasporin D (2.95) Ac Phe Aib Ser Aib Iva Leu Gln Ala Aib Aib Gln Ala Aib Pro Aib Aib Aib Gln Trpol 
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Table A2. Sequences of selected peptaibols from other species (*) 

source/peptaibol  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Trichoderma viride                      

alamethicin (2.96) Ac Aib Pro Aib Ala Aib Ala Gln Aib Val Aib Gly Leu Aib Pro Val Aib Aib Glu Gln Pheol 

trichotoxin A50E (2.97) Ac Aib Gly Aib Leu Aib Gln Aib Aib Aib Ala Ala Aib Pro Leu Aib Aib Gln Valol   

Gliocladium album                      

albupeptin A (6.11) Ac Aib Aib Val Leu Aib Pro Iva Leu Gln Aib Leuol          

albupeptin B (6.12) Ac Aib Aib Val Leu Iva Pro Iva Leu Gln Aib Leuol          

albupeptin C (6.13) Ac Iva Aib Val Leu Aib Pro Iva Leu Gln Aib Leuol          

albupeptin D (6.14) Ac Iva Aib Val Leu Iva Pro Iva Leu Gln Aib Leuol          

 

 

 

 

 

 

 

 

 

 

(*) Ac  acetyl; Aib  -aminoisobutyric acid; Ala  alanine; Gln  glutamine; Glu  glutamic acid; Gly  glycine; Iva  isovaline;                         

Leu  leucine; Phe  phenylalanine; Pro  proline; Ser  serine; Trp  tryptophan; Val  valine.                         
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B     Supplementary data chapter 4 

 

 

Figure B1. A: Characteristic violet-purple staining phenomenon; B: Blue-green fluorescence exhibited by Cortinarius purpurascens 

Fr. basidiomata and isolated compounds.  
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Figure B2. Positive ion HRESIMSn spectra of purpurascenine A (4.1). 
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Figure B3. 1H NMR spectrum (600 MHz, CD3OD/D2O = 5/1, v/v) of purpurascenine A (4.1). 

 

Figure B4. 1H NMR spectrum (600 MHz, DMSO-d6) of purpurascenine A (4.1). 
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Figure B5. 13C NMR spectrum (150 MHz, CD3OD/D2O = 5/1, v/v) of purpurascenine A (4.1). 

 

Figure B6. HSQC spectrum (CD3OD/D2O = 5/1, v/v) of purpurascenine A (4.1). 
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Figure B7. HSQC spectrum (DMSO-d6) of purpurascenine A (4.1). 

 

Figure B8. HMBC spectrum (CD3OD/D2O = 5/1, v/v) of purpurascenine A (4.1). 
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Figure B9. TOCSY spectrum (CD3OD/D2O = 5/1, v/v) of purpurascenine A (4.1). 

 
Figure B10. ROESY spectrum (DMSO-d6) of purpurascenine A (4.1). 
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Figure B11. UV spectrum (MeOH/H2O, 4:1) of purpurascenine A (4.1) 
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Figure B12. Positive ion HRESIMSn spectrum of purpurascenine A 4.1a (keto form). 
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Figure B13. 1H NMR spectrum (600 MHz, CD3OD/D2O = 5/1, v/v) of purpurascenine A 4.1a 

(keto form). 

 
Figure B14. 1H NMR spectrum (600 MHz, DMSO-d6) of purpurascenine A 4.1a (keto form). 
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Figure B15. 13C NMR spectrum (150 MHz, CD3OD/D2O = 5/1, v/v) of purpurascenine 4.1a 

(keto form). 

 
Figure B16. HSQC spectrum (CD3OD/D2O = 5/1, v/v) of purpurascenine A 4.1a (keto form). 
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Figure B17. HMBC spectrum (CD3OD/D2O = 5/1, v/v) of purpurascenine A 4.1a (keto form). 

 
Figure B18. TOCSY spectrum (CD3OD/D2O = 5/1, v/v) of purpurascenine A 4.1a (keto form). 
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Figure B19. ROESY spectrum (600 MHz, DMSO-d6) of purpurascenine A 4.1a (keto form). 
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Figure B20. UV spectrum (MeOH/H2O, 4:1) of purpurascenine A 4.1a (keto form).  

 
 

 

Figure B21. Calculated CD spectra of 4R (green) and 4S (red), compared with the experimental 

spectrum (black) of 4.1a. The best similarity factor S=0.8309 was found for sigma=0.26 eV and a 

shift of 10 nm. The similarity factor for the enantiomer is only 0.0098.  
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Figure B22. Positive ion HRESIMSn spectra of purpurascenine B (4.2). 
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Figure B23. 1H NMR spectrum (600 MHz, CD3OD) of purpurascenine B (4.2). 

