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Abstract 

In the process of long-term coexistence and evolution between endophytic 

fungi and host plants, especially medicinal plants, endophytic fungi have evolved to 

produce a large number of various types of secondary metabolites with novel 

structures and prominent biological activities. Among them, unusual and rarely 

studied endophytic fungi can provide opportunities to discover new natural products 

that can be helpful in the discovery of lead structures. During our research on 

secondary metabolites from endophytic fungi, the endophyte Aplosporella javeedii, 

which had hardly been studied so far, was isolated from the traditional Chinese 

medicinal plant Orychophragmus violaceus (L.) O. E. Schul (Brassicaceae).The 

projects involved in this dissertation mainly focus on the isolation and identification 

of bioactive secondary metabolites from the axenic culture of A. javeedii, as well as 

from OSMAC fungal cultures aiming at enhancing the chemical diversity of fungal 

secondary metabolites. The structures of the isolated secondary metabolites were 

elucidated by 1D, 2D NMR spectroscopy and by mass spectrometry, as well as by 

DFT-NMR, TDDFT-ECD and SOR calculations. The pure compounds were 

investigated for their cytotoxicity against the L5178Y tumor cell line, as well as 

against human Jurkat J16 and Ramos tumor cells. Moreover, their antimicrobial 

activities were tested against Candida albicans, Mycobacterium tuberculosis H37Rv, 

Staphylococcus aureus, Acinetobacter baumannii and other strains. 

In summary, 13 natural products including 9 new compounds were isolated 

from the axenic fermentation of A. javeedii, whereas 12 natural products including 

11 new compounds were isolated from the OSMAC fermentation of A. javeedii on 

solid rice medium in the presence of NaNO3 or monosodium glutamate. This 

dissertation reflects the results from three manuscripts. The following abstracts are 

excerpts from the respective manuscripts: 
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Antifungal polyketide derivatives from the endophytic fungus Aplosporella 

javeedii (Ying Gao, Lin Wang, Rainer Kalscheuer, Zhen Liu, and Peter Proksch. 

Bioorganic & Medicinal Chemistry, 2020, 28, 115456.) 

Six new polyketides aplojaveediins A–F (1–6) were isolated from the 

endophytic fungus Aplosporella javeedii associated with the host plant 

Orychophragmus violaceus (Brassicaceae). The structures of the new metabolites 

were elucidated by analysis of their NMR and MS data. Compound 1 exhibited 

antifungal activity against the hyphae form of Candida albicans strain ATCC 24433 

in the agar plate diffusion assay and the microbroth dilution assay. The kinetic of 

killing of C. albicans cells for compound 1 was considerably faster than that of the 

positive control hygromycin B. Compounds 1 and 6 also exhibited moderate 

antibacterial activities against sensitive (ATCC 29213) and drug-resistant (ATCC 

700699) strains of Staphylococcus aureus. 

Sesterterpenes and macrolide derivatives from the endophytic fungus 

Aplosporella javeedii (Ying Gao, Fabian Stuhldreier, Laura Schmitt, Sebastian 

Wesselborg, Lin Wang, Werner E. G. Müller, Rainer Kalscheuer, Zhiyong 

Guo, Kun Zou, Zhen Liu, Peter Proksch. Fitoterapia, 2020, 146, 104652.) 

Five sesterterpenes (1–5) including two new compounds (1 and 2), as well as a 

new (6) and a known macrolide (7) were isolated from the endophytic fungus 

Aplosporella javeedii. The structures of the new compounds were elucidated by 

analysis of their 1D and 2D NMR and HRMS data as well as by comparison with 

the literature. Compound 4 and its acetyl derivatives 4a, 4b, 4c which were prepared 

by acetylation of 4 exhibited moderate cytotoxicity against the mouse lymphoma 

cell line L5178Y with IC50 values ranging from 6.2 to 12.8 μM, respectively. 

Moreover, 4a and 4c exhibited also cytotoxicity against human leukemia (Jurkat J16) 

and lymphoma (Ramos) cell lines. Compound 7 showed strong cytotoxicity against 

the L5178Y cell line, as well as against human Jurkat J16 and Ramos cells with IC50 

https://pubmed.ncbi.nlm.nih.gov/?term=Gao+Y&cauthor_id=32512149
https://pubmed.ncbi.nlm.nih.gov/?term=Stuhldreier+F&cauthor_id=32512149
https://pubmed.ncbi.nlm.nih.gov/?term=Schmitt+L&cauthor_id=32512149
https://pubmed.ncbi.nlm.nih.gov/?term=Wesselborg+S&cauthor_id=32512149
https://pubmed.ncbi.nlm.nih.gov/?term=Wesselborg+S&cauthor_id=32512149
https://pubmed.ncbi.nlm.nih.gov/?term=Wang+L&cauthor_id=32512149
https://pubmed.ncbi.nlm.nih.gov/?term=M%C3%BCller+WEG&cauthor_id=32512149
https://pubmed.ncbi.nlm.nih.gov/?term=Kalscheuer+R&cauthor_id=32512149
https://pubmed.ncbi.nlm.nih.gov/?term=Guo+Z&cauthor_id=32512149
https://pubmed.ncbi.nlm.nih.gov/?term=Guo+Z&cauthor_id=32512149
https://pubmed.ncbi.nlm.nih.gov/?term=Zou+K&cauthor_id=32512149
https://pubmed.ncbi.nlm.nih.gov/?term=Liu+Z&cauthor_id=32512149
https://pubmed.ncbi.nlm.nih.gov/?term=Proksch+P&cauthor_id=32512149
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values of 0.4, 5.8, and 4.4 μM, respectively. Mechanistic studies indicated that 7 

induces apoptotic cell death. In addition, compounds 3, 4 and 7 showed low 

antibacterial activities against Mycobacterium tuberculosis H37Rv and compound 6 

against Staphylococcus aureus, respectively, with MICs of 100 μM. Preliminary 

structure-activity relationships are discussed. 

Induction of new lactam derivatives from the endophytic fungus Aplosporella 

javeedii through an OSMAC approach (Ying Gao, Fabian Stuhldreier, Laura 

Schmitt, Sebastian Wesselborg, Zhiyong Guo, Kun Zou, Attila Mándi, Tibor Kurtán, 

Zhen Liu, and Peter Proksch. Frontiers in Microbiology, 2020, 11, 600983.) 

Fermentation of the endophytic fungus Aplosporella javeedii on solid rice 

medium in presence of either 3.5% NaNO3 or 3.5% monosodium glutamate caused 

a significant change of the fungal metabolite pattern compared to fungal controls 

grown only on rice. Chemical investigation of the former fungal extracts yielded 11 

new lactam derivatives, aplosporellins A–K (2–12), in addition to the known 

compound, pramanicin A (1). All of these compounds were not detected when the 

fungus was grown on rice medium without these activators thereby indicating the 

power of this OSMAC approach. The structures of the new compounds were 

elucidated by one- and two- dimensional NMR spectroscopy, DFT-NMR 

calculations and by mass spectrometry as well as by comparison with the literature 

whereas the absolute configuration of the lactam core was determined by TDDFT-

ECD and OR calculations. Pramanicin A (1) showed strong cytotoxicity against 

human lymphoma (Ramos) and leukemia (Jurkat J16) cells with IC50 values of 4.7 

and 4.4 μM, respectively. Mechanistic studies indicated that 1 activates caspase-3 

and induces apoptotic cell death. 
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Zusammenfassung 

Im Verlauf der langfristigen Koexistenz und Evolution zwischen 

endophytischen Pilzen und Wirtspflanzen, insbesondere Heilpflanzen, haben sich 

endophytische Pilze entwickelt, die eine große Anzahl verschiedener Arten von 

Sekundärmetaboliten mit neuartigen Strukturen und z. T. herausragenden 

biologischen Aktivitäten produzieren. Unter diesen bieten insbesondere 

ungewöhnliche und selten erforschte endophytische Pilze die Möglichkeit, neue 

Naturstoffe zu entdecken, die bei der Entdeckung von pharmazeutisch relevanten 

Leitstrukturen hilfreich sein können. Während unserer Forschung zu 

Sekundärmetaboliten aus endophytischen Pilzen wurde der bisher selten untersuchte 

Endophyt Aplosporella javeedii aus der traditionellen chinesischen Heilpflanze 

Orychophragmus violaceus (L.) O. E. Schul (Brassicaceae) isoliert. Die an dieser 

Dissertation beteiligten Projekte befassten sich schwerpunktmäßig mit der 

Isolierung und Identifizierung bioaktiver Sekundärmetaboliten aus der axenischen 

Kultur von A. javeedii sowie aus OSMAC Pilzkulturen mit dem Ziel, die chemische 

Vielfalt der sekundären Pilzmetaboliten zuerweitern. Die Strukturen der isolierten 

Sekundärmetaboliten wurden durch 1D, 2D NMR Spektroskopie und 

Massenspektrometrie sowie durch DFT-NMR, TDDFT-ECD und SOR 

Berechnungen aufgeklärt. Die isolierten Verbindungen wurden auf ihre 

Zytotoxizität gegen die L5178Y Tumorzelllinie sowie gegen humane Jurkat J16 und 

Ramos Tumorzellen untersucht. Darüber hinaus wurden ihre antimikrobiellen 

Aktivitäten gegen Candida albicans, Mycobacterium tuberculosis H37Rv, 

Staphylococcus aureus, Acinetobacter baumannii und andere Stämme getestet. 

Zusammenfassend wurden 13 Naturstoffe, darunter 9 neue Verbindungen, aus 

der axenischen Fermentation von A. javeedii isoliert, während 12 Naturstoffe, 

darunter 11 neue Verbindungen aus der OSMAC Fermentation von A. javeedii auf 
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festem Reismedium in Gegenwart von NaNO3 oder Mononatrium Glutamat isoliert 

wurden. Diese Dissertation spiegelt die Ergebnisse von drei Manuskripten wider:  

Antifungal polyketide derivatives from the endophytic fungus Aplosporella 

javeedii (Ying Gao, Lin Wang, Rainer Kalscheuer, Zhen Liu, and Peter Proksch. 

Bioorganic & Medicinal Chemistry, 2020, 28, 115456.) 

