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Abstract

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 4. javeedii, whereas 12 natural products including
11 new compounds were isolated from the OSMAC fermentation of 4. javeedii on
solid rice medium in the presence of NaNO; 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. Miiller, 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 ICsy values ranging from 6.2 to 12.8 uM, respectively.
Moreover, 4a and 4¢ 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 1Cs
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Abstract

values of 0.4, 5.8, and 4.4 uM, 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 M. 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 Mandi, Tibor Kurtéan,
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% NaNOs 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 ICsy values of 4.7
and 4.4 uM, respectively. Mechanistic studies indicated that 1 activates caspase-3

and induces apoptotic cell death.



Zusammenfassung

Zusammenfassung

Im Verlauf der langfristigen Koexistenz und Evolution zwischen
endophytischen Pilzen und Wirtspflanzen, insbesondere Heilpflanzen, haben sich
endophytische Pilze entwickelt, die eine grole Anzahl verschiedener Arten von
Sekundidrmetaboliten mit neuartigen Strukturen und z. T. herausragenden
biologischen Aktivititen produzieren. Unter diesen bieten insbesondere
ungewohnliche und selten erforschte endophytische Pilze die Mdglichkeit, neue
Naturstoffe zu entdecken, die bei der Entdeckung von pharmazeutisch relevanten
Leitstrukturen hilfreich sein konnen. Wihrend unserer Forschung zu
Sekundarmetaboliten 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 schwerpunktmiflig mit der
Isolierung und Identifizierung bioaktiver Sekundirmetaboliten aus der axenischen
Kultur von 4. javeedii sowie aus OSMAC Pilzkulturen mit dem Ziel, die chemische
Vielfalt der sekundéren Pilzmetaboliten zuerweitern. Die Strukturen der isolierten
Sekunddrmetaboliten wurden durch 1D, 2D NMR Spektroskopie und
Massenspektrometrie  sowie durch DFT-NMR, TDDFT-ECD und SOR
Berechnungen aufgekliart. Die isolierten Verbindungen wurden auf ihre
Zytotoxizitat gegen die L5178Y Tumorzelllinie sowie gegen humane Jurkat J16 und
Ramos Tumorzellen untersucht. Dariiber hinaus wurden ihre antimikrobiellen
Aktivititen gegen Candida albicans, Mycobacterium tuberculosis H37Rv,
Staphylococcus aureus, Acinetobacter baumannii und andere Stimme getestet.

Zusammenfassend wurden 13 Naturstoffe, darunter 9 neue Verbindungen, aus
der axenischen Fermentation von A. javeedii isoliert, wahrend 12 Naturstoffe,

darunter 11 neue Verbindungen aus der OSMAC Fermentation von A. javeedii auf
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festem Reismedium in Gegenwart von NaNOs 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. Miiller, 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 ICsy values ranging from 6.2 to 12.8 uM, respectively.

Moreover, 4a and 4¢ exhibited also cytotoxicity against human leukemia (Jurkat J16)
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https://pubmed.ncbi.nlm.nih.gov/?term=Liu+Z&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 ICs
values of 0.4, 5.8, and 4.4 uM, 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 M. 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 Mandi, Tibor Kurtan,
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% NaNOs 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 ICsy values of 4.7
and 4.4 uM, 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 ef 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 ef al. 2008).

There are many famous and best-selling medicines that originate from natural
products. For example, the discovery of the B-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 B-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 ef 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 ef 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 ef 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 ef 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).
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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,

10
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phenolics, saponins, tannins, tetralones, xanthones, and so on (Shukla et al. 2014,
Patil et al. 2016, Gouda ef al. 2016). Many of them show antimicrobial, anticancer,
antioxidant, cytotoxic, antiparasitic, antileishmanial, immunomodulatory,
antiproliferative, or antidiabetic activities (Strobel 2018, Khiralla ef 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 ef 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

11
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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 ef 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 (Bohler ef al. 2018, Wang et al. 2019,

Ronsberg et al. 2013).

12
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Vincristine Camptothecin

Chlorflavonin Phomoxanthone A

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 (L1 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 ef 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 ef al. added a mixture of salts (MgSO4, NaNO;s,
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%
NaNO; 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 ef 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 ef 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 4. 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.
Jjaveedii 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 4. 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 ef 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 4. 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 4. javeedii on solid rice media in the presence of different
halogen salts such as NaNOs;, Nal 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% NaNOs 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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Antifungal polyketide derivatives from the endophytic fungus Aplosporella
Jjaveedii

Published in: “Bioorganic & Medicinal Chemistry”
Impact factor: 3.073
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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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ARTICLE INFO ABSTRACT

Keywords: Six new polyketides aplojaveediins A-F (1-6) were isolated from the endophytic fungus Aplosporella javeedii

Aplosporella javeedii

associated with the host plant Orychophragmus violaceus (Brassicaceae). The structures of the new metabolites

Polyketides were elucidated by analysis of their NMR and MS data. Compound 1 exhibited antifungal activity against the

Antifungal activity
Antibacterial activity

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.

1. Introduction

Endophytic fungi are firmly established as sources of new bioactive
metabolites and have been shown to accumulate diverse groups of
compounds such as alkaloids, terpenoids, steroids, phenols, quinones,
xanthones, and peptides.">**° Due to this pronounced chemical di-
versity, endophytic fungi represent an important potential source of
new medicinal and biotechnological agents. During our ongoing re-
search on new bioactive secondary metabolites from endophytic
fungi,®” Aplosporella javeedii was isolated from stem tissue of Orycho-
phragmus violaceus (L.) O. E. Schul (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).%> It is recorded in
the TCM literature for dissipating swelling and for treating unknown
pyrogenic infections.'® In recent years, researchers also reported he-
patoprotective effects for this plant.'’ A. javeedii is a member of the
fungal family Aplosporellaceae and is usually associated with canker and
dieback disease of woody plants. It was first isolated and identified from
wood sections of Celtis africana Burm.f. (Cannabaceae) and Searsia
lancea (L.f.) F.A. Barkley (Anacardiaceae) in South Africa in 2013.'2
Other records are from China and came from woody trees of the Fa-
baceae, Cupressaceae,'> Rhamnaceae,'* and Moraceae.'> To our best
knowledge, this is the first record of A. javeedii from a host plant of the
Brassicaceae. Until now, there are no reports on secondary metabolites
of A. javeedii which prompted us to investigate this fungus. When grown

on solid rice medium A. javeedii yielded six new polyketides (1-6)
(Fig. 1). In this paper, we report the isolation and structure elucidation
of these polyketides, as well as their antifungal and antibacterial ac-
tivities.

2. Results and discussion

Compound 1 was obtained as colorless crystals, with UV absorptions
at Amax 208, 220 and 298 nm. Its molecular formula was established as
C;3H;503 on the basis of prominent pseudomolecular ion peaks at m/z
223.1332 [M+H]* and 221.1178 [M—H]* in the HRESIMS spectrum,
indicating five degrees of unsaturation. The "H NMR data of 1 (Table 1)
showed one aldehyde proton at 8y 10.01 (s, H-7), one aromatic proton
at 8y 6.24 (s, H-5), one aromatic methyl group at 8 1.99 (s, Me-8). The
13C NMR data of 1 (Table 1) displayed one aldehyde carbon at §c 194.1
(C-7) and six aromatic carbons at 8¢ 165.2 (C-2), 165.0 (C-6), 147.9 (C-
4), 112.7 (C-1), 110.2 (C-5), and 110.1 (C-3). The HMBC correlations
(Fig. 2) from H-7 to C-1, C-2, and C-6, from Me-8 to C-2, C-3, and C-4,
and from H-5 to C-1, C-3, and C-6 established the presence of a pen-
tasubstituted benzene ring with an aldehyde group and a methyl group
at C-1 and C-3, respectively. The remaining NMR data are characteristic
signals of a n-pentyl chain, which was further confirmed by the COSY
correlations between H,-9 (6 2.80)/H>-10 (6y 1.61), H>-10/H,-11 (6y
1.35), Hp-12 (8 1.36)/Me-13 (8 0.91) as well as by the HMBC cor-
relations from Me-13 to C-11 (8¢ 32.7) and C-12 (6¢ 23.5). In addition,

* Corresponding authors at: Institute of Pharmaceutical Biology and Biotechnology, Heinrich Heine University Diisseldorf, Universitétsstrasse 1, 40225 Diisseldorf,
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Fig. 1. Structures of new polyketides isolated from A. javeedii.