 

Figure B24. HSQC spectrum (600 MHz, CD3OD) of purpurascenine B (4.2). 
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Figure B25. HMBC spectrum (600 MHz, CD3OD) of purpurascenine B (4.2). 

 

Figure S26. TOCSY spectrum (600 MHz, CD3OD) of purpurascenine B (4.2). 
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Figure B27. UV spectrum (MeOH) of purpurascenine B (4.2).  

 

 

Figure B28. Calculated CD spectra of 4R (green) and 4S (red), compared with the experimental 

spectrum (black) of purpurascenine B (4.2). The best similarity factor S=0.7451) was found for 

sigma=0.27 eV and a shift of -11 nm. The similarity factor for the enantiomer is only 0.0792. 
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Figure B29. Positive ion HRESIMSn spectra of purpurascenine C (4.3). 
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Figure B30. 1H NMR spectrum (600 MHz, CD3OD) of purpurascenine C (4.3). 

 

 

Figure B30. 13C NMR spectrum (150 MHz, CD3OD) of purpurascenine C (4.3). 
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Figure B31. HSQC spectrum (600 MHz, CD3OD) of purpurascenine C (4.3). 

 

Figure B32. HMBC spectrum (600 MHz, CD3OD) of purpurascenine C (4.3). 
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Figure B33. COSY spectrum (600 MHz, CD3OD) of purpurascenine C (4.3). 

 

Figure B34. TOCSY spectrum (600 MHz, CD3OD) of purpurascenine C (4.3). 
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Figure B35. UV spectrum (MeOH) of purpurascenine C (4.3). 

 

 

Figure B36. Calculated CD spectra of 4R (green) and 4S (red), compared with the experimental 

spectrum (black) of purpurascenine C (4.3). The best similarity factor S = 0.6336 was found for 

sigma= 0.25 eV and a shift of -15 nm. The similarity factor for the enantiomer is only 0.0095. 
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Figure B37. Energy optimized structures of compounds 4.1-4.4 and 4.1a.  
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Figure B38. Positive ion HRESIMS spectrum of 7-hydroxytryptophan (4.4). 
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Figure B39. 1H NMR spectrum (600 MHz, D2O) of 7-hydroxytryptophan (4.4). 

 

Figure B40. 13C NMR spectrum (150 MHz, D2O) of 7-hydroxytryptophan (4.4). 
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Figure B41. HSQC spectrum of 7-hydroxytryptophan (4.4). 

 

Figure B42. HMBC spectrum of 7-hydroxytryptophan (4.4). 
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Figure B43. TOCSY spectrum of 7-hydroxytryptophan (4.4). 
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Figure B44. UV spectrum (H2O) of 7-hydroxytryptophan (4.4).  

 

 

Figure B45. Calculated CD spectra of 1R (green) and 1S (red), compared with the experimental 

spectrum (black) of 7-hydroxytryptophan (4.4). The best similarity factor S=0.9561 was found for 

sigma=0.29 eV and a shift of -3 nm for the S-isomer. The similarity factor for the enantiomer is 

only 0.0098. 
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Figure B46. Positive ion HRESIMS spectrum of adenosine (4.5). 

 

 

  



 

148 
 

Figure B47. 1H NMR spectrum (600 MHz, DMSO-d6) of adenosine (4.5). 

 

Figure B48. 13C NMR spectrum (150 MHz, DMSO-d6) of adenosine (4.5). 

 



 

149 
 

Figure B49. Positive ion HRESIMS spectrum of riboflavin (4.6). 
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Figure B50. 1H NMR spectrum (600 MHz, CD3OD) of riboflavin (4.6). 

 

Figure B51. HSQC spectrum (CD3OD) of riboflavin (4.6). 
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Figure B52. Positive ion HRESIMS spectrum of purpurascenine A (4.1*) fed [3-13C]-pyruvate. 
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Figure B53. 1H NMR spectrum (600 MHz, CD3OD) of purpurascenine A (4.1*) fed [3-13C]-

pyruvate. 

 
Figure B54. 1H NMR spectrum (methyl signal) of purpurascenine A (4.1) fed [3-13C]-pyruvate. 
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Figure B55. HSQC spectrum (CD3OD) of purpurascenine A (4.1*) fed [3-13C*]-pyruvate. 