Six new polyketides aplojaveediins A–F (1–6) were isolated from the 

endophytic fungus Aplosporella javeedii associated with the host plant 

Orychophragmus violaceus (Brassicaceae). The structures of the new metabolites 

were elucidated by analysis of their NMR and MS data. Compound 1 exhibited 

antifungal activity against the hyphae form of Candida albicans strain ATCC 24433 

in the agar plate diffusion assay and the microbroth dilution assay. The kinetic of 

killing of C. albicans cells for compound 1 was considerably faster than that of the 

positive control hygromycin B. Compounds 1 and 6 also exhibited moderate 

antibacterial activities against sensitive (ATCC 29213) and drug-resistant (ATCC 

700699) strains of Staphylococcus aureus. 

Sesterterpenes and macrolide derivatives from the endophytic fungus 

Aplosporella javeedii (Ying Gao, Fabian Stuhldreier, Laura Schmitt, Sebastian 

Wesselborg, Lin Wang, Werner E. G. Müller, Rainer Kalscheuer, Zhiyong 

Guo, Kun Zou, Zhen Liu, Peter Proksch. Fitoterapia, 2020, 146, 104652.) 

Five sesterterpenes (1–5) including two new compounds (1 and 2), as well as a 

new (6) and a known macrolide (7) were isolated from the endophytic fungus 

Aplosporella javeedii. The structures of the new compounds were elucidated by 

analysis of their 1D and 2D NMR and HRMS data as well as by comparison with 

the literature. Compound 4 and its acetyl derivatives 4a, 4b, 4c which were prepared 

by acetylation of 4 exhibited moderate cytotoxicity against the mouse lymphoma 

cell line L5178Y with IC50 values ranging from 6.2 to 12.8 μM, respectively. 

Moreover, 4a and 4c exhibited also cytotoxicity against human leukemia (Jurkat J16) 

https://pubmed.ncbi.nlm.nih.gov/?term=Gao+Y&cauthor_id=32512149
https://pubmed.ncbi.nlm.nih.gov/?term=Stuhldreier+F&cauthor_id=32512149
https://pubmed.ncbi.nlm.nih.gov/?term=Schmitt+L&cauthor_id=32512149
https://pubmed.ncbi.nlm.nih.gov/?term=Wesselborg+S&cauthor_id=32512149
https://pubmed.ncbi.nlm.nih.gov/?term=Wesselborg+S&cauthor_id=32512149
https://pubmed.ncbi.nlm.nih.gov/?term=Wang+L&cauthor_id=32512149
https://pubmed.ncbi.nlm.nih.gov/?term=M%C3%BCller+WEG&cauthor_id=32512149
https://pubmed.ncbi.nlm.nih.gov/?term=Kalscheuer+R&cauthor_id=32512149
https://pubmed.ncbi.nlm.nih.gov/?term=Guo+Z&cauthor_id=32512149
https://pubmed.ncbi.nlm.nih.gov/?term=Guo+Z&cauthor_id=32512149
https://pubmed.ncbi.nlm.nih.gov/?term=Zou+K&cauthor_id=32512149
https://pubmed.ncbi.nlm.nih.gov/?term=Liu+Z&cauthor_id=32512149
https://pubmed.ncbi.nlm.nih.gov/?term=Proksch+P&cauthor_id=32512149
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and lymphoma (Ramos) cell lines. Compound 7 showed strong cytotoxicity against 

the L5178Y cell line, as well as against human Jurkat J16 and Ramos cells with IC50 

values of 0.4, 5.8, and 4.4 μM, respectively. Mechanistic studies indicated that 7 

induces apoptotic cell death. In addition, compounds 3, 4 and 7 showed low 

antibacterial activities against Mycobacterium tuberculosis H37Rv and compound 6 

against Staphylococcus aureus, respectively, with MICs of 100 μM. Preliminary 

structure-activity relationships are discussed. 

Induction of new lactam derivatives from the endophytic fungus Aplosporella 

javeedii through an OSMAC approach (Ying Gao, Fabian Stuhldreier, Laura 

Schmitt, Sebastian Wesselborg, Zhiyong Guo, Kun Zou, Attila Mándi, Tibor Kurtán, 

Zhen Liu, and Peter Proksch. Frontiers in Microbiology, 2020, 11, 600983.) 

Fermentation of the endophytic fungus Aplosporella javeedii on solid rice 

medium in presence of either 3.5% NaNO3 or 3.5% monosodium glutamate caused 

a significant change of the fungal metabolite pattern compared to fungal controls 

grown only on rice. Chemical investigation of the former fungal extracts yielded 11 

new lactam derivatives, aplosporellins A–K (2–12), in addition to the known 

compound, pramanicin A (1). All of these compounds were not detected when the 

fungus was grown on rice medium without these activators thereby indicating the 

power of this OSMAC approach. The structures of the new compounds were 

elucidated by one- and two- dimensional NMR spectroscopy, DFT-NMR 

calculations and by mass spectrometry as well as by comparison with the literature 

whereas the absolute configuration of the lactam core was determined by TDDFT-

ECD and OR calculations. Pramanicin A (1) showed strong cytotoxicity against 

human lymphoma (Ramos) and leukemia (Jurkat J16) cells with IC50 values of 4.7 

and 4.4 μM, respectively. Mechanistic studies indicated that 1 activates caspase-3 

and induces apoptotic cell death. 
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Chapter 1 Introduction 

1.1 Natural products in drug discovery 

Natural products which are produced by organisms such as plants, animals, or 

microorganisms (also called small molecules) play an essential role in drug 

discovery. In the global medicine market, around 35% of these products originate 

from natural products (Calixto 2019). In a recent review on natural products as 

sources of new drugs approved by Food and Drug Administration (FDA) from 

01/1981 to 09/2019, around 65% of all approved anticancer drugs originated from 

natural products, whereas most anti-infective drugs were either natural products or 

derivatives (Newman et al. 2020). Generally, natural products can be used as drugs 

directly, or alternatively they can be lead compounds for structural modification or 

total synthesis, or they can serve as raw materials to develop a library of analogues 

(Bérdy 2005, Cragg et al. 2013, Grabowski et al. 2008). 

There are many famous and best-selling medicines that originate from natural 

products. For example, the discovery of the β-lactam antibiotic agent penicillin from 

Penicillium notatum is one of the most significant milestones in modern medical 

research. This finding opened up the era of exploring effective drugs from natural 

sources. Until now, there are a series of natural penicillins and semi-synthetic 

penicillins used in clinic treatment (Miller 2002, Lobanovska et al. 2017). Other 

important β-lactam antibiotics are cephalosporins, which were derived from the 

fungus Acremonium chrysogenum (Hameed et al. 2002). Through structural 

modification, cephalosporins can be grouped into five generations according to their 

antimicrobial properties. Each newer generation has significantly greater Gram-

negative and lower Gram-positive antimicrobial properties than the preceding 

generation. It is considered that the fourth-generation cephalosporins exhibit a 
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broad-spectrum of antimicrobial activity (Chaudhry et al. 2019) and the fifth-

generation, such as ceftobiprole exhibit anti-MRSA activity (Chahine et al. 2011). 

Paclitaxel (Taxol), which was isolated from the plant Taxus brevifolia and the 

fungal endophyte Taxomyces andreanae is currently the most successful anticancer 

drug (Stierle et al. 1993). It can suppress the normal function of microtubules during 

cell division (Jordan et al. 2004) and is approved for the treatment of breast, 

pancreatic, ovarian, Kaposi's sarcoma, and non-small-cell lung cancers. 

Phenylahistin, which was isolated from Aspergillus ustus exhibits colchicine like 

anti-microtubule activity (Kanoh et al. 1997). Its synthetic derivative plinabulin is 

active against multidrug-resistant tumor cell lines (Nicholson et al. 2006) and is now 

in Phase III clinical trials for the treatment of non-small cell lung cancer since 2016 

(Saxena et al. 2019). 

Except for those antibacterial and anticancer agents, many other important 

drugs such as the lipid-lowering agents simvastatin (Kishore et al. 2018) and 

lovastatin (Tobert 2003), the antihypertensive agents captopril (Opie et al. 1995) and 

enalapril (Gomez et al. 1985), the antifungal agents griseofulvin (Araujo et al. 1990) 

and amphotericin B (Hamill 2013), as well as the antimalarial agent artemisinin 

(Klayman 1985) are all derived from natural sources. 

In the process of searching for new chemical entities and target structures, 

research in bio-diversified areas, identification of the bioactive constituents of 

traditional remedies, and search for new compound templates can significantly 

broaden the sources of new natural products (Khan 2018). Moreover, with the 

emergence of novel technologies such as DNA sequencing, genomics/metagenomics, 

synthetic biology, genome editing technologies, big data, profiling techniques, 

computational biology techniques, and artificial intelligence, the discovery of target 

natural products and the development of new drugs are greatly accelerated 

(Thomford et al. 2018, Zhang et al. 2017, Chavali et al. 2017).  



Chapter 1 Introduction 

 9 

Figure 1.1 Drugs and drug leads derived from natural products 
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1.2 Endophytic fungi as an important source of bioactive compounds 

During drug discovery from natural sources, plants that served as the primary 

sources of natural products have been extensively explored for centuries. However, 

with environmental degradation and loss of biodiversity, more and more attention is 

now given to endophytes, especially endophytic fungi associated with plants rather 

than to plants themselves (Gouda et al. 2016). There are millions of different 

endophytic fungi that inhabit around 300,000 known species of higher plants. Still, 

less than 1% of them have been studied, suggesting that endophytic fungi represent 

abundant reservoirs for the discovery of novel bioactive agents (Patil et al. 2016, 

Fouda et al. 2015). 

Endophytic fungi are fungi that colonize living plant tissues during a part or 

during all of their life cycle without causing any immediate, apparent disease to the 

host plants (Torres et al. 2012). With the long-term coexistence and evolution, 

endophytic fungi have developed mutually beneficial relationships with their host 

plants and play critical roles in preserving the natural balance, which can 

significantly influence the production of secondary metabolites. Endophytic fungi 

may improve the plant immune system, pathogen resistance, nutrient acquisition, 

and tolerance to biotic or abiotic stresses (Yan et al. 2019, Egamberdieva et al. 2017). 

Conversely, the host species and genotype, host developmental stage, the 

colonization area of the host, and environmental condition have also an impact on 

the population of endophytic fungi (Strobel et al. 2003, Khare et al. 2018). From 

these two aspects, endophytic fungi can produce a large number of various types of 

secondary metabolites, with many of them containing novel structures and showing 

excellent pharmacological and biological properties (Noor et al. 2020). These 

secondary metabolites can be categorized into different chemical groups, such as 

alkaloids, flavonoids, polyketides, quinones, steroids, peptides, terpenoids, 
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phenolics, saponins, tannins, tetralones, xanthones, and so on (Shukla et al. 2014, 

Patil et al. 2016, Gouda et al. 2016). Many of them show antimicrobial, anticancer, 

antioxidant, cytotoxic, antiparasitic, antileishmanial, immunomodulatory, 

antiproliferative, or antidiabetic activities (Strobel 2018, Khiralla et al. 2016, Saxena 

et al. 2019). Therefore, endophytic fungi show a significant potential for exploring 

pharmaceutical and biological agents. 