Table 1
'H and '3C NMR data for compounds 1-3 in methanol-d,.

NO. 1° 2° 3’

8¢, type Sy (J in 8¢, type Sy (J in 8¢, type* S8y (J in Hz)

Hz) Hz)

1 1127,C 112.7,C 1127, C

2 1652,C 165.3, C 165.3, C

3 1101, C 110.1, C 110.1, C

4 1479,C 147.8, C 147.6, C

5 110.2, CH 6.24,s 110.3,CH 6.25,s 110.3,CH 6.26,s

6  165.0,C 165.3, C 165.2, C

7 194.1, C 10.01, s 194.1, C 10.03, s 194.2, C 10.05, s

8 7.1, CH; 1.99, s 7.1, CH3 1.99, s 7.1, CH; 1.99, s

9  325CH, 2.80,m 325 CH, 282,m 325 CH, 288, ddd
(13.9, 9.5,
6.1)
2.81, ddd
(13.9, 9.3,
6.2)

10 33.7,CH, 1.61,m 33.8,CH, 1.64, m 30.0, CH, 1.80, m
1.67, m

11 32.7,CH, 1.35,m 26.7,CH, 1.44,m 34.0,CH, 1.59,m
1.43, m

12 235,CH, 1.36,m 33.4,CH, 1.56,m 729,CH 359 m
13 143,CH; 091,t 628 CH, 3551t  67.4,CH, 3.45,dd
6.9) (6.4) (11.1, 4.8)

3.42, dd

(11.1, 6.3)

2 Recorded at 300 (*H) and 75 MHz (*3C).
b Recorded at 600 (*H) and 150 MHz (**C).
¢ Data extracted from HSQC and HMBC spectra.

-— COS8sY
7 HMBC

Fig. 2. COSY and key HMBC correlations for compound 1.

the HMBC correlations from H-5 to C-9 (8¢ 32.5) and from H,-9 to C-3,
C-4, and C-5 indicated the location of the n-pentyl chain at C-4. The
substitution of two hydroxy group at C-2 and C-6 of the benzene ring
was suggested by the chemical shifts of C-2 and C-6 as well as the
molecular formula of 1. Thus, compound 1 was determined as 2,6-di-
hydroxy-3-methyl-4-pentylbenzaldehyde, for which the trivial name
aplojaveediin A is proposed.

The molecular formula of 2 was determined as C;3H;304 by the
HRESIMS data, containing an additional oxygen atom when compared
to 1. The NMR data of 2 (Table 1) were similar to those of compound 1
except for the replacement of signals of the terminal methyl group in
the side chain by signals of an oxygenated methylene resonating at d¢
62.8 (C-13) and 6y 3.55 (2H, t, J = 6.4 Hz, H,-13). The COSY corre-
lations between Hy-13/H,-12 (8y; 1.56), Hyp-12/H,-11 (8yy 1.44), Hy-11/

H,-10 (8y 1.64), H-10/H5-9 (8y 2.82) together with the HMBC cor-
relations from H,-13 to C-11 (8¢ 26.7) and C-12 (8¢ 33.4) indicated the
location of a hydroxy group at C-13 in the side chain of 2. Detailed
analysis of the 2D NMR spectra of 2 revealed that the remaining sub-
structure of 2 was identical to that of 1. Thus, the structure of 2 was
elucidated as shown.

Compound 3 has the molecular formula C;3H;505 as deduced from
the HRESIMS data, containing an additional oxygen atom when com-
pared to 2. Comparison of the NMR data of 2 and 3 (Table 1) suggested
that they are structurally similar. The major difference is the observa-
tion of an additional oxygenated methine at §¢ 72.9 (C-12) and 8§y 3.59
(H-12) in 3. Besides, the protons of the oxygenated methylene at C-13
appeared as two dd peaks in 3 instead of two triplet peaks in 2. The
above finding suggested the attachment of an additional hydroxy group
at C-12, which was further confirmed by the COSY correlations between
H,-13/H-12/H,-11/H5-10/H,-9. Due to the limited amount, the abso-
lute configuration at C-12 of 3 was not determined.

Aplojaveediin D (4) was found to have the molecular formula
C13H;60s on the basis of the HRESIMS data, accounting for six degrees
of unsaturation. Its 'H NMR data (Table 2) were similar to those of 1
but lacked signals of the terminal methyl group in the side chain.
Meanwhile, the >C NMR spectrum of 4 exhibited the signal of one
additional carbonyl carbon at §¢ 178.0 (C-13). The HMBC correlations
from Hy-12 (6y 2.32, t, J = 6.5 Hz) to C-13, C-11 (8¢ 25.9), and C-10
(8¢ 33.3), together with the COSY correlations between H,-12/H,-11
(Su 1.67) and between H,-10 (8y 1.66)/H»-9 (8y 2.84) indicated a
terminal carboxylic acid group in the side chain that replaced the me-
thyl substituent of compound 1. The remaining substructure of 4 was

Table 2
'H and '*C NMR data for compounds 4-6 in methanol-d,.
NO. 4" 5° 6"
8¢, type S8y (J in 8¢, type 8y (J in 8¢, type 8y (J in

Hz) Hz) Hz)

1 112.8,C 112.7,C 112.7,C

2 165.3, C 165.3, C 165.4, C

3 110.1, C 110.2, C 1102, C

4 147.5, C 147.3, C 147.2, C

5 110.2,CH  6.26, s 110.3,CH 6.25, s 110.1,CH 6.28, s

6 164.8, C 165.0, C 165.2, C

7 194.2, C 10.04, s 194.1, C 10.02, s 194.3, C 10.07, s

8 7.1,CH;  1.99,s 7.1,CH; 199, s 7.1,CH;  1.97,s

9 32.2,CH, 284,t 32.1, CH, 283,t 28.9,CH, 3.10,t
(7.0) (7.3) (7.8)

10 33.3,CH, 1.66, m 33.2,CH, 1.65,m 41.2,CH, 2.46,t

(7.8)

1 259, CH, 1.67,m 25.7,CH, 1.67,m 1818, C

12 35.0,CH, 2.32,t 34.4,CH, 2.36,t
(6.5) (7.0)

13 178.0, C 175.7, C

13-OMe 52.0, CH; 3.65, s

@ Recorded at 300 (*H) and 75 MHz (*3C).
b Recorded at 600 ('H) and 150 MHz (**C).
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identical to that of 1 as confirmed by detailed analysis of the 2D NMR
spectra of 4.