 
Figure B56. HSQC spectrum without 13C decoupling (CD3OD) of purpurascenine A (4.1*) fed 

[3-13C]-pyruvate. 
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Figure B57. HMBC spectrum (CD3OD) of purpurascenine A (4.1*) fed [3-13C]-pyruvate. 

 
Figure B58. 1H NMR spectrum of purpurascenine A (4.1*) fed [3-13C]-pyruvate 5 months after 

the deuterium exchange was observed. 
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Figure B59. Positive ion HRESIMS spectrum of purpurascenine A (4.1*) fed [3-13C]-alanine. 
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Figure S60. 1H NMR spectrum (600 MHz, CD3OD/D2O = 7/3, v/v) of purpurascenine A (1*) fed 

[3-13C]-alanine. 

 
Figure B61. 1H NMR spectrum (methyl signal) of purpurascenine A (4.1*) fed [3-13C]-alanine. 
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Figure B62. Positive ion HRESIMS spectrum of purpurascenine A (4.1*) fed [2-13C]-acetate. 
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Figure B63. 1H NMR spectrum (600 MHz, CD3OD/D2O = 5/1, v/v) of purpurascenine A (4.1*) 

fed [2-13C]-acetate. 

 

Figure B64. 1H NMR spectrum (methyl signal) of purpurascenine A (4.1*) fed [2-13C]-acetate. 
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Figure B65. Cell viability of the human cancer cell lines PC-3 (prostate adenocarcinoma), HCT-

116 (colorectal adenocarcinoma), and MCF-7 (breast ductal carcinoma) treated for 48 h with 

purpurascenine A (4.1) and the natural 5-HT2A agonist serotonin (5-HT), respectively, as 

determined by a fluorometric resazurin-based cell viability assay. Data have been normalized to 

cell viabilities between 0% (represented by digitonin-treated cells; cytotoxic positive control) and 

100% (represented by untreated cells; negative control). 

 

 

 

Figure B66. Monomer of the tertiary structure of the 5-HT2A receptor. The binding site of the 

cocrystallized risperidone (in grey) and the best docking position of purpurascenine A (4.1) (in 

green) is shown left in the middle. 
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Table B1. Positive ion HRESIMSn data of purpurascenines A-C (4.1-4.3 and 4.1a). 

 

cpd scan mode [m/z (NCE in%)] m/z (fragment ion, relative intensity in %, error in ppm) 

4.1 (+) full MS 245.0912 ([M+H]+, 74, 3.7) 

(+) MS2 [245.09 (30)] 199.0860 ([M+H-HCOOH]+ = a, 100, 3.0), 131.0488 ([M-

HCOOH-2HCN-C4H8]+, <1, 2.7) 

(+) MS3 [245.09 (30)→199.09 (32)] 184.0626 ([a-CH3]+., 100, 2.9), 181.0755 ([a-H2O]+, 43, 2.8), 

172.0752 ([a-HCN]+, 15, 2.9), 171.0912 ([a-CO]+, 12, 3.0), 

131.0487 ([a-HCN-CH3CN]+, <1, 3.0) 

4.1a (+) full MS 245.0919 ([M+H]+, 100, 0.5), 267.0740 ([M+Na]+, 3, 0.0) 

(+) MS2 [245.09 (30)] 199.0865 ([M+H-HCOOH]+ = a, 100, 0.6), 131.0493 ([M-

HCOOH-HCN- CH3CN]+, <1, 1.6) 

(+) MS3 [245.09 (30)→199.09 (30)] 184.0631 ([a-CH3]+., 100, 0.1), 181.0760 ([a-H2O]+, 43, 0.3), 

172.0756 ([a-HCN]+, 16, 0.3), 171.0917 ([a-CO]+, 13, 0.0), 

131.0491 ([a-HCN-CH3CN]+, <1, 0.3) 

4.2 (+) full MS 231.0757 ([M+H]+, 4, 2.9)  

(+) MS2 [231.08 (30)] 185.0704 ([M+H-HCOOH]+ = b, 100, 3.0) 

(+) MS3 [231.08 (30)→185.07 (33)] 167.0599 ([b-H2O]+, 100, 2.6), 158.0596 ([b-HCN]+, 11, 2.7), 

157.0917 ([b-CO]+, 30, 2.6), 131.0491 ([a-HCN-CH3CN]+, <1, 

3.0) 

4.3 (+) full MS 287.1381 ([M+H]+, 10, 2.9)  