Exploring endophytic fungi, which can produce bioactive metabolites, is 

always challenging. The first and most crucial step is the selection of plants. It is 

hypothesized that there are at least three strategies to select plants which are likely 

to harbor novel endophytes: plants growing in significant biodiversity areas of the 

world such as in the Amazon basin, in tropical rain forest; plants growing in extreme 

environments such as in the Arctic or Antarctic area, in geothermal, saline or alkaline 

soils, in deserts or plateaus, in the oceans or mangrove forests; or medicinal plants 

which are used as treatment materials in traditional folk medicines (Patil et al. 2016, 

Verma et al. 2009). 

The human use of medicinal plants for the treatment of diseases can be traced 

back for millennia. Until now, plants still play an essential role in traditional 

medicine such as traditional Chinese medicine, Ayurveda, Kampo, traditional 

Korean medicine, and Unani, as well as in modern medicine for further drug 

discovery (Yuan et al. 2016). Plants contain a tremendous variety of bioactive 

compounds, which can deeply influence endophytic fungi. For one aspect, it is 

believed that some endophytic fungi can produce the same or similar bioactive 

metabolites as their host plants possibly due to gene transfer and recombination 

between hosts and endophytes (Patil et al. 2016, Venieraki et al. 2017, Aly et al. 

2010). For example, paclitaxel was isolated from Taxomyces andreanae, which is a 

fungal endophyte of Taxus brevifolia. However, the host plant was the original 

source of this compound (Stierle et al. 1993). Vincristine which was originally 



Chapter 1 Introduction 

 12 

obtained from the plant Catharanthus roseus can be also detected in its endophytic 

fungus Fusarium oxysporum (Kumar et al. 2013). Camptothecin was initially 

described from the plant Camptotheca acuminata. Later, this compound and its 

analogues were also detected in the plant’s endophytic fungus Fusarium solani 

(Kusari et al. 2009). Due to the high stress and chemical environment in medicinal 

plants, as well as the complex interspecies crosstalk between endophytes and hosts, 

endophytic fungi can produce various bioactive secondary metabolites which are 

important for their survival and beneficial. These metabolites are mostly different 

from those of host plants and feature unique structural characteristics (Aly et al. 2011, 

Jia et al. 2016). Thus, endophytic fungi of medicinal plants are a precious treasure 

house of bioactive and structurally novel natural products usually not found in plants. 

Recent examples of bioactive compounds from endophytic fungi associated 

with medicinal plants include: the unusual chlorinated flavonoid chlorflavonin, 

which was isolated from the endophytic fungus Mucor irregularis of the 

Cameroonian medicinal plant Moringa stenopetala, exhibited strong 

antimycobacterial activity. Mapping of resistance-mediating mutations revealed the 

specific inhibition of acetohydroxyacid synthase catalytic subunit IlvB1 by 

chlorflavonin, causing combined auxotrophies to branched-chain amino acids and 

pantothenic acid. Moreover, it also displayed synergistic effects with isoniazid 

especially delamanid, leading to complete sterilization in liquid culture in 

combination treatment (Rehberg et al. 2018). Another example is the mycotoxin 

phomoxanthone A derived from the endophytic fungus Phomopsis longicolla, which 

was isolated from the medicinal mangrove plant Sonneratia caseolaris growing in 

South China. Phomoxanthone A disturbs the inner mitochondrial membrane within 

seconds and shows intense anticancer activity (Böhler et al. 2018, Wang et al. 2019, 

Rönsberg et al. 2013). 
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Figure 1.2 Bioactive metabolites isolated from endophytic fungi 
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1.3 OSMAC approach as an effective strategy for unlocking silent gene clusters 

and maximizing the diversity of fungal secondary metabolites 

Conventional screening of endophytes that are cultivated under standard 

laboratory conditions often fails to express the full metabolic pathways of 

endophytes and leads to a limited chemical diversity of isolated compounds (Pan et 

al. 2019). Recent research of genome sequencing of fungi revealed that numerous 

biosynthetic gene clusters that can produce secondary metabolites are kept silent or 

cryptic under standard culturing conditions (Van Lanen et al. 2006). Therefore, the 

activation of silent or cryptic biosynthetic gene clusters can powerfully induce or 

maximize the diversity of fungal secondary metabolites (Yu et al. 2018). Nowadays, 

some useful strategies can be employed to activate silent biosynthetic gene clusters, 

such as the “One Strain MAny Compounds” (OSMAC) approach, co-cultivation of 

fungi with two or more microbes (Newman et al. 2017), epigenetic modulation 

(Zheng et al. 2008), or genetic modulation (Li et al. 2017). 

The OSMAC approach is considered the simplest and most effective strategy 

for diversified fungal metabolic production by changing the cultivation parameters. 

These cultivation parameters can include: medium composition such as 

carbon/nitrogen ratio, salinity, metal ions, physical conditions such as temperature, 

pH, oxygen concentration, cultivation conditions such as solid or liquid, static or 

dynamic cultivation, addition of enzyme inhibitors/inducers or biosynthetic 

precursors (Bode et al. 2002, Pan et al. 2019, Yu et al. 2018). A large number of 

experiments have confirmed that the OSMAC strategy can provide a quick and 

powerful method to enhance the diversity of fungal secondary metabolites, thereby 

obtaining new drug leads and avoiding re-isolation of known compounds. Recent 

successful studies on OSMAC application can be used as examples. 
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Tran-Cong et al. added 2% tryptophan to rice medium which led to the 

isolation of a new strongly cytotoxic bismacrolactone from the endophytic fungus 

Trichocladium sp., which had been isolated from roots of Houttuynia cordata (Tran-

Cong et al. 2019). Li et al. used two different media, including solid rice medium 

and potato dextrose broth (PDB) which resulted in the isolation of two new 

compounds asperspin A and asperther A from the sponge-derived fungus Aspergillus 

sp. LS34 (Li et al. 2019). Ariantari et al. added a mixture of salts (MgSO4, NaNO3, 

and NaCl) to solid Czapek medium, thereby inducing the accumulation of nine new 

secondary metabolites from the endophytic fungus Bulgaria inquinans obtained 

from mistletoe (Viscum album) (Ariantari et al. 2019). Wang et al. added 3.5% 

NaNO3 to solid rice medium, which caused a significant change of the metabolite 

pattern of the endophytic fungus Aspergillus aculeatus as indicated by HPLC 

analysis. Subsequent isolation yielded ten new substituted L-tryptophan-L-

phenyllactic acid conjugates (Wang et al. 2018). Abdelwahab et al. cultured the 

endophytic fungus Aspergillus versicolor in liquid Wickerham medium containing 

3.5% DMSO, which resulted in the isolation of an additional three known secondary 

metabolites that were not present in the fungal fermentation on rice medium 

(Abdelwahab et al. 2018). 

1.4 The endophytic fungus Aplosporella javeedii 

Aplosporella javeedii was first discovered and identified from healthy 

branches of Celtis africana Burm.f. (Cannabaceae) and Searsia lancea (L.f.) F.A. 

Barkley (Anacardiaceae) in South Africa in 2013. Its name is derived from the 

Persian phrase “Javeed Jami”, meaning “long-lived” (Jami et al. 2014). A. javeedii 

belongs to the genus of Aplosporella, which comes from the family 

Aplosporellaceae in Botryosphaeriales. So far, around 300 species of this genus are 

listed in the Index Fungorum. Many members of this genus are associated with 
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canker and dieback disease on woody hosts, and nearly all of them were isolated 

from woody plants (Slippers et al. 2013, Ekanayaka et al. 2016). However, it is 

known that aplospore fungi can be isolated from both healthy and disease hosts since 

endophytic fungi may turn into pathogens once the host plant is subjected to severe 

stress or aging (Fan et al. 2015, Slippers et al. 2007). 

Until now, there are limited reports on A. javeedii. Except for the first 

discovery in South Africa, other isolations and identifications were reported in China. 

In 2015, Fan et al. collected A. javeedii from branch cankers of five tree species, i.e. 

Albizia julibrissin Durazz. (Fabaceae Lindl.), Broussonetia papyrifera (L.) Vent. 

(Moraceae Gaudich.), Gleditsia sinensis Lam. (Fabaceae), Juniperus chinensis L. 

(Cupressaceae Gray), and Styphnolobium japonicum (L.) Schott (Fabaceae) (Fan et 

al. 2015). This report represents the first record of A. javeedii in China. Later, Zhu 

et al. did research on botryosphaerialean fungi associated with canker and dieback 

of tree hosts in Dongling Mountain of China and extended the host range of A. 

javeedii to Rhus typhina (Anacardiaceae) and Ziziphus jujube (Rhamnaceae) (Zhu et 

al. 2018). In 2019, Jia et al. identified A. javeedii from branches of mulberry (Morus 

alba) in China (Jia et al. 2019). These reports focus on fungal biology such as 

phylogenetic analyses, taxonomy, morphology, and so on. There is no report on 

secondary metabolites of A. javeedii, which prompted us to investigate this fungus. 

1.5 Aims and significance of this study 

Endophytic fungi play an essential role in exploring pharmaceutical and 

biological agents due to their sustainability to biosynthesize structurally diverse and 

bioactive molecules (Noor et al. 2020). An unusual and rarely researched endophytic 

fungus could provide more opportunity to discover new secondary metabolites. In 

this study, Aplosporella javeedii which had so far rarely been studied was isolated 

from healthy stem tissue of Orychophragmus violaceus (L.) O. E. Schul 
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(Brassicaceae) collected around Beijing. O. violaceus is an edible wild herb as well 

as a medicinal plant that is used in Traditional Chinese Medicine (TCM) for 

dissipating swelling and treating unknown pyrogenic infections (Hu et al. 2014, 

Zhou et al. 2011, Medicinal Plant Images Database 2007). In recent years, 

researchers also reported hepatoprotective effects for this plant (Huo et al. 2017). 

Besides, this study is the first record of A. javeedii isolated from a herbaceous plant. 