Compound 5 exhibited the molecular formula C;4H;30s5 as de-
termined by the HRESIMS data. The 'H and '*C NMR data of 5 were
similar to those of 4 (Table 2). Analysis of the 2D NMR spectra revealed
that both compounds shared the same benzene ring core structure.
Compound 5 was identified as the C-130-methyl derivative of 4, as
evident from the presence of an additional methoxy group at 8y 3.65
(3H, s) and 8¢ 52.0, together with the HMBC correlations from the
protons of this additional methoxy group and H,-12 (6y 2.36, t,
J = 7.0 Hz) to the carbonyl carbon at §¢c 175.7 (C-13), and from H,-12
to C-10 (8¢ 33.2) and C-11 (8¢ 25.7). Compound 5 could already be
detected in the HPLC chromatogram of the crude fungal extract which
argues for 5 being a natural product and not an artefact arising from 4
in the presence of MeOH. Moreover, incubation of 4 in MeOH for
several days at room temperature failed to yield 5.

The molecular formula of aplojaveediin F (6) was established as
C;11H;1205 from the HRESIMS data, requiring six degrees of unsatura-
tion. Comparison of the NMR data (Table 2) indicated compound 6 to
be closely related to compound 4 except for that the side chain of 6
lacked two methylene groups when compared to 4. The HMBC corre-
lations from H,-10 (8y 2.46, t, J = 7.8 Hz) to C-11 (§¢ 181.8) and C-4
(8¢ 147.2), and from H,-9 (§y; 3.10, t, J = 7.8 Hz) to C-11, C-3, C-4 and
C-5 as well as the COSY correlations between H,-10 and H,-9 indicated
the presence of a n-propanoic acid side chain at C-4 in 6. Thus, the
structure of 6 was elucidated as shown.

Compounds 1-6 were tested for their antibacterial activity against a
panel of bacterial strains. Compound 1 exhibited moderate anti-
bacterial activity against the sensitive Staphylococcus aureus strain
ATCC 29213, the methicillin-resistant and vancomycin intermediate
sensitive (MRSA/VISA) S. aureus strain ATCC 700699 and Bacillus
subtilis (ATCC 169) with minimal inhibitory concentrations (MICs) of
50, 50 and 25 pM, respectively. Compound 6 also exhibited moderate
antibacterial activity against S. aureus ATCC 29213 and ATCC 700699
with MICs of 25 and 50 uM, respectively. No or only a very weak an-
tibacterial effect was observed for compounds 1 and 6 against the other
tested bacterial strains (Table S1). Compounds 2-5 showed no anti-
bacterial activity.

In addition, compounds 1-6 were tested for their antifungal activity
against Candida albicans grown in the yeast or the hyphae form. While
compounds 2-6 were inactive, compound 1 exhibited antifungal ac-
tivity against the hyphae form of C. albicans strain ATCC 24433 with an
inhibition diameter of 8 mm in the agar plate diffusion assay at a
concentration of 1 mM. The compound was also active against the yeast
Saccharomyces cerevisiae resulting in an inhibition diameter of 18 mm
(Fig. S44). The MIC of compound 1 against the hyphae form of C. al-
bicans strain ATCC 24433 in liquid medium was 100 uM as determined
by the microbroth dilution assay. Moreover, compound 1 showed no
substantial cytotoxicity against the three tested human cell lines
(HUH7, THP-1, CLS-54) up to a concentration of 100 uM (Fig. 3). As an
extension of the antifungal assay, a time-kill assay was performed
(Fig. 4). Incubation of cells of the hyphae form of Candida albicans
strain ATCC 24,433 with compound 1 at 400 pM (=4-fold MIC) re-
sulted in a rapid decrease of viability by 3.5-log over a period of 6 h,
after which a plateau was reached. In contrast, the positive control
hygromycin B (474 pM = 4-fold MIC), which has antifungal activity
against C. candida,’®"” exhibited only a largely static growth inhibitory
effect (Fig. 4). This finding highlights the fungicidal property of com-
pound 1. When comparing the antifungal activity of compounds 1-6, it
is obvious that addition of polar groups to the side chain (2-5) as well
as shortening of the side chain (6) weakens the antifungal activity,
which might be due to hindered uptake by the fungus. Based on its
fungicidal activity and lack of cytotoxicity against human cells, com-
pound 1 could be a promising candidate for the development of new
antifungal agents.

Bioorganic & Medicinal Chemistry 28 (2020) 115456
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Fig. 3. Evaluation of cytotoxicity of compound 1 against different human cell
lines. (A) Effect against the human liver cell line HUH7, (B) the human lung
epithelial cell line CLS-54, and (C) the human monocytic leukemia cell line
THP-1. DMSO was used as solvent control, the antifungal compound hygro-
mycin B as reference. Data represent means from two replicates = standard
error.

3. Experimental
3.1. General experimental procedures

Optical rotations were measured with a Perkin-Elmer-241 MC po-
larimeter. NMR spectra were recorded at 25 °C on Bruker ARX 300 or
600 NMR spectrometers. Chemical shifts were referenced to the solvent
residual peaks. Mass spectra (ESI) were recorded with a Finnigan LCQ
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Fig. 4. Time-kill curve of compound 1 (400 uM, black) against the hyphae form
of Candida albicans strain ATCC 24433. The antifungal compound hygromycin B
(474 pM, red) was used as positive control; DMSO (blue) was used as the sol-
vent control. Colony forming units (CFU) were quantified after the indicated
time points of incubation. The medium was replaced after 6 h incubation with
fresh medium containing compounds at the initial concentration to avoid ef-
fects by potential compound degradation.

Deca mass spectrometer while HRESIMS were recorded with a UHR-
QTOF maXis 4G (Bruker Daltonics) mass spectrometer. HPLC analysis
was performed with a Dionex UltiMate-3400SD system with a LPG-
3400SD pump and a photodiode array detector (DAD 3000RS). The
analytical column (125 X 4 mm) was prefilled with Eurosphere-10 C;g
(Knauer, Germany). Semi-preparative HPLC was performed using a
Merck Hitachi HPLC System (UV detector L7400; pump L7100;
Eurosphere-100 C;g, 300 X 8 mm, Knauer, Germany). Normal phase
column chromatography included Merck MN silica gel 60 M
(0.04-0.063 mm) or Sephadex LH-20. TLC plates precoated with silica
gel Fasq (Merck, Germany) were used to monitor fractions following
column chromatography with UV detection at 254 and 366 nm or by
spraying the plates with anisaldehyde reagent followed by heating.
Distilled and spectral grade solvents were used for column chromato-
graphy and spectroscopic measurements, respectively.

3.2. Fungal material and identification

The endophytic fungus was isolated from fresh, healthy stems of O.
violaceus (L.) O. E. Schul (Brassicaceae), which were collected in April
2018 around Beijing, China. After 70% ethanol surface sterilization, the
disinfected stems were dissected into small pieces of 0.5 cm length and
placed on the fungal isolation medium (malt agar medium). The iso-
lation of the fungal strain was achieved according to a standard pro-
cedure as described before.'® It was identified as Aplosporella javeedii
according to the DNA amplification and sequencing of the ITS region as
described previously.'® The sequence data were submitted to GenBank
with the accession number MN720704. The fungal strain is kept in the
Institute of Pharmaceutical Biology and Biotechnology, Heinrich-Heine
University, Duesseldorf, Germany, with the ID code ZGB-B.