(+) MS2 [287.14 (30)] 241.1327 ([M+H-HCOOH]+ , 100, 3.4), 131.0488 ([M-HCOOH-

2HCN-C4H8]+, <1, 2.7) 

(+) MS3 [287.14 (30)→241.13 (31)] 224.1063 ([M+H-HCOOH-NH3]+ , 21, 3.1), 199.0860 ([M+H-

HCOOH-C3H6]+ = a, 100, 2.9), 185.0704 ([M+H-HCOOH-

C4H8]+ = b, 32, 2.9) 

(+) MS4 [287.14 (30)→241.13 

(31)→199.09 (34)] 

184.0627 ([a-CH3]+., 49, 2.5), 181.0755 ([a-H2O]+, 49, 2.7), 

172.0752 ([a-HCN]+, 56, 2.7), 171.0912 ([a-CO]+, 28, 2.6),  

(+) MS4 [287.14 (30)→241.13 

(30)→185.07 (30)] 

167.0599 ([b-H2O]+, 100, 3.1), 158.0596 ([b-HCN]+, 20, 2.9), 

157.0756 ([b-CO]+, 27, 3.0) 

 

  



 

161 
 

Table B2. NMR spectroscopic data (600/150 MHz, DMSO-d6) for purpurascenine A in enol 

(4.1) and keto form (4.1a) 

Position 4.1  4.1a 

C, type  H (J in Hz) HMBC C, type  H (J in Hz) HMBC 

1-NH  11.28, br s   11.16, br s  

2 121.7, CH 7.06, s 2a, 9a, 9b 120.5, CH 6.93 s 2a, 3, 9a, 9b 

2a 115.4, qC   116.1, qC   

3 31.7, CH2 3.52a n.d. 32.5, CH2 3.59a 2, 2a, 4, 9b, 10 

     2.58 dd 

(15.1, 9.8) 

 

4 60.6, CH 4.81a n.d. 60.4, CH 3.43 2a, 3, 6, 10 

6 162.4, qC   159.6, qC   

6a 105.1, qC   102.9, qC   

7 133.4, CH 7.53 d (9.0) 9b 134.5, CH 7.44 d (9.2) 2a, 6, 6a, 9, 9a, 9b 

8 109.2, CH 6.23 d (9.0) n.d. 115.9, CH 6.04 d (9.2)  6a, 9, 9a 

9 149.8, qC   169.7, qC   

9a 126.8, qC   128.7, qC   

9b 127.5, qC   126.4, qC   

9-OH  9.5 br s     

10-CO2H 169.5, qC n.d.  170.6, qC 8.70 br s  

11-CH3 22.1, CH3 2.67 s 6, 6a, 7 21.7, CH3 2.52 s 6, 6a, 7 
a overlapping signal, chemical shift determined from 1H, 13C HSQC; n.d. = not detected. 
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C     Compound code assignment 

Thesis  

compound 

number 

Compound name Experimental code (3LC) 

3.1 pyromyxone A THL001_2 

3.2 pyromyxone B THL001_3 

3.3 pyromyxone C THL003_8_2 

3.4 pyromyxone D THL004_14 

4.1 purpurascenine A THL010_32, HOJ005_B7_15 

4.1* purpurascenine A, labelled with [3-13C]-pyruvate THL021_B1E_6P5 

4.1* purpurascenine A, labelled with [3-13C]-alanine THL013_39, THL020_C3M_8P2 

4.1* purpurascenine A, labelled with [2-13C]-acetate THL012_34, THL018_C1A4_10 

4.1a purpurascenine A (keto form) DQD162_B2C 

4.2 purpurascenine B HOJ010_2B6B5, THL020_C6Acb 

4.3 purpurascenine C HOJ010_2B5_1GHT5, THL024_A2B3cb 

4.4 7-hydroxytryptophan THL020_C4E 

4.5 adenosine HOJ010_B52H_v63 

4.6 riboflavin HOJ002_B3RF_HPLC 

5.1 (nat.) ampullosporin F THL014_A1C2_5 

5.1 (syn.) ampullosporin F THL014_43 

5.2 (nat.) ampullosporin G THL014_A1C2_6 

5.2 (syn.) ampullosporin G THL014_44 

5.3 ampullosporin A THL014_A1C2_4, THL014_A1C2G 

5.4 peptaibolin THL014_41 

5.5 chrysosporide THL014_A1D2E 

5.6 cyclo(Trp-Ser) THL014_A1F4 

5.7 cyclo(Trp-Ala) THL014_A1F5 
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