The aims of this study mainly focused on the isolation and identification of 

bioactive secondary metabolites from the investigated endophytic fungus 

Aplosporella javeedii. Moreover, OSMAC approaches were used to enhance the 

chemical diversity of fungal secondary metabolites. 

From the axenic culture of A. javeedii grown on solid rice medium, six new 

polyketide derivatives, five sesterterpenes including two new compounds, as well as 

a new and a known macrolide were isolated. One of the polyketide derivatives 

exhibited antifungal activity against the hyphae form of Candida albicans strain 

ATCC 24433 in the agar plate diffusion assay and in the microbroth dilution assay. 

Its kinetic of the killing of C. albicans cells was considerably faster than that of the 

positive control hygromycin B. A series of the isolated sesterterpenes and their 

acetyl derivatives exhibited moderate cytotoxicity against the mouse lymphoma cell 

line L5178Y, as well as against human leukemia (Jurkat J16) and lymphoma (Ramos) 

cell lines. Moreover, the know macrolide mutolide also displayed potent cytotoxicity 

against those three cell lines. Mechanistic studies indicated that mutolide induces 

apoptotic cell death. Besides, some of these compounds showed antibacterial 

activities against Mycobacterium tuberculosis H37Rv and Staphylococcus aureus. 

(Chapter 2 Publication 1 and Chapter 3 Publication 2) 

Fermentation of A. javeedii on solid rice media in the presence of different 

halogen salts such as NaNO3, NaI or monosodium glutamate induced the 

accumulation of very different natural product patterns as evident from HPLC 
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comparison of their crude extracts. The addition of either 3.5% NaNO3 or 3.5% 

monosodium glutamate to rice medium induced the accumulation of a set of new 

lactam derivatives and the known lactam compound pramanicin A, all of which 

cannot be detected in axenic rice cultures lacking these activators. One- and two- 

dimensional NMR spectroscopy, DFT-NMR calculations, mass spectrometry as 

well as comparison with the literature were used for the structure elucidation of the 

new compounds. Moreover, TDDFT-ECD and OR calculations determined the 

absolute configuration of the lactam core. Among them, pramanicin A showed 

strong cytotoxicity against human lymphoma (Ramos) and leukemia (Jurkat J16) 

cells. Mechanistic studies indicated that pramanicin A activates caspase-3 and 

induces apoptotic cell death. (Chapter 4 Publication 3) 
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Chapter 2 Publication 1 

Antifungal polyketide derivatives from the endophytic fungus Aplosporella 

javeedii 

Published in: “Bioorganic & Medicinal Chemistry” 

Impact factor: 3.073 

Contribution: First authorship, contributed to 70% of this publication. The first 

author conducted most of the laboratory work including extraction, isolation, 

literature research, and manuscript preparation. 

Reprinted by permission from “Ying Gao, Lin Wang, Rainer Kalscheuer, Zhen Liu, 

and Peter Proksch (2020) Antifungal polyketide derivatives from the endophytic 

fungus Aplosporella javeedii.” Bioorganic & Medicinal Chemistry, 28, 115456. 

Copyright © 2020 Elsevier Ltd. 
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Fig. S1 Photo of Orychophragmus. violaceus (L.) O. E. Schul (Brassicaceae) 

 

 

 

 

Fig. S2 Photo of Aplosporella javeedii 
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Fig. S3 HPLC chromatogram of compound 1 

 

UV absorption of compound 1 
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Fig. S4 1H-NMR (300 MHz, methanol-d4) spectrum of compound 1 

 

 

Fig. S5 13C-NMR (75 MHz, methanol-d4) spectrum of compound 1 
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Fig. S6 COSY spectrum of compound 1 

 

Fig. S7 HSQC spectrum of compound 1 
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Fig. S8 HMBC spectrum of compound 1 

 

 

Fig. S9 HRESIMS of compound 1 
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Fig. S10 HPLC chromatogram of compound 2 

 

UV absorption of compound 2 
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Fig. S11 1H-NMR (300 MHz, methanol-d4) spectrum of compound 2 

 

 

Fig. S12 13C-NMR (75 MHz, methanol-d4) spectrum of compound 2 

 



Chapter 2   Publication 1 

 

35 

11 

Fig. S13 COSY spectrum of compound 2 

 

Fig. S14 HSQC spectrum of compound 2 
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Fig. S15 HMBC spectrum of compound 2 

 

 

Fig. S16 HRESIMS of compound 2 
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Fig. S17 HPLC chromatogram of compound 3 

 

UV absorption of compound 3 
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Fig. S18 1H-NMR (600 MHz, methanol-d4) spectrum of compound 3 

 

Fig. S19 COSY spectrum of compound 3 
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Fig. S20 HSQC spectrum of compound 3 

 

Fig. S21 HMBC spectrum of compound 3 
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Fig. S22 HRESIMS of compound 3 

 

 

Fig. S23 HPLC chromatogram of compound 4 

 

UV absorption of compound 4 
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Fig. S24 1H-NMR (300 MHz, methanol-d4) spectrum of compound 4 

 

Fig. S25 13C-NMR (75 MHz, methanol-d4) spectrum of compound 4 
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Fig. S26 COSY spectrum of compound 4 

 

Fig. S27 HSQC spectrum of compound 4 
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Fig. S28 HMBC spectrum of compound 4 

 

Fig. S29 HRESIMS of compound 4 
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Fig. S30 HPLC chromatogram of compound 5 

 

UV absorption of compound 5 

 

 

Fig. S31 1H-NMR (300 MHz, methanol-d4) spectrum of compound 5 
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Fig. S32 13C-NMR (75 MHz, methanol-d4) spectrum of compound 5 

 

Fig. S33 COSY spectrum of compound 5 
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Fig. S34 HSQC spectrum of compound 5 

 

Fig. S35 HMBC spectrum of compound 5 
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Fig. S36 HRESIMS of compound 5 

 

 

Fig. S37 HPLC chromatogram of compound 6 

 

UV absorption of compound 6 

 

 

 

0,0 10,0 20,0 30,0 40,0 50,0 60,0

-200

0

300
mAU

min

1
 -

 1
9

,5
7

0

2
 -

 5
5

,8
8

7

WVL:235 nm

Peak #1 100% at 19.57 min

-10,0

70,0

200 250 300 350 400 450 500 550 595

%

nm

296.6

220.4

370.8

No spectra library hits found!



Chapter 2   Publication 1 

 

48 

24 

Fig. S38 1H-NMR (600 MHz, methanol-d4) spectrum of compound 6 

 

Fig. S39 13C-NMR (150 MHz, methanol-d4) spectrum of compound 6 
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Fig. S40 COSY spectrum of compound 6 

 

Fig. S41 HSQC spectrum of compound 6 
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Fig. S1 HPLC chromatogram of compound 1 

 

UV absorption of compound 1 
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Fig. S2 1H-NMR (600 MHz, methanol-d4) spectrum of compound 1 

 

Fig. S3 13C-NMR (150 MHz, methanol-d4) spectrum of compound 1 
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Fig. S4 COSY spectrum of compound 1 

 

Fig. S5 HSQC spectrum of compound 1 
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Fig. S6 HMBC spectrum of compound 1 
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Fig. S7 ROESY spectrum of compound 1 

 

Fig. S8 HRESIMS of compound 1 
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Fig. S9 HPLC chromatogram of compound 2 

 

UV absorption of compound 2 
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Fig. S10 1H-NMR (600 MHz, methanol-d4) spectrum of compound 2 

 

Fig. S11 COSY spectrum of compound 2 
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Fig. S12 HSQC spectrum of compound 2 

 

Fig. S13 HMBC spectrum of compound 2 
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Fig. S14 ROESY spectrum of compound 2 

 

Fig. S15 HRESIMS of compound 2 
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Fig. S16 HPLC chromatogram of compound 6 

 

UV absorption of compound 6 
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Fig. S17 1H-NMR (600 MHz, methanol-d4) spectrum of compound 6 

 

Fig. S18 13C-NMR (150 MHz, methanol-d4) spectrum of compound 6 
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Fig. S19 COSY spectrum of compound 6 

 

Fig. S20 HSQC spectrum of compound 6 
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Fig. S21 HMBC spectrum of compound 6 

 

Fig. S22 ROESY spectrum of compound 6 
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Fig. S23 HRESIMS of compound 6 

 

Fig. S24 HPLC chromatogram of compound 4a 

 

UV absorption of compound 4a 
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Fig. S25 1H-NMR (600 MHz, methanol-d4) spectrum of compound 4a 

 

Fig. S26 ESIMS of compound 4a 
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Fig. S27 HPLC chromatogram of compound 4b 

 

UV absorption of compound 4b 
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Fig. S28 1H-NMR (600 MHz, methanol-d4) spectrum of compound 4b 

 

Fig. S29 ESIMS of compound 4b 
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Fig. S30 HPLC chromatogram of compound 4c 

 

UV absorption of compound 4c 
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Fig. S31 1H-NMR (600 MHz, methanol-d4) spectrum of compound 4c 

 

Fig. S32 ESIMS of compound 4c 
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Figure S1. HPLC chromatogram of compound 2 

 

UV absorption of compound 2 

 

Figure S2. 1H NMR (600M Hz, DMSO-d6) spectrum of compound 2 
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Figure S3. 13C NMR (150M Hz, DMSO-d6) spectrum of compound 2 

 

Figure S4. HSQC (DMSO-d6) spectrum of compound 2 
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Figure S5. COSY (DMSO-d6) spectrum of compound 2 

 

Figure S6. HMBC (DMSO-d6) spectrum of compound 2 
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Figure S7. ROESY (DMSO-d6) spectrum of compound 2 

 

Figure S8. 1H NMR (600M Hz, methanol-d4) spectrum of compound 2 
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Figure S9. 13C NMR (150M Hz, methanol-d4) spectrum of compound 2 

 

Figure S10. HSQC (methanol-d4) spectrum of compound 2 
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Figure S11. COSY (methanol-d4) spectrum of compound 2 

 

Figure S12. HMBC (methanol-d4) spectrum of compound 2 
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Figure S13. HRESIMS of compound 2 

 

Figure S14. HPLC chromatogram of compound 3 

 

UV absorption of compound 3 

 

0,0 10,0 20,0 30,0 40,0 50,0 60,0

-200

0

200

400

600

800

1.000
mAU

min

WVL:235 nm

Peak #2 100% at 25.43 min

-10,0

70,0

200 250 300 350 400 450 500 550 595

%

nm

233.1

No spectra l ibrary hits found!