3.3. Cultivation, extraction and isolation

The fungus was cultivated on solid rice medium (100 g rice and
110 mL demineralized water) in ten Erlenmeyer flasks (1 L each). After
autoclaving at 121 °C for 20 min and cooling down to room tempera-
ture, the fungal strain was added and cultivated for 20 days. After the
fungus had completely overgrown the medium, the culture was ex-
tracted with 800 mL EtOAc followed by evaporation of the extract to
dryness. The obtained brown extract (10.5 g) was subjected to a silica
gel vacuum liquid chromatography column (VLC), using solvents in a
gradient of increasing polarity (n-hexane, EtOAc, CH,Cl,, MeOH) to
yield 12 fractions (V1 to V12). Fraction V3 (1.5 g) was subjected to a
silica gel column with a gradient of n-hexane and EtOAc (20:1 to
0:100), affording eight subfractions (V3-S1 to V3-S8). Subfraction V3-
S2 (80.2 mg) was purified by semi-preparative HPLC using MeOH-H,O
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(70:30 to 100:0) to give 1 (8.3 mg). Fraction V4 (1.1 g) was also se-
parated on a silica gel column with a n-hexane-EtOAc gradient (20:1 to
0:100), affording ten subfractions (V4-S1 to V4-S10). Subfraction V4-S2
(51.1 mg) was purified by semi-preparative HPLC using MeOH-H,O
(30:70 to 70:30) to give 5 (4.3 mg). Fraction V5 (235.9 mg) was sub-
jected to a Sephadex LH-20 column using CH,Cl,-MeOH (1:1) as eluent
to obtain seven subfractions (V5-S1 to V5-S7). Subfraction V5-S4
(27.8 mg) was purified by semi-preparative HPLC using MeOH-H,O
(30:70 to 70:30) to give 2 (3.6 mg) and 4 (10.5 mg). Fractions V7
(206.4 mg) and V8 (100.2 mg) were combined and further fractionated
using a Sephadex LH-20 column with CH,Cl,-MeOH (1:1) as eluent to
give four subfractions (V7-S1 to V7-S4). Subfraction V8-S3 (119.6 mg)
were subjected to a silica gel column with a CH,Cl,-MeOH gradient
(20:1 to 0:100), followed by purification with semi-preparative HPLC
using MeOH-H,0 (10:90 t070:30) as mobile phase to give 3 (2.0 mg).
Fraction V9 (1.0 g) was separated on a Sephadex LH-20 column using
CH,Cl,-MeOH (1:1) to yielded six subfractions (V9-S1 to V9-S6).
Subfraction V9-S4 (18.2 mg) was further purified by semi-preparative
HPLC using MeCN-H,0 (10:90 to 20:80) to give 6 (1.5 mg).

Aplojaveediin A (1): Colorless crystal; UV (MeOH) Apax 208, 220
and 298 nm; 'H and '*C NMR data, see Table 1; HRESIMS [M+H]* m/
z 223.1332 (caled for Ci3H;005 223.1334), [M—H]" m/z 221.1178
(caled for Cy3H;,05 221.1178).

Aplojaveediin B (2): Brown homogeneous oil; UV (MeOH) Apax 218
and 301 nm; 'H NMR and '3C NMR data, see Table 1; HRESIMS [M
+H]" m/z 239.1280 (caled for Cy3H;40, 239.1283), [M—H] m/z
237.1130 (caled for Cy3H;,04 237.1127).

Aplojaveediin C (3): Brown homogeneous oil; [@]® + 6 (c 0.2,
MeOH); UV (MeOH) Apax 206, 220 and 297 nm; 'H and '*C NMR data,
see Table 1; HRESIMS [M—H] m/z 253.1084 (calcd for C;3H;,05
253.1076).

Aplojaveediin D (4): Colorless crystal; UV (MeOH) Ap.x 220 and
300 nm; 'H and '*C NMR data, see Table 2; HRESIMS [M—H] m/z
251.0923 (calcd for Cy3H;505 251.0919).

Aplojaveediin E (5): Colorless crystals; UV (MeOH) Apax 208, 220
and 298 nm; 'H and **C NMR data, see Table 2; HRESIMS [M —H] m/z
265.1082 (caled for C14H;,05 265.1076).

Aplojaveediin F (6): White amorphous solid; UV (MeOH) Apax 220
and 297 nm; 'H and '3C NMR data, see Table 2; HRESIMS [M—H]" m/z
223.0607 (caled for Cy1H;; 05 223.0606).

3.4. Antibacterial assay

The antibacterial activities were tested by calculating the MICs
against Mycobacterium tuberculosis H37Rv, Staphylococcus aureus ATCC
29213, S. aureus ATCC 700699, Enterococcus faecalis ATCC 29212, E.
faecalis ATCC 51299, E. faecium ATCC 35667, E. faecium ATCC 700221,
Bacillus subtilis ATCC 169 and Escherichia coli ATCC 25922. The MIC
values were determined by the broth microdilution method following
the recommendation of the Clinical and Laboratory Standards Institute
(cLsn.*

3.5. Antifungal assay

Compounds were tested against the nosocomial pathogen Candida
albicans both grown in the yeast form and the hyphae form. The mi-
crobroth dilution method was done as recommended by CLSI guide-
lines.” Candida albicans was inoculated in YPD medium (yeast extract
10 g/L, peptone 20 g/L, p-glucose 20 g/L) and incubated at 37 °C with
shaking at 180 rpm overnight to obtain the yeast form. For the hyphae
form, YP + Proline medium (yeast extract 10 g/L, peptone 20 g/L,
proline 20 g/L) was used, and cells were incubated at 30 °C with
shaking at 60 rpm overnight. Afterwards, cells were seeded at a density
of 1 x 10° CFU/mL in 96 well microplate containing two fold serial
dilutions of compounds at a concentration ranging from 100 to 0.78 uM
in a total volume 100 uL. DMSO at a maximal concentration of 1% was
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used as solvent control, while hygromycin B served as antifungal po-
sitive control.'®!” The plates were incubated at 37 °C overnight aero-
bically as static cultures before being evaluated macroscopically. All
tests were repeated twice.

The disc diffusion method was used as an additional sensitivity test.
Briefly, a preculture of Candida albicans (hyphae form) was adjusted to
2 x 10® CFU/mL. Subsequently, 100 pL culture aliquots were plated
out on the surface of YP + Proline agar plates. Then, 5 uL of compound
1 (1 mmol/L, 10MIC) was spotted onto a sterile filter disc. Hygromycin
B (3.12 pg in 5 pL, 10MIC) was used as positive and DMSO (5 pL) as
negative control. The plates were incubated at 30 °C overnight aero-
bically. Subsequently, the inhibition zones were measured by a caliper.
All tests were repeated once.

3.6. Cytotoxicity assay

Cytotoxicity studies were conducted with three human cell lines
THP-1 (human monocytic leukemia cell line), CLS-54 (human lung
epithelial cell line), and HUH7 (liver cell line). The cells were cultured
in RPMI 1640 medium containing 10% fetal bovine serum (FBS) at
37 °C in a humidified atmosphere of 5% CO for 5 days. Afterwards, the
cells were suspended and adjusted to a density of 1 X 10° cells/ml. For
the adherent cell lines HUH7 and CLS-54, prior trypsinization was done
for cell detachment. Cells were then seeded into a 96-well plate in a
total volume of 100 puL containing 2-fold serial dilutions of the tested
compounds in a concentration ranging from 100 to 0.78 pM. DMSO and
hygromycin B were used as negative and positive controls, respectively.
After 48 h incubation at 37 °C in a humidified atmosphere of 5% CO,,
10 pL resazurin solution (100 pg/mL) was added to each well and in-
cubated for a further 4 h. A microplate reader (excitation 545 nm,
emission 590 nm) was used to measure the fluorescence. Residual
growth was calculated relative to uninoculated (0% growth) and un-
treated (100% growth) controls, respectively.

3.7. Determination of time-kill kinetic

Time-kill kinetic was tested for compound 1 against the hyphae
form of Candida albicans. A preculture grown in YP + Proline medium
was adjusted to a density of 3 X 107 CFU/ml and split into three ali-
quots, which were treated either with 4-fold MIC (400 uM) of com-
pound 1, hygromycin B (474 uM) as an antifungal positive control or
DMSO as the solvent control. After 0, 3, 6, 9 and 24 h incubation,
100 pL culture aliquots were taken and plated on YPD agar plates, and
CFU were quantified after overnight incubation at 30°C aerobically. In
order to avoid the potential degradation of compounds, the medium
was removed after 6 h incubation by centrifuging at 4000 rpm for
10 min and replaced with an equal volume of fresh medium containing
the respective compound at the initial concentration.
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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
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Fig. S4 "H-NMR (300 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
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Fig. S10 HPLC chromatogram of compound 2
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Fig. S11 '"H-NMR (300 MHz, methanol-d4) spectrum of compound 2

tss00

Hs000

5500

5000
4500
{-e000

3500
3000

2500
2000
(1500
(1000

o

F-s00

BET)
BET
pT
T
FT
EPT
b
T

10 as

=

1

SbT
b7
T
BFT
oF'T
057
=y
Z57
FST
$ST
55T
55T

5 20

30

s

20

—
45

957
857
957
£ST
65T
857

197 7
$9T
997
997
697
66T
o119
s
8¢
58¢
£5€
55%€
IS€

59
8o

+ T
55 X
71 {mmml

a(s)]
6.25
E,-CI

00T

T -
70 6.5

T
75

OH —~F
2
-
as S‘CI

a0

T
45

B (s)
10032
o

¥
&
2
10

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

5§ 8 8 2838 8 38 8 38 8 5 8 2 oo oo a0 aao 2 3
2 8 8 B R B R ¥ " @ 8 883 88 8888 88 = |
L P WP P A MR MU A P MU ML LU L uU U LA AL L L WP Y S
r
I s
FN) "
ey L5
G = _
e’ Le
Q08I ST°8b+,
ORI E L&
d0ak 2L'8p _
Q03I 006k ) Ie
Q0aW 626k |
Q0aM £5'6k | te
03 58°6k | _
6079 ra
&
F§
PTOTT [
€011 1"
(911 g
A
A
LLEVT— - g
Lg
£E'SAT [ -
9£'5a1” e
~ ,.m
Fg
PO'PET -
m &
Lg
]

1 {zam]

10

34



Chapter 2 Publication 1

Fig. S13 COSY spectrum of compound 2
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Fig. S15 HMBC spectrum of compound 2
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Fig. S17 HPLC chromatogram of compound 3
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Fig. S18 '"H-NMR (600 MHz, methanol-d4) spectrum of compound 3
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Fig. S20 HSQC spectrum of compound 3
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Fig. S21 HMBC spectrum of compound 3
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Fig. S22 HRESIMS of compound 3
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Fig. S23 HPLC chromatogram of compound 4
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Fig. S24 "H-NMR (300 MHz, methanol-d4) spectrum of compound 4
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Fig. S26 COSY spectrum of compound 4
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Fig. S28 HMBC spectrum of compound 4
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Fig. S30 HPLC chromatogram of compound 5
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Fig. $32 *C-NMR (75 MHz, methanol-ds) spectrum of compound 5
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Fig. S34 HSQC spectrum of compound 5
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Fig. S36 HRESIMS of compound 5
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Fig. S38 '"H-NMR (600 MHz, methanol-d4) spectrum of compound 6
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Fig. S40 COSY spectrum of compound 6
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Fig. S42 HMBC spectrum of compound 6
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Table S1 Minimum inhibitory concentrations (MIC) of the new compounds 1 and 6.

Bacterial strains 1 6

MIC (uM) MIC (uM)
Staphylococcus aureus (ATCC 29213 and 700699) 50 25 and 50
Enterococcus faecalis (ATCC 29212 and 51299) 100 >100
Enterococcus faecium (ATCC 35667 and 700221) 100 >100
Bacillus subtilis (ATCC 169) 25 not tested
Escherichia coli (ATCC 2469) 100 >100

Fig. S44 The inhibitory zone of compound 1 against Candida albicans ATCC 24433

(hyphae form) and Saccharomyces cerevisiae as evaluated by the disc diffusion method.

Candida albicans ATCC 24433 (hyphae form)

(diameter of 8 mm)

27
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51



Chapter 3 Publication 2

Chapter 3 Publication 2

Sesterterpenes and macrolide derivatives from the endophytic fungus

Aplosporella javeedii
Published in: “Fitoterapia”
Impact factor: 2.527

Contribution: First authorship, contributed to 70% of this publication. The first
author conducted most of the laboratory work including extraction, isolation,

acetylation experiments, literature research, and manuscript preparation.

Reprinted by permission from “Ying Gao, Fabian Stuhldreier, Laura
Schmitt, Sebastian Wesselborg, Lin  Wang, Werner E. G. Miiller, Rainer
Kalscheuer, Zhiyong Guo, Kun Zou, Zhen Liu, Peter Proksch (2020) Sesterterpenes
and macrolide derivatives from the endophytic fungus Aplosporella javeedii.”

Fitoterapia, 146, 104652. Copyright © 2020 Elsevier B.V.

52


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=Schmitt+L&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=Kalscheuer+R&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

Chapter 3 Publication 2

Fitoterapia 146 (2020) 104652

Contents lists available at ScienceDirect

Fitoterapia

journal homepage: www.elsevier.com/locate/fitote

Sesterterpenes and macrolide derivatives from the endophytic fungus
Aplosporella javeedii

Check for
Updates

Ying Gao®, Fabian Stuhldreier”, Laura Schmitt”, Sebastian Wesselborg”, Lin Wang®,
Werner E.G. Miiller, Rainer Kalscheuer®, Zhiyong Guo“, Kun Zou", Zhen Liu™", Peter Proksch™"*

“ Institute of Pharmaceutical Biology and Biotechnology, Heinrich Heine University Diisseldorf, Universitdtsstrasse 1, 40225 Diisseldorf, Germany

Y Institute of Molecular Medicine I, Medical Faculty, Heinrich Heine University Diisseldorf, Universitdtsstrasse 1, 40225 Diisseldorf, Germany

¢ Institute of Physiological Chemistry, Universitd dizin der Joh Gutenberg-Universitdt Mainz, 55128 Mainz, Germany

4 Hubei Key Laboratory of Natural Products Research and Development, College of Biological and Pharmaceutical Sciences, China Three Gorges University, Yichang
443002, China

ARTICLE INFO ABSTRACT

Keywords: Five sesterterpenes (1-5) including two new compounds (1 and 2), as well as a new (6) and a known macrolide
Aplosporella javeedii (7) were isolated from the endophytic fungus Aplosporella javeedii. The structures of the new compounds were
Sesterterpenes elucidated by analysis of their 1D and 2D NMR and HRMS data as well as by comparison with the literature.
Macrolides

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 ICs, values ranging from 6.2 to 12.8 uM, re-
spectively. Moreover, 4a and 4c exhibited also cytotoxicity against human leukemia (Jurkat J16) and lymphoma

Cytotoxicity
Antibacterial activity

Pro-apoptotic activit
pop Y (Ramos) cell lines. Compound 7 showed strong cytotoxicity against the L5178Y cell line, as well as against

human Jurkat J16 and Ramos cells with ICs, values of 0.4, 5.8, and 4.4 uM, 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 uM. Preliminary structure-activity relationships are discussed.