Chapter 4   Publication 3 

 

106 

13 

Figure S15. 1H NMR (600M Hz, methanol-d4) spectrum of compound 3 

 

Figure S16. 13C NMR (150M Hz, methanol-d4) spectrum of compound 3 
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Figure S17. HSQC (methanol-d4) spectrum of compound 3 

 

Figure S18. COSY (methanol-d4) spectrum of compound 3 
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Figure S19. HMBC (methanol-d4) spectrum of compound 3 

 

Figure S20. ROESY (methanol-d4) spectrum of compound 3 
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Figure S21. HRESIMS of compound 3 

 

Figure S22. HPLC chromatogram of compound 4 

 

UV absorption of compound 4 
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Figure S23. 1H NMR (600M Hz, methanol-d4) spectrum of compound 4 

 

Figure S24. 13C NMR (150M Hz, methanol-d4) spectrum of compound 4 
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Figure S25. HSQC (methanol-d4) spectrum of compound 4 

 

Figure S26. COSY (methanol-d4) spectrum of compound 4 
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Figure S27. HMBC (methanol-d4) spectrum of compound 4 

 

Figure S28. ROESY (methanol-d4) spectrum of compound 4 
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Figure S29. HRESIMS of compound 4 

 

Figure S30. HPLC chromatogram of compound 5 
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Figure S31. 1H NMR (600M Hz, methanol-d4) spectrum of compound 5 

 

Figure S32. 13C NMR (150M Hz, methanol-d4) spectrum of compound 5 
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Figure S33. HSQC (methanol-d4) spectrum of compound 5 

 

Figure S34. COSY (methanol-d4) spectrum of compound 5 
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Figure S35. HMBC (methanol-d4) spectrum of compound 5 

 

Figure S36. ROESY (methanol-d4) spectrum of compound 5 
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Figure S37. HRESIMS of compound 5 

 

Figure S38. HPLC chromatogram of compound 6 
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Figure S39. 1H NMR (600M Hz, methanol-d4) spectrum of compound 6 

 

Figure S40. 13C NMR (150M Hz, methanol-d4) spectrum of compound 6 
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Figure S41. HSQC (methanol-d4) spectrum of compound 6 

 

Figure S42. COSY (methanol-d4) spectrum of compound 6 
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Figure S43. HMBC (methanol-d4) spectrum of compound 6 

 

Figure S44. ROESY (methanol-d4) spectrum of compound 6 
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Figure S45. HRESIMS of compound 6 

 

Figure S46. HPLC chromatogram of compound 7 
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Figure S47. 1H NMR (600M Hz, methanol-d4) spectrum of compound 7 

 

Figure S48. 13C NMR (150M Hz, methanol-d4) spectrum of compound 7 
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Figure S49. HSQC (methanol-d4) spectrum of compound 7 

 

Figure S50. COSY (methanol-d4) spectrum of compound 7 
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Figure S51. HMBC (methanol-d4) spectrum of compound 7 

 

Figure S52. ROESY (methanol-d4) spectrum of compound 7 
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Figure S53. HRESIMS of compound 7 

 

Figure S54. HPLC chromatogram of compound 8 
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Figure S55. 1H NMR (600M Hz, methanol-d4) spectrum of compound 8 

 

Figure S56. 13C NMR (150M Hz, methanol-d4) spectrum of compound 8 
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Figure S57. HSQC (methanol-d4) spectrum of compound 8 

 

Figure S58. COSY (methanol-d4) spectrum of compound 8 
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Figure S59. HMBC (methanol-d4) spectrum of compound 8 

 

Figure S60. ROESY (methanol-d4) spectrum of compound 8 
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Figure S61. HRESIMS of compound 8 

 

Figure S62. HPLC chromatogram of compound 9 
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Figure S63. 1H NMR (600M Hz, methanol-d4) spectrum of compound 9 

 

Figure S64. 13C NMR (150M Hz, methanol-d4) spectrum of compound 9 
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Figure S65. HSQC (methanol-d4) spectrum of compound 9 

 

Figure S66. COSY (methanol-d4) spectrum of compound 9 
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Figure S67. HMBC (methanol-d4) spectrum of compound 9 

 

Figure S68. ROESY (methanol-d4) spectrum of compound 9 
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Figure S69. HRESIMS of compound 9 

 

Figure S70. HPLC chromatogram of compound 10 
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Figure S71. 1H NMR (600M Hz, methanol-d4) spectrum of compound 10 

 

Figure S72. HSQC (methanol-d4) spectrum of compound 10 
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Figure S73. COSY (methanol-d4) spectrum of compound 10 

 

Figure S74. HMBC (methanol-d4) spectrum of compound 10 
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Figure S75. ROESY (methanol-d4) spectrum of compound 10 

 

Figure S76. HRESIMS of compound 10 
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Figure S77. HPLC chromatogram of compound 11 

 

UV absorption of compound 11 

 

Figure S78. 1H NMR (600M Hz, methanol-d4) spectrum of compound 11 
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Figure S79. 13C NMR (150M Hz, methanol-d4) spectrum of compound 11 

 

Figure S80. HSQC (methanol-d4) spectrum of compound 11 
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Figure S81. COSY (methanol-d4) spectrum of compound 11 

 

Figure S82. HMBC (methanol-d4) spectrum of compound 11 
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Figure S83. ROESY (methanol-d4) spectrum of compound 11 

 

Figure S84. HRESIMS of compound 11 
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Figure S85. HPLC chromatogram of compound 12 

 

UV absorption of compound 12 

 

Figure S86. 1H NMR (600M Hz, methanol-d4) spectrum of compound 12 
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Figure S87. HSQC (methanol-d4) spectrum of compound 12 

 

Figure S88. COSY (methanol-d4) spectrum of compound 12 
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Figure S89. HMBC (methanol-d4) spectrum of compound 12 

 

Figure S90. ROESY (methanol-d4) spectrum of compound 12 
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Figure S91. HRESIMS of compound 12 
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Figure S92. Low-energy conformers and populations of (3S,4S,5S)-1mod computed at the 

ωB97X/TZVP PCM/MeOH level of theory. 
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Figure S93. Low-energy conformers and populations of (3R,4S,5S,7R)-2mod computed at the 

B3LYP/6-31+G(d,p) level of theory. 

 

 

Figure S94. Low-energy conformers and populations of (3R,4S,5S,7S)-2mod computed at the 

B3LYP/6-31+G(d,p) level of theory. 
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Figure S95. Experimental ECD spectrum of 2 in MeCN compared with the Boltzmann-weighted 

B3LYP/TZVP PCM/MeCN ECD spectrum of (3R,4S,5S,7R)-2mod. 

Level of optimization: ωB97X/TZVP PCM/MeCN. Bars represent the rotatory strength values of 

the lowest-energy conformer. The experimental spectrum was scaled to the computed one. 

 

  



Chapter 4   Publication 3 

 

148 

55 

Figure S96. Low-energy conformers and populations of (3R,4S,5S,7R)-2mod computed at the 

ωB97X/TZVP PCM/MeCN level of theory. 
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Figure S97. Low-energy conformers and populations of (3R,4S,5S,7S)-2mod computed at the 

ωB97X/TZVP PCM/MeCN level of theory. 
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Table S1. Computed SOR values for (3S,4S,5S)-1mod at various levels. 

Level of 

optimization 

Boltzmann 

population 

(%) 

ωB97X/TZVP PCM/MeOH 

Level of OR 

calculation 
 

B3LYP/TZVP 

PCM/MeOH 

BH&HLYP/TZVP 

PCM/MeOH 

CAM-

B3LYP/TZVP 

PCM/MeOH 

PBE0/TZVP 

PCM/MeOH 

Conf A 20.73 -60.03 -51.48 -58.60 -57.66 

Conf B 12.79 -64.09 -64.99 -70.75 -62.59 

Conf C 12.68 -49.89 -51.60 -56.93 -49.38 

Conf D 6.88 -318.03 -212.93 -237.03 -295.78 

Conf E 6.84 -339.21 -239.35 -263.70 -317.02 

Conf F 6.34 -324.85 -225.96 -249.83 -303.68 

Conf G 5.63 -70.64 -65.52 -72.08 -69.20 

Conf H 4.74 -70.11 -65.06 -62.20 -64.43 

Conf I 4.24 58.63 40.13 49.06 55.72 

Conf J 3.41 -318.35 -215.63 -239.63 -296.42 

Conf K 3.11 -98.38 -100.36 -97.64 -93.64 

Conf L 3.02 54.80 31.22 43.09 57.26 

Conf M 2.55 -88.36 -90.06 -86.62 -84.33 

Conf N 1.60 69.08 50.40 51.91 74.14 

Conf O 1.48 -71.23 -72.71 -68.89 -66.53 

Conf P 1.31 -11.95 -17.24 -16.59 -11.74 

BW Average  -115.13 -90.67 -98.66 -108.36 
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Table S2. Comparison of the experimental 13C NMR data of the carbons of the 2 measured in 

MeOH-d4 with the mPW1PW91/6-311+G(2d,p) // B3LYP/6-31+G(d,p) ones of the 

(3R,4S,5S,7R)-2mod and (3R,4S,5S,7S)-2mod stereoisomers. 

Numbering Exp CalcSSSR CalcSSSS ΔδSSSR ΔδSSSS 

C-2 177.3 179.49 174.87 2.19 2.43 

C-3 80.8 76.60 80.15 4.20 0.65 

C-4 77.9 78.39 80.71 0.49 2.81 

C-5 61.2 63.70 61.33 2.50 0.13 

C-6 62.9 64.58 66.51 1.68 3.61 

C-7 74.5 74.63 74.88 0.13 0.38 

C-8 129.6 130.54 130.27 0.94 0.67 

C-9 134.6 139.14 137.72 4.54 3.12 

C-10 131.2 133.58 134.07 2.38 2.87 

C-11 136.3 138.92 135.96 2.62 0.34 

C-12 33.7 19.51 19.47 14.19 14.23 

Average N/A N/A N/A 3.26 2.84 

Average 

without C-12 
N/A N/A N/A 2.17 1.70 
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Table S3. Computed SOR values for (3R,4S,5S,7R)-2mod at various levels. 