1. Introduction

Endophytic fungi are an important source of new natural products
with some of them showing pronounced biological activities and even
exhibiting new modes of action [1-5]. Recent examples from our group
include the mitochondrial toxin phomoxanthone A that disturbs the
inner mitochondrial membrane within seconds and shows strong an-
ticancer activity [6,7], as well as the unusual chlorinated flavonoid
chlorflavonin that shows strong antimycobacterial activity [8]. In the
search for new natural products from fungal endophytes ecologically
unique and less investigated habitats such as Mangrove swamps [9] or
newly discovered fungal species that have not been analyzed previously
with regard to their secondary constituents are of special importance.
During our ongoing studies on bioactive natural products from en-
dophytic fungi [10-13], we isolated the endophyte Aplosporella javeedii
from stem tissue of Orychophragmus violaceus (L.) O. E. Schul (Brassi-
caceae) collected in Beijing. This fungus was first described in 2013
[14], and has up to now hardly been studied with regard to its chemical

constituents. A first investigation of this fungus yielded a series of new
antifungal polyketide derivatives with some of them showing pro-
nounced activity against Candida albicans [15]. In continuation of our
study on A. javeedii, we report now five sesterterpenes (1-5) including
two new compounds (1 and 2) as well as a new (6) and a known
macrolide derivative (7) and their antibacterial and cytotoxic activities
(Fig. 1).

2. Results and discussion

Compound 1 was isolated as colorless oil. The molecular formula of
1 was established as C5H4004 based on the HRESIMS data, indicating
six degrees of unsaturation. The **C NMR spectrum of 1 displayed the
presence of 25 carbons including one ketone carbonyl (6 212.0, C-18),
six olefinic carbons, three oxygenated carbons, three aliphatic me-
thines, six methylenes, five methyls, and one aliphatic quaternary
carbon, accounting for four degrees of unsaturation. Thus, compound 1
was suggested to be bicyclic. The 'H and '>C NMR data of 1 (Table 1)

* Corresponding authors at: Institute of Pharmaceutical Biology and Biotechnology, Heinrich Heine University Diisseldorf, Universititsstrasse 1, 40225 Diisseldorf,

Germany.
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Fig. 1. Structures of isolated compounds from A. javeedii.

Table 1
'H and '*C NMR Data for compounds 1 and 2.
Position  1¢ 2
8¢, type Sy (J in Hz) Sc, type” Sy (J in Hz)

1 52.3,C 48.9, C

2 37.0, CH, 2.14, m, 2.08, m 33.8, CH, 2.30, dd (13.9,
9.0), 1.99, m

3 122.5,CH 5.25, t (7.8) 124.8,CH 5.26, t (8.1)

4 138.8, C 136.4, C

5 41.1,CH, 2.16,m, 2.11, m 40.8, CH, 2.13,m, 2.07, m

6 24.7,CH, 2.22,m 24.8,CH, 2.16,m

7 125.3,CH 5.19, m 126.1, CH 5.16, m

8 133.9, C 133.4, C

9 36.0, CH, 2.06, m, 1.82, m 36.1, CH, 2.01, m, 1.84, m

10 31.2,CH, 1.77,m, 1.62, m 31.1, CH, 1.79, m, 1.59, m

11 77.5,CH  3.90, dd (9.9, 4.4) 77.6,CH  3.84,dd (10.7,
3.9)

12 136.5, C 134.4, C

13 132.1,CH 5.18, m 1329,CH 5.13, m

14 25.3,CH, 2.25,m, 2.14, m 249, CH, 2.04,m,1.93, m

15 43.0,CH 2.29,m 448, CH  1.96,m

16 46.7, CH 2.06, m 50.3, CH 2.06, m

17 77.6,CH  4.07,d (13.1) 74.2,CH  3.87,dd (8.0, 6.7)

18 212.0,C 80.7, CH 3.59, d (6.8)

19 19.0, CH; 1.01,s 21.8,CH; 1.04,s

20 15.9, CH; 1.66, s 15.8, CH; 1.64,s

21 15.6, CH; 1.64,s 15.0,CH; 1.62,s

22 10.8, CH; 1.57,s 10.8, CH; 1.56, s

23 37.3,CH 2.00, m 36.6, CH 1.81, m

24 67.3,CH, 3.61, dd (10.5,4.4), 3.41, 67.6, CH, 3.56, dd (10.5,

dd (10.5,6.6) 3.9)

3.23, dd (10.5,
7.5)

25 15.7,CH; 1.20, d (6.7) 15.9, CH; 1.14,d (6.6)

@ Recorded at 600 MHz (*H) and 150 MHz (*3C) in CD5OD.
Y Data extracted from HSQC and HMBC spectra.

- COSY ~~ HMBC

Fig. 2. Key COSY and HMBC correlations for compound 1.

were similar to those of the co-isolated known bicyclic sesterterpene,
(—)-terpestacin (3) [16,17]. Compound 1 differed from 3, however, by
the presence of two additional protons at 8y 4.07 (H-17) and 2.06 (H-
16). The observed COSY correlations between H-17/H-16, H-16/H-15
(8y 2.29), along with the HMBC correlations from H-17 to C-18 and C-
23 (8¢ 37.3), and from Me-25 to C-16 (8¢ 46.7), C-23, and C-24 (¢
67.3), indicated the disappearance of the double bond at C-16/C-17 of 3
in compound 1 (Fig. 2). Detailed analysis of the 2D NMR spectra of 1
revealed that the remaining substructure of 1 was identical to that of 3.
Thus, compound 1 was identified as a 16,17-dihydro-(—)-terpestacin
derivative, for which the trivial name terpestacin B is proposed. The
three double bonds in 1 were E-configurated as evident from the NOE
correlations between H-3 (8y 5.25)/H-5b (8 2.11), Me-20 (8y 1.66)/H-
2b (8y 2.08), H-7 (6y 5.19)/H-9b (6y 1.82), Me-21 (6y 1.64)/H-6 (6u
2.22), H-13 (8 5.18)/H-11 (8, 3.90), and Me-22 (8 1.57)/H-14b (8,
2.14). The large coupling constant (13.2 Hz) between H-17 and H-16
indicated their trans orientation. The ROESY correlations between H-
17/H-14b, H-14b/Me-22, Me-22/Me-19, Me-19/H-14b suggested that
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Fig. 3. Key ROESY correlations for compound 1.

these substituents were on the same face of the ring, whereas the
ROESY relationship between H-16/H-15, H-15/H-13, H-13/H-11 in-
dicated that these protons were on the opposite side of the ring (Fig. 3).
Thus, the relative configuration of compound 1 was assigned as 1S*,
11S* 15R*, 16R*, 17R*, 23S*. Considering the close biogenetic re-
lationship between 1 and 3, the absolute configuration of 1 may be
tentatively assigned as 1S, 115, 15R, 23S which is identical to that of 3
for which the absolute configuration had been earlier confirmed by X-
ray crystallographic analysis [18] and total enantioselective synthesis
[19-22].

On the basis of the HRESIMS data, the molecular formula of com-
pound 2 was determined as CysH4204, containing two additional pro-
tons when compared to 1. The NMR data (Table 1) of 2 were similar to
those of 1 except for the replacement of the ketone moiety by an ad-
ditional oxygenated methine (§c 80.7 and 8y 3.59, CH-18) in 2. The
location of this additional methine at C-18 was confirmed by the COSY
correlations between H-18/H-17 (8y 3.87), H-17/H-16 (54 2.06), H-16/
H-23 (6y 1.81), and H-23/Me-25 (§y 1.14) in addition to the HMBC
correlations from H-18 to C-2 (8¢ 33.8), C-15 (8¢ 44.8), C-16 (8¢ 50.3)
and C-19 (8¢ 21.8). The remaining substructure of 2 was determined to
be identical to that of 1 by analysis the 2D NMR data of 2. Thus, the
structure of compound 2 was elucidated as shown, for which the trivial
name terpestacin C is proposed. In the ROESY spectrum of 2, H-18
exhibited correlations to H-17 and Me-19 (8y 1.04), indicating that
those protons have the same orientation. Based on the similar NOE
correlations and the biogenetic relationship to the known compound 3,
the relative configuration of 2 was assigned as 15*, 11S*, 15R*, 16R*,
17R*, 18S*, 23S*. Based on the close biogenetic relationship of both
compounds the relative configuration of 2 probably matches its abso-
lute configuration like in the case of 1.