Level of 

optimization 

Boltzmann 

population 

(%) 

ωB97X/TZVP PCM/MeOH 

Level of OR 

calculation 
 

B3LYP/TZVP 

PCM/MeOH 

BH&HLYP/TZVP 

PCM/MeOH 

CAM-

B3LYP/TZVP 

PCM/MeOH 

PBE0/TZVP 

PCM/MeOH 

Conf A 26.54 -31.08 -19.24 -20.12 -30.61 

Conf B 16.04 -45.15 -36.95 -37.62 -43.31 

Conf C 11.70 -53.17 -40.90 -42.15 -51.37 

Conf D 8.47 214.61 175.58 186.10 207.09 

Conf E 4.21 193.76 164.87 172.43 191.92 

Conf F 3.24 -28.52 -27.21 -24.12 -30.76 

Conf G 3.21 -65.79 -55.78 -55.78 -61.12 

Conf H 2.89 -103.64 -85.77 -90.43 -102.12 

Conf I 2.85 -83.68 -70.92 -73.96 -83.06 

Conf J 2.14 187.81 159.58 165.90 184.01 

Conf K 2.06 208.76 176.86 183.19 203.53 

Conf L 1.90 34.89 27.74 32.44 32.81 

Conf M 1.76 -63.37 -48.68 -51.64 -63.37 

Conf N 1.44 -29.30 -33.19 -29.44 -30.24 

Conf O 1.29 6.38 4.40 9.01 6.30 

BW Average  4.18 5.73 6.87 3.97 
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Table S4. Computed SOR values for (3R,4S,5S,7S)-2mod at various levels. 

Level of 

optimization 

Boltzmann 

population 

(%) 

ωB97X/TZVP PCM/MeOH 

Level of OR 

calculation 
 

B3LYP/TZVP 

PCM/MeOH 

BH&HLYP/TZVP 

PCM/MeOH 

CAM-

B3LYP/TZVP 

PCM/MeOH 

PBE0/TZVP 

PCM/MeOH 

Conf A 9.40 -84.26 -75.84 -70.66 -85.35 

Conf B 7.44 -64.78 -61.18 -57.65 -64.12 

Conf C 7.36 -101.23 -88.55 -83.34 -102.01 

Conf D 6.68 -84.84 -77.74 -77.61 -85.62 

Conf E 6.06 172.44 139.47 148.03 164.32 

Conf F 5.47 -93.73 -83.26 -83.85 -94.87 

Conf G 5.14 80.73 55.68 64.12 75.91 

Conf H 5.00 -70.29 -62.94 -59.72 -69.90 

Conf I 4.65 148.52 119.58 128.45 140.59 

Conf J 3.69 58.00 36.77 45.74 53.61 

Conf K 3.13 -45.18 -36.87 -36.70 -43.87 

Conf L 2.64 -68.47 -72.58 -67.38 -69.01 

Conf M 2.45 -50.99 -41.29 -40.31 -50.26 

Conf N 2.29 55.13 38.35 44.27 48.32 

Conf O 2.11 -73.24 -73.82 -69.30 -74.16 

Conf P 1.96 56.03 41.84 45.07 52.16 
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Conf Q 1.82 35.56 22.30 28.48 28.61 

Conf R 1.75 -176.10 -151.82 -155.11 -172.35 

Conf S 1.19 22.78 2.98 12.94 10.38 

Conf T 1.16 -33.80 -41.39 -38.43 -38.72 

Conf U 1.15 -30.50 -22.32 -17.68 -35.14 

Conf V 1.06 -14.38 -4.92 -5.29 -15.06 

Conf W 1.05 -103.87 -68.95 -73.87 -101.42 

Conf X 1.05 5.62 5.71 6.32 3.19 

Conf Y 1.01 -8.01 -5.83 -5.93 -9.62 

Conf Z 0.99 107.71 85.88 94.45 92.45 

BW Average  -20.08 -22.44 -18.19 -22.56 
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Chapter 5 Discussion 

5.1 Endophytic fungus Aplosporella javeedii produces antifungal polyketides 

Life-threatening fungal infections have become dramatically more common 

in human beings due to the increase in the immunocompromised population and 

aging societies (Barrett 2002). The extensive usage of antibacterial and antifungal 

drugs also leads to an increase in microbial resistance, which makes eradicating 

those infections even more challenging (Zacchino et al. 2017). Ironically, the 

number of antifungal drugs that have been used in clinical practice or newly 

introduced into the market is very limited (Deshmukh et al. 2018). Today, the most 

widely used and approved antifungal compounds are azoles, echinocandins, 

polyenes and flucytosine (Perfect 2017). Most of them were discovered decades ago. 

For example, hygromycin B which was developed in the 1950s inhibits protein 

synthesis and acts against both prokaryotic and eukaryotic cells. In addition, the 

limitations of these current drugs such as toxicity, fungistatic rather than fungicidal 

activity, poor pharmacokinetics, narrow spectrum of activity, drug-drug interactions, 

and emerging drug-resistant fungi restrict their application in clinical therapy 

(Aldholmi et al. 2019, Miller et al. 2019). A recent review of antifungal leads from 

natural products within the last decade revealed that endophytic fungi are the 

primary source of antifungal compounds (Aldholmi et al. 2019). The secondary 

metabolites of endophytic fungi can be used as antifungal agents directly or as 

precursor molecules to synthesize antifungal drugs due to their small molecular size 

and high structural diversity. Therefore, endophytic fungi are an essential source of 

potential antifungal compounds. 

There are many natural products isolated from endophytic fungi exhibiting 

novel antifungal activities. For example, a novel phenolic compound 4-(2,4,7-trioxa-

bicyclo[4.1.0]heptan-3-yl) phenol which was isolated from endophytic fungus 
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Pestalotiopsis mangiferae associated with Mangifera indica Linn, exhibited intense 

antifungal activity against C. albicans with MIC value of 0.039 µg/mL, while the 

positive control nystatin showed MIC 10.0 µg/mL (Subban et al. 2013). Nine 

oxygenated guaiane-type sesquiterpenes and three isopimarane diterpenes were 

isolated from endophytic fungus Xylaria sp. YM 311647 associated with 

Azadirachta indica. The antifungal results of these compounds revealed that they 

were moderately active against Candida albicans and Hormodendrum compactum 

with MIC values ranging from 16 to 256 μg/mL. One of the isopimaranes, the 

diterpene 9-deoxy-hymatoxin A, exhibited the most potent inhibitory activity 

against C. albicans and Pyricularia oryzae with MIC values of 16 μg/mL (Wu et al. 

2014). A biphenyl derivative altenusin was isolated from the endophytic fungus 

Alternaria alternata Tche-153 of a Thai medicinal plant Terminalia chebula Rezt. 

The compound when used in combination with each of three azole drugs, 

ketoconazole, fluconazole or itraconazole at their low sub-inhibitory concentrations 

displayed potent synergistic activity against C. albicans with the fractional 

inhibitory concentration (FIC) index range of 0.078 to 0.188 (Phaopongthai et al. 

2013). A new cyclodepsipeptide fusaripeptide A was isolated from the endophytic 

fungus Fusarium sp. associated with Mentha longifolia. It exhibited potent 

antifungal activity toward C. albicans, C. glabrata, C. krusei, and A. fumigates with 

IC50 values of 0.11, 0.24, 0.19, and 0.14 µM, respectively,  whereas the results of 

positive control amphotericin B were 0.3, 0.6, 0.5, 0.7 µM, respectively (Ibrahim et 

al. 2018). 

Although natural products have proven to be an excellent source of antifungal 

agents, there is still a long way to go from potential ingredients to clinical drugs. The 

compounds selected for further investigation need to follow certain criteria to lead 

to the final success: structurally novel, novel mechanism of action or potentially 

useful, good biological activity, the possibility of chemical modification (Barrett 
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2002). In the first publication (Chapter 2), aplojaveediin A which was isolated from 

the axenic culture of endophytic fungus Aplosporella javeedii exhibited potent 

antifungal activity against Candida albicans strain ATCC 24433. Based on its good 

fungicidal activity and lack of cytotoxicity against human cells, aplojaveediin A 

could be a promising candidate for the development of new antifungal drugs. 

Moreover, due to its small molecule weight and simple structure, it is possible to 

further study chemical modification of aplojaveediin A. Therefore, analyzing the 

structure-activity relationship (SAR) and identifying the essential structural 

requirements for its antifungal activity may help us to find novel analogues with 

enhanced chemical stability and antifungal efficacy. 

Upon searching the literature, the structurally similar compound 

anguillosporal, which was isolated from the freshwater fungus Anguillospora 

longissima showed moderate antifungal activity against Candida albicans with MIC 

value of 58 μg/mL (Harrigan et al. 1995). 2,4-Dihydroxyacylophenones and related 

compounds exhibited antifungal activity against Trichophyton spp and other fungi. 

SAR studies showed that their antifungal activity was closely correlated to the length 

of the acyl and alkyl substituents attached to the 1,3-dihydroxybenzene moiety 

(Mizobuchi et al. 1985). The initial SAR studies of the antifungal agent 2,4-

dihydroxy-5-methylacetophenone showed the importance of 2,4-dihydroxy groups 

for its antifungal activity against five plant fungal pathogens including Cytospora 

sp., Glomerella cingulate, Pyricularia oryzaecar, Botrytis cinerea and Alternaria 

solani. Moreover, the increased hydrophobicity of acetophenone derivatives can 

improve their antifungal activity. Among the synthetic acetophenone analogues, 1-

(2,4-dihydroxy-5-methylphenyl)-2-methyl-1-propanone showed a remarkable in 

vitro antifungal activity against the tested organisms with IC50 values of 17.28–32.32 

μg/mL. The results suggested that an increase in chain length of linear alkyl ketones 

led to enhanced antifungal activity, whereas branched alkyl ketones exhibited 
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stronger activity than linear alkyl ketones in general (Shi et al. 2016). 

Acylphloroglucinol compound jensenone exhibited antifungal activity with an IC50 

value of 5.5 μg/mL against C. albicans, while it was inactive against C. neoformans 

and A. fumigatus. However, its synthetic analogue 2,4,6-trihydroxy-3-(3-hydroxy-

2-methyl-acryloyl)-benzaldehyde showed improved antifungal activity against C. 

albicans and C. neoformans with an IC50 of 2.0 and 2.5 μg/mL, respectively, and was 

fungicidal toward C. albicans. It seems that the length of the acyl side chain is the 

major contributing factor to its antifungal activity, and decrease in acyl chain length 

or replacement of an acyl with an alkyl substituent resulted in loss of activity 

(Bharate et al. 2007). 