The molecular formula of compound 6 was established as C;4H5404
by HRESIMS, indicating three degrees of unsaturation. The *C NMR
spectra of 6 exhibited one ester carbonyl carbon at §¢c 168.7 (C-2), two
olefinic carbons at §c 152.7 (C-4) and 121.4 (C-3), three oxygenated
carbons at §¢ 71.9 (C-14), 71.0 (C-5), and 70.1 (C-8), and one methyl
group at §c 20.7 (C-15) in addition to seven aliphatic methylenes
(Table 2). Detailed analysis of the 2D NMR spectra indicated that 6 was
similar to the co-isolated known compound mutolide (7) [23,24] as
well as to the previously reported macrolide, pestalotioprolide C [10].
This was further confirmed by the COSY correlations between H-3/H-4,
H-4/H-5, H-5/H,-6, Hy-6/H,-7, Hy-7/H-8, H-8/H,-9, Hy-10/H,-11, H,-
12/H,-13, H,-13/H-14, H-14/Me-15, along with key HMBC
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Table 2
'H and '*C NMR Data for compound 6."
position 8¢, type 8y (J in Hz)
2 168.7, C
3 121.4, CH 6.03, dd (15.8, 1.5)
4 152.7,CH  6.93, dd (15.8, 5.4)
5 71.0, CH 4.48, m
6 31.9,CH,  1.89, ddt (14.7, 9.5, 2.7), 1.81, dddd (14.7, 8.2, 6.0, 2.5)
7 31.1, CH, 1.69, m, 1.30, m
8 70.1, CH 3.45, m
9 355, CH, 1.45,m, 1.32, m
10 25.1, CH, 1.49, m, 1.32, m
11 27.0,CH,  1.25,m
12 24.4,CH, 1.56,m,1.23, m
13 352, CH, 1.66,m
14 71.9, CH 5.00, dqd (8.2, 6.3, 4.6)
15 20.7, CH3 1.28, d (6.3)

@ Recorded at 600 MHz (*H) and 150 MHz (*3C) in CD30D.

correlations from H-8 to C-10, from H,-13 to C-11, and from H-3, H-4,
and H-14 to C-2. Thus, compound 6 was identified as 6,7,9,10-tetra-
hydromutolide. The large coupling constant (15.8 Hz) between H-3 and
H-4 indicated E configuration for the double bond. The relative con-
figuration at C-5, 8, and 14 of 6 cannot be directly deduced from the
ROESY spectrum due to the flexibility of the macrocyclic ring and
overlapping signals in the 'H NMR spectrum. The absolute configura-
tion of mutolide (7) had been determined as 58, 8S, and 14R by X-ray
analysis [23]. 6,7,9,10-Tetrahydromutolide (6) is suggested to share the
same configuration at C-5, 8, and 14 as 7 due to their close biogenetic
relationship.

The remaining compounds were identified as the known ses-
terterpenes, fusaproliferin (4) [25,26] and 24-a-D-glucosyl-(—)-ter-
pestacin (5) [27]. All sesterterpenes (1-5) isolated in this study ex-
hibited the same skeleton. Terpestacin (3) had been first isolated from
Arthrinium sp. [16] and showed anti-HIV [16], anti-angiogenic [28],
anti-cancer [29,30], as well as anti-fungal [25] activities. Fusaproliferin
(4) is an acetic acid ester of terpestacin and is known for its phytotoxic
[31] and anti-cancer activity [32].

All isolated compounds (1-7) were tested for their antibacterial
activities against Mycobacterium tuberculosis H37Rv, Staphylococcus
aureus ATCC 29213 and Acinetobacter baumannii BAA1605. Compounds
3, 4 and 7 showed low antibacterial activities against M. tuberculosis
and compound 6 against S. aureus, respectively, with MICs of 100 uM.
All other compounds were not active in these assays. All isolated
compounds were also tested for their cytotoxicity against the mouse
lymphoma cell line L5178Y as well as against human leukemia (Jurkat
J16) and lymphoma (Ramos) cell lines (Table 3). Fusaproliferin (4)

Table 3
Cytotoxicity (ICso, M) of isolated and semisynthetically derived compounds
against L5178Y, Ramos and Jurkat J16 cell lines.

Compound L5178Y72h Ramos’24h Ramos72h Jurkat Jurkat
J16°24h  J16

72h
1 - > 20 > 20 16.5 16.5
2 14.8 19.4 > 20 > 20
3 - - - - -
4 10.8 121 10.4 > 20 13.4
4a 6.2 15.3 12.6 18.2 13.2
4b 12.8 > 20 4.8 > 20 10.5
4c 11.0 12.0 4.6 18.1 15.9
5 - - - - -
6 - - - - -
7 0.4 4.4 0.8 5.8 1.4

@ Kahalalide F (ICso = 4.3 uM) was used as positive control.
b Staurosporine (STS, ICso = 2.5 pM) was used as positive control.
Not active.
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exhibited cytotoxicity with an ICs, value of 10.8 uM against the L5178Y
cell line after 72 h of incubation, whereas (—)-terpestacin (3) was in-
active in comparison. The presence of an acetyl function in fusaproli-
ferin (4) thus increases the cytotoxicity compared to the hydroxyl
analogue 3. Based on this result the diacetyl derivatives 4a and 4b and
the triacetyl derivative 4c of fusaproliferin (4) were prepared by acet-
ylation of 4. Compounds 4a, 4b, 4c exhibited ICs, values of 6.2, 12.8,
and 11.0 uM against the L5178Y cell line after 72 h of incubation, re-
spectively. Whereas 4b and 4c were almost equipotent to the parent
compound fusaproliferin (4), acetylation of the hydroxy group at C-17
increased the cytotoxicity of 4a compared to 4 against the L5178Y cell
line. In the human lymphoma (Ramos) cell line, compounds 2, 4, 4a,
and 4c exhibited ICs, values of 14.8, 12.1, 15.3, and 12.0 uM after 24 h
of incubation, respectively, whereas compounds 1, 4a, and 4c showed
cytotoxicity against the human leukemia (Jurkat J16) cell line with ICsq
values of 16.5, 18.2, and 18.1 uM after 24 h of incubation, respectively.
Thus, 4a and 4c showed cytotoxicity against both human cell lines,
whereas 4b was inactive (ICso > 20 uM) against both cell lines in
comparison.