In our research, the co-isolated compounds aplojaveediin B-F, which were 

slightly different in their structures compared to aplojaveediin A, showed inactivity 

when tested against C. albicans. When comparing unique structural features of 

aplojaveediin A to its inactive derivatives, it occurs as obvious that the presence of 

polar groups attached to the side chain as well as shortening of the side chain may 

weaken the antifungal activity. It might refer that 2,6-dihydroxy-benzaldehyde 

moiety and the lipophilicity of the compounds are important for their antifungal 

activity. The hypothesis about the side chain is that the addition of the aliphatic side 

chains may increase the lipophilicity of the compounds, leading to better penetration 

across the fungi’s plasmatic membrane and thus enhancing their antifungal activity. 

Therefore, it is believed that the structural modification of aplojaveediin A or 

synthesis of its analogues will provide more information on SAR to find enhanced 

antifungal drugs and be of interest in further research.
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Figure 5.1 Structural analogues of aplojaveediin A
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5.2 Endophytic fungus Aplosporella javeedii produces cytotoxic sesterterpenes 

and macrolide derivatives 

5.2.1 Sesterterpene derivatives 

Bicyclo-sesterterpenes terpestacin and fusaproliferin are well known 

mycotoxins which exhibit the same skeleton. Terpestacin was first isolated from 

Arthriniuna sp. and showed syncytium formation inhibitory activity during HIV 

infection (Oka, Iimura, Tenmyo, et al. 1993, Oka, Iimura, Narita, et al. 1993, Iimura 

et al. 1993). Later, it was also isolated as a phytotoxin from Bipolaris cynodontis 

(Lim 1995). Recent bioassay research revealed that terpestacin exhibits good 

antiangiogenic activity without affecting endothelial cell viability, which could 

make it suitable to be used as an anticancer agent (Jung et al. 2003, 2010, Park et al. 

2013). The absolute configuration and biosynthetic pathway of terpestacin has been 

confirmed by NMR, X-ray crystallographic analysis (Oka, Iimura, Narita, et al. 1993) 

and total enantioselective synthesis (Chan et al. 2003, 2004, Berger et al. 2005, 

2007). 

Fusaproliferin, which is a primary acetate derivative of terpestacin, was 

isolated from a strain of the human pathogenic fungus Fusarium proliferatum 

(Ritieni et al. 1995). It was reported to exhibit potent and rapid cytotoxicity against 

both pancreatic and breast cancer cell lines (Hoque et al. 2018). In addition, it also 

showed teratogenic effects on chicken embryos (Ritieni et al. 1997) and toxicity on 

Artemia salina, insect cells and human B lymphocytes (Logrieco et al. 1996). The 

absolute configuration of fusaproliferin has been determined by single crystal X-ray 

diffraction analysis (Santini et al. 1996). Due to the structural novelty as well as 

intriguing biological activity of these two compounds, some key hemisynthetic 

derivatives were prepared and SAR was discussed regarding their antifungal activity 

against some ascomycetous fungi such as Alternaria brassicicola, Botrytis cinerea 
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and Fusarium graminearum. The results showed that these two compounds are 

allelopathic to other fungi, and the enolic hydroxyl group at C17 is a structural 

feature important to impart activity (Cimmino et al. 2016). 

In the second publication (Chapter 3), fusaproliferin (FUS) was found to 

exhibit potent cytotoxicity against the L5178Y cell line after 72 h of incubation, 

whereas terpestacin was inactive in comparison. This implies that the presence of an 

acetyl function in fusaproliferin increases the cytotoxicity compared to the hydroxyl 

analogue terpestacin. Therefore, acetyl derivatives were prepared to explore the 

effect of acetyl groups on their cytotoxic activity. The diacetyl derivatives a and b 

and the triacetyl derivative c were prepared by acetylation of FUS. The cytotoxic 

effects against L5178Y cells were determined in the order of b<FUS=c<a after 72 h 

of incubation. Thus, acetylation of the hydroxyl group at C-17 increased the 

cytotoxicity against L5178Y cells relative to FUS. In the human lymphoma (Ramos) 

cell line the cytotoxic effects were determined in the order of a<FUS=c, whereas b 

was inactive, after 24 h of incubation. Meanwhile, the cytotoxic effects against the 

human leukemia (Jurkat J16) cell line were determined as a equipotent to c, whereas 

FUS and b were inactive. Hence a and c showed cytotoxicity against both human 

cell lines, while b was inactive (IC50 > 20 μM) against both cell lines in comparison. 

In conclusion, compound a with acetyl functions at C-17 and C-24 is a favorable 

structure for cytotoxicity against human lymphoma (Ramos) and human leukemia 

(Jurkat J16) cell lines. 
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Figure 5.2 Terpestacin and its acetate derivatives 

 

5.2.2 Macrolide derivatives 

Two 14-membered macrolides were isolated from the endophytic fungus 

Aplosporella javeedii. The known macrolide mutolide was first discovered from a 

UV mutagenesis strain of the fungus Sphaeropsidales sp. Its absolute configuration 

was confirmed by the advanced Mosher’s ester methodology, X-ray analysis and 

derivatisation. Feeding experiment proved that mutolide was generated from 

acetate/malonate only (Bode et al. 2000). More recently, mutolide was isolated from 

the coprophilous fungus Lepidosphaeria sp. and showed excellent anti-

inflammatory activity. Mechanistic studies indicated that mutolide inhibits induced 
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NF‑κB activation and translocation from cytoplasm into the nucleus (Shah et al. 

2015). 

In our research (Chapter 3 Publication 2), the known macrolide mutolide was 

found to exhibit significant cytotoxicity against the L5178Y cell line, as well as 

against the human leukemia (Jurkat J16) and lymphoma (Ramos) cell lines. 

Mechanistic evaluations revealed that mutolide induces apoptotic cell death and thus 

could be considered as a candidate for an anticancer agent. However, the co-isolated 

new compound 6,7,9,10-tetrahydromutolide was inactive in cytotoxicity tests. 

6,7,9,10-tetrahydromutolide is an epimer of pestalotioprolide C, with the only 

difference being the stereocenter at C-14, which is configured R in 6,7,9,10-

tetrahydromutolide instead of S as in pestalotioprolides C. Pestalotioprolide C also 

showed no cytotoxicity against the L5178Y cell line in the research of Liu et al. 

2016. It means that the double bonds at 6,7 and 9,10 in the 14-membered ring of 

mutolide are important for cytotoxicity compared to 6,7,9,10-tetrahydromutolide. 

Furthermore, the cytotoxicity of 11 14-membered macrolides, which were 

isolated from endophytic fungus Pestalotiopsis microspora, was evaluated in the 

literature, which provided additional SAR information for 14-membered macrolides 

(Liu et al. 2016). It was discovered that the epoxy group at C-6/C-7 leads to the loss 

of cytotoxicity (seiricuprolide vs nigrosporolide), whereas the O-methylation of the 

hydroxyl group at C-8 (7-O-methylnigrosporolide vs nigrosporolide) or C-10 

(pestalotioprolide H vs pestalotioprolide G) resulted in a strong increase of 

cytotoxicity. Meanwhile, the rearrangement of the double bond from C-3/C-4 to the 

C-4 ketone (pestalotioprolide E and pestalotioprolide F vs pestalotioprolide G) 

decreases the cytotoxicity, and the configuration at C-5 has little influence on the 

cytotoxicity (pestalotioprolide E vs pestalotioprolide F). 
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Figure 5.3 14-Membered macrolides 

 

5.3 OSMAC approach diversified secondary metabolites of endophytic fungus 

Aplosporella javeedii 

5.3.1 OSMAC is a powerful method to mine the chemical diversity of fungi 

As a part of our ongoing study on searching new natural products from 

endophytic fungus Aplosporella javeedii, the OSMAC approach was used to 

diversify the chemical profile of secondary metabolites. The chemical profiles of A. 

javeedii were studied by adding different salts to solid rice medium, including 3.5% 

NaBr, 3.5% NaCl, 3.5% KCl, 3.5% NH4Cl, 3.5% (NH4)2SO4, 3.5% 

C5H8NNaO4·H2O (monosodium glutamate), 3.5% NaNO3, 3.5%KH2PO4, 3.5% 

K2HPO4·3H2O, 3.5% Na2HPO4, 3.5% NaF, 3.5% FeSO4, 3.5%ZnSO4, 3.5%MgSO4. 

As a result, the fungus did not grow on rice medium in the presence of 3.5% 

Na2HPO4, 3.5% NaF, 3.5% FeSO4, or 3.5% ZnSO4, while the addition of 3.5% NaBr, 
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NaCl, KCl, NH4Cl, (NH4)2SO4, KH2PO, K2HPO4·3H2O, or MgSO4 had no 

detectable influence. However, there are significant changes in the chromatographic 

profile when adding either 3.5% NaNO3 or 3.5% C5H8NNaO4·H2O (monosodium 

glutamate) to solid rice medium compared to that of the fungus grown only on rice 

(Figure 5.4). 

 

Figure 5.4 HPLC chromatograms of the EtOAc extracts from OSMAC experiments 

(3.5% NaNO3 or 3.5% monosodium glutamate) detected at 235 nm: (1) A. javeedii 

control grown on solid rice medium; (2) A. javeedii cultured on solid rice medium 

with 3.5% NaNO3; (3) A. javeedii cultured on solid rice medium with 3.5% 

monosodium glutamate. 

Chemical investigation of fungal extracts obtained from the fermentation of 

A. javeedii in the presence of either 3.5% NaNO3 or 3.5% monosodium glutamate 

led to the isolation of 12 lactam derivatives, including pramanicin A and 11 new 

pramanicin-like derivatives aplosporellins A–K. All of these lactam derivatives were 

not detected in fungal cultures without salt or with other salts. These results suggest 

that NaNO3 and monosodium glutamate provide the fungus with additional nitrogen 

sources for the biosynthesis of these lactam derivatives. 
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Meanwhile, the addition of 3.5% NaI to the solid rice medium also induced 

new peaks with different UV spectra that were not detected in the control or other 

salt fermentations (Figure 5.5). The chemical investigation of this fungal extract is 

still ongoing at this time. Since the currently isolated compounds do not contain 

iodine atoms, the effect of NaI on fungal biosynthetic pathway is unknown. Iodide 

ions may activate silent gene clusters of A. javeedii without being substrates 

themselves. 

 

Figure 5.5 HPLC chromatogram of the EtOAc extract from OSMAC experiment 
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(3.5% NaI) detected at 235 nm: (A) UV spectra of two peaks around 31 min in A. 

javeedii control fermentation; (B) UV spectra of new peaks as well as two peaks 

around 31 min in A. javeedii cultured in the presence of 3.5% NaI. 