The macrolide mutolide (7) displayed strong cytotoxicity against
the L5178Y cell line with an ICso value of 0.4 uM after 72 h of in-
cubation, which was ten times lower than that of the positive control
kahalalide F (ICso 4.3 uM), whereas compound 6 was inactive in
comparison. The absence of double bonds at A%” and 4°'° in the 14-
membered ring of 6 apparently leads to a complete loss of cytotoxicity
compared to 7. Mutolide (7) showed also significant cytotoxicity
against the human leukemia (Jurkat J16) and lymphoma (Ramos) cell
lines. After 24 h incubation, the ICs, values of mutolide (7) against
Jurkat J16 and Ramos cells were 5.8 and 4.4 uM, respectively whereas
after 72 h of incubation these values dropped to 1.4 and 0.8 uM re-
spectively. Mutolide (7) has been reported as an anti-inflammatory
compound which exerts its anti-inflammatory effect via NF-xB inhibi-
tion [24]. The compound, however, showed also pro-apoptotic activity
in this study. Apoptosis is the process of programmed cell death which
leads to the elimination of damaged cells. Dysregulation of apoptosis is
a significant factor in many human diseases such as cancer [33,34]. In
order to evaluate the pro-apoptotic mechanism of mutolide (7), we
performed an immunoblot analysis for the cleavage of the caspase-
substrate poly (ADP-ribose) polymerase-1 (PARP-1) [11]. Caspases are
cysteine-dependent aspartate-directed proteases and act as central ex-
ecutioners of the apoptotic machinery. During apoptosis PARP1 is
cleaved upon activation of effector caspases such as caspase-3 that
comprises a point of convergence of extrinsic and intrinsic apoptosis
pathways [34]. In the Western blot experiment in the Ramos cell line,
treatment of cells with 10 uM mutolide (7) for 2-8 h lead to an explicit
cleavage of PARP-1, indicating the activation of caspase-3 and induc-
tion of apoptosis (Fig. 4). Furthermore, processing of the fluorogenic
caspase-3 substrate Ac-DEVD-AMC was detected, which can identify
and quantify caspase-3 activity in apoptotic cells. After treatment with
mutolide (7) at concentrations up to 10 uM cleavage of Ac-DEVD-AMC
was observed within a few hours, which is an additional proof for

Ctrl. 10 uM Mutolide
8h 2h 4h 6h 8h
o <pl116

PARP1

— — | <] D85

TUBA4A b a9 ) B9

Fig. 4. Mutolide (7) induces apoptosis in Ramos cell line (Burkitt's lymphoma B
lymphocytes). After incubation for 2-8 h, cleavage of PARP was determined by
Western blot analysis. Solid arrowheads indicate the uncleaved form of PARP,
open arrowheads indicate the cleaved form. The expression of TUBA4A was
determined as protein loading control. Negative control (Ctrl.) was 0.1%
DMSO.
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Fig. 5. The kinetics of caspase-3 activation in (A) Ramos cells (Burkitt's lym-
phoma B lymphocytes) and (B) Jurkat J16 cells (acute T cell leukemia cells)
after treatment with indicated concentrations of mutolide (7). Caspase-3 ac-
tivity was measured by the rate of cleavage of Ac-DEVD-AMC. Cells treated with
staurosporine (STS, ICso = 2.5 pM) were used as positive control. Cells treated
with 0.1% DMSO were used as negative control and set to 0. Data shown are the
mean *+ SD from a representative experiment performed in triplicate.

mutolide (7)-induced apoptosis (Fig. 5). Mutolide (7) is thus of interest
for further studies on anticancer activity.

3. Experimental section
3.1. General experimental procedures

Optical rotations were measured using a Perkin-Elmer-241 MC po-
larimeter. 'H, '*C and 2D NMR spectra were recorded at 25 °C in
CD30D on a Bruker ARX 600 NMR spectrometer. Chemical shifts were
referenced to the solvent residual peaks. Mass spectra (ESI) were
measured on a Finnigan LCQ Deca XP Thermoquest mass spectrometer
(Bremen, Germany). HRESIMS data were recorded with a UHR-QTOF
maxis 4G (Bruker Daltonics) mass spectrometer. HPLC analysis was
performed with a Dionex UltiMate-3400SD system with a LPG-3400SD
pump and a photodiode array detector (DAD 3000RS), using the routine
detection channels at 235, 254, 280 and 340 nm. The analytical HPLC
column (125 x 4 mm) was prefilled with Eurosphere-10 C;g (Knauer,
Germany). Semi-preparative HPLC was carried out on a Merck Hitachi
HPLC system (UV detector L7400; pump L7100; Eurosphere-100 Cg,
300 x 8 mm, Knauer, Germany). TLC plates precoated with silica gel
Fos4 (Merck, Germany) were used for analysis of fractions under 254
and 366 nm or after spraying the plates with anisaldehyde reagent
followed by heating. Merck MN silica gel 60 M (0.04-0.063 mm) or
Sephadex LH-20 were used for column chromatography. Distilled or
spectral grade solvents were used for column chromatography and
spectroscopic measurements, respectively.

3.2. Fungal material and identification

The endophytic fungus was isolated from fresh, healthy stem tissue
of Orychophragmus violaceus (L.) O. E. Schul (Brassicaceae), which was
collected in April 2018 in Beijing, P.R. China. The isolation of the
fungal strain was achieved according to a standard procedure as de-
scribed before [35]. It was identified as Aplosporella javeedii according
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to DNA amplification and sequencing of the ITS region with the Gen-
Bank accession number MN720704. The fungal strain (ID code ZGB-B)
is kept in the Institute of Pharmaceutical Biology and Biotechnology,
Heinrich-Heine University, Duesseldorf, Germany.

3.3. Cultivation, extraction and isolation

The fungus was cultivated in ten 1 L Erlenmeyer flasks on solid rice
medium (100 g rice and 110 mL demineralized water). After auto-
claving at 121 °C for 20 min and cooling down to room temperature, the
fungal strain was added. After growing for around 20 days, the fungal
cultures were extracted with 800 mL EtOAc each which resulted in a
brown extract (10.5 g). Silica gel vacuum liquid column chromato-
graphy (VLC) was used for the separation of the crude extract. Using
solvents of increasing polarity (n-hexane, EtOAc, CH2Cl,, and MeOH),
12 fractions (V1 to V12) were obtained in total. Fraction V4 (1.1 g) was
separated on a silica gel column with a n-hexane-EtOAc gradient (20:1
to 0:100), affording ten subfractions. Subfraction V4-S4 (165.5 mg) was
purified by semi-preparative HPLC using MeOH-H,O (70:30 to 95:5) to
give 4 (56.6 mg). Fraction V5 (235.9 mg) was subjected to a Sephadex
LH-20 column using CH,Cl,-MeOH (1:1) as eluent to obtain seven
subfractions. Subfraction V5-S2 (48.8 mg) was purified by semi-pre-
parative HPLC using MeOH-H,0 (70:30 to 93:7) to give 3 (8.7 mg).
Fraction V6 (261.4 mg) was separated on a Sephadex LH-20 column
using CH,Cl,-MeOH (1:1) as eluent to obtain six subfractions.
Subfraction V6-S3 (88.6 mg) was purified by semi-preparative HPLC
using MeOH-H,0 (30:70 to 55:45) to give 1 (1.8 mg), 6 (3.0 mg), and 7
(2.5 mg). Fractions V7 (206.4 mg) and V8 (100.2 mg) were combined
and applied to a Sephadex LH-20 column with CH,Cl,-MeOH (1:1) as
eluent, followed by purification using semi-preparative HPLC with
MeOH-H,0 (40:60) as mobile phase to give 2 (3.7 mg). Fraction V9
(1.0 g) was separated on a Sephadex LH-20 column using CH,Cl,-MeOH
(1:1) to give six subfractions. Subfraction V9-S3 (102.8 mg) was sub-
jected to a silica gel column with a CH,Cl,-MeOH gradient (20:1 to
0:100), followed by purification using semi-preparative HPLC with
MeOH-H,0 (75:25) as mobile phase to afford 5 (2.0 mg).

Terpestacin B (1): Colorless oil; [alp?® — 68 (¢ 0