 

5.3.2 Pramanicin-like derivatives 

The antimicrobial agent pramanicin and pramanicin A, which contain a highly 

functionalized γ-lactam-based headgroup with a functionalized lipophilic side chain, 

were first isolated and reported from the fungus Stagonospora sp. (Schwartz et al. 

1994). The difference between pramanicin and pramanicin A being the presence of 

an epoxide group at C-10/C-11 in the former instead of a double bond in the latter. 

Full confirmation of the absolute configuration of natural pramanicin came after the 

total synthesis of (+)-pramanicin was accomplished by Barrett and co-workers, as 

well as the synthesis of the fatty acid (Barrett et al. 1999a, b, Cow et al. 1997). (+)-

Pramanicin is the enantiomer of the natural product pramanicin, and thus the 1H and 

13C NMR spectra of both compounds are identical. However, the numerical value of 

the specific optical rotation of (+)-pramanicin is opposite to that of the natural one, 

thus establishing the absolute stereochemistry of natural product pramanicin through 

the total synthesis of (+)-pramanicin. 

The biosynthesis of pramanicin has also attracted the attention of scientists. 

Duspara et al. added 13C and 15N labeled serine to production cultures, and it was 

shown that labeled L-serine as an intact entity was incorporated into pramanicin. It 

suggested that L-serine is the true biosynthetic precursor for pramanicin, and the 

absolute configuration at C-5 of pramanicin is 5S which is identical to that of C-2 of 

L-serine (Duspara et al. 1998). Harrison et al. incorporated the labeled acetates and 

serine into pramanicin in fungal cultures, and found that the carbon skeleton of 

pramanicin is produced by eight acetate units and a serine residue. They revealed 
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that acetate and L-serine were the probable precursors to pramanicin and consistent 

with a biosynthetic pathway of 3-acyltetramic acids (Harrison et al. 1998). 

Subsequently, Harrison and co-workers conducted the isotopically labeled feeding 

experiment by using 2H, 13C, 15N, and 18O isotopically labeled precursors in 

Stagonospora sp. They concluded that pramanicin originated from a starter acetate 

with six extender malonates to generate the aliphatic acyl tail, and L-serine interacts 

with one acetate to form the pyrrolidone ring, then acetylation of these two moieties 

to provide 3-acyltetramic acid, followed by a series of oxidation reduction reactions 

to form pramanicin. This experiment also elucidated details of the structure of 

pramanicin A which was a byproduct during the fermentation. It indicated that 

pramanicin A exibits the same stereochemistry as pramanicin. (Harrison et al. 2000) 

Meanwhile, other research demonstrated that proline and glutamate could not be 

precursors of the pyrrolidone moiety of pramanicin (Harrison et al. 1998). 

However, in our study, the addition of 3.5% NaNO3 or of 3.5% 

C5H8NNaO4·H2O to solid rice medium was able to induce the production of 

pramanicin-like compounds, which may be due to the presence of the precursors 

required for the pyrrolidone ring formation. Otherwise, the yield of pramanicin-like 

compounds in addition of 3.5% C5H8NNaO4·H2O medium is 1.2 times the yield of 

them in addition of NaNO3 medium. It probably means that C5H8NNaO4·H2O was 

an efficient precursor to pramanicin-like compounds. Therefore, the biosynthetic 

pathway of isolated pramanicin-like compounds using C5H8NNaO4·H2O as 

precursor in Publication 3 can be hypothesized based on the above evidences 

(Figure 5.6). A feeding study using labeled glutamate as a potential precursor of 

pramanicin-like compounds would be of interest as a follow up investigation. 
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Figure 5.6 Proposed biosynthetic pathway of isolated pramanicin-like compounds in Chapter 4 

Publication 3. Numbers refer to the compounds’ numbers in publication 3.
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In the bioactive research of pramanicin, it was first isolated as an inhibitor of 

Cryptococcus neoformans (MY2062), Candida parapsilosis (MY 1010) and 

Bacillus subtilis (MB 964) (Schwartz et al. 1994). In 2001, Kwan et al. found that 

pramanicin exhibited endothelium-dependent and NO-mediated vasorelaxant effects 

(Kwan et al. 2001). Two years later, they also found it was able to raise cytosolic 

Ca2+ and cause cell death in vascular endothelial cells. However, pramanicin A 

which possesses a C=C double bond instead of the epoxy group of pramanicin, as 

well as pramanicin B which reduce both double bonds of the diene system in 

pramanicin, caused little endothelial-dependent relaxation, indicating that the epoxy 

group between the aliphatic side chain moiety and the polar acyltetramic acid entity 

play an important role in the vasorelaxant effect (Kwan, Harrison, et al. 2003, Kwan, 

Zhang, et al. 2003). 

In 2005, Kutuk et al. explored the pro-apoptotic effects in Jurkat T leukemia 

cells caused by pramanicin. Mechanistic research showed that pramanicin induced 

the release of cytochrome c as well as caspase-9 and caspase-3 activation, and also 

activated c-jun N-terminal kinase (JNK), p38 and extracellular signal-regulated 

kinases. These results suggested that pramanicin can be a potential pro-apoptosis 

agent in Jurkat T leukemia cells, and acts through a JNK- and p38-dependent 

apoptosis signaling pathway (Kutuk et al. 2005). Bodur et al. screened pramanicin 

and its analogues for their cytotoxicity against HCT116 human colon cancer cells in 

2013. Pramanicin A was found to be a remarkably potent cytotoxic compound which 

led to apoptosis through activation of caspase-9 and caspase-3. Detailed mechanistic 

study revealed that p53-independent transcriptional Bcl-2 downregulation and p38 

signaling are the key modulatory factors in pramanicin A induced apoptosis in 

HCT116 human colon cancer cells. Meanwhile, the SAR research in this experiment 

found that an acylated pyrrolidinone is the key pharmacophore for their pro-

apoptosis activity (Bodur et al. 2013). 
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In our research (Charpter 4 Publication 3), pramanicin A exhibited 

pronounced cytotoxicity against human lymphoma (Ramos) and leukemia (Jurkat 

J16) cell lines which was due to the activation of caspase-3 and induction of 

apoptotic cell death. However, other analogues isolated in publication 3 showed no 

cytotoxicity against these cell lines, indicating that the ketone group at C-7 of 

pramanicin A which is α,β-unsaturated ketone functionality is the key 

pharmacophore for its cytotoxicity against human Ramos and Jurkat J16 cell lines. 

Furthermore, in the antimicrobial assay, pramanicin A showed weak antibacterial 

activities against Staphylococcus aureus ATCC 29213 and Acinetobacter baumannii 

(BAA1605+ Colistin 0.1 µM) with MICs of 100 μM, respectively. Other isolated 

compounds were inactive in these experiments. It means that the ketone group at C-

7 of pramanicin A is also important for its antibacterial activities. 

α,β-Unsaturated ketone groups have potential Michael acceptor activity which 

can add nucleophiles to the electrophilic β-position of the unsaturated system, 

leading to multiple biological activities, such as cytotoxicity, anti-inflammatory 

activity, anti-oxidant activity, radical scavenging activity, cyto-/chemoprotection 

and chemoprevention (Amslinger 2010). The cytotoxic property of α,β-unsaturated 

ketone groups could due to its Michael-addition reaction with a thiol group of 

cysteine amino acid of proteins or enzymes thus inducing apoptotic cell damage 

(Darsih et al. 2015). Therefore, α,β-unsaturated ketone compounds such as 

pramanicin A could be useful for the design of anticancer agents and irreversible 

enzyme inhibitors. 
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List of abbreviations 

(NH4)2SO4 Ammonium sulfate 

[α]D  Specific rotation at the sodium D-line  

br Broad 

C5H8NNaO4·H2O Monosodium glutamate 

CD3OD Deuterated methanol 

CDCl3 Deuterated chloroform 

CH2Cl2 Dichloromethane 

COSY Correlation spectroscopy 

d Doublet signal 

dd Doublet of doublet signal 

ddd Doublet of doublet of doublet signal 

DFT Density functional theory 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

e. g. Exempli gratia (for the sake of example) 

ECD Equivalent circulating density 

et al. et altera (and others) 

EtOAc Ethyl acetate 

FDA Food and drug administration  

FeSO4 Iron(II) sulfate 

FUS Fusaproliferin 

h Hour 

HMBC Heteronuclear multiple bond connectivity 

HPLC High performance liquid chromatography 

HRESIMS High resolution electrospray ionisation mass 

HSQC 
Heteronuclear single quantum coherence 

spectroscopy 

IC50 Half maximal inhibitory concentration 

JNK C-jun N-terminal kinase 

K2HPO4·3H2O Potassium phosphate dibasic trihydrate 

KCl Potassium chloride  

KH2PO4 Potassium dihydrogen phosphate 

L Liter 

m Multiplet signal 

M Mole 

m/z Mass per charge 

MeCN Acetonitrile 

MeOH Methanol 

https://www.sigmaaldrich.com/catalog/substance/potassiumphosphatedibasictrihydrate228221678857111
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mg Milligram 

MgSO4 Magnesium sulfate 

MHz Mega Herz 

MIC Minimum inhibitory concentration 

min Minute 

mL Milliliter 

mm Millimeter 

MMFF Merck molecular force field  

MRSA Methicillin-resistant Staphylococcus aureus 

MS Mass spectrometry 

MW Molecular weight 

Na2HPO4 Sodium phosphate dibasic 

NaBr Sodium bromide 

NaCl Sodium chloride 

NaF Sodium fluoride 

NaI Sodium iodide 

NaNO3 Sodium nitrate 

NaOH Sodium hydroxide 

NH4Cl Ammonium chloride 

nm Nanometer 

NMR Nuclear magnetic resonance spectrometry 

OSMAC One Strain MAny Compounds 

PARP1 Poly [ADP-ribose] polymerase 1 

PDB Potato dextrose broth 

ppm Parts per million 

ROESY Rotating frame overhauser effect spectroscopy 

RP 18 Reversed phase C18 

s Singlet signal 

SAR structure-activity relationship  

SOR Specific optical rotation  

sp. Species 

t Triplet signal 

TCM Traditional chinese medicine  

TDDFT-ECD  

Time-dependent density functional theory 

electronic circular dichroism  

TLC Thin layer chromatography 

UV Ultra-violet 

VLC Vacuum liquid chromatography 

ZnSO4 Zinc sulfate 

μM Micromolar 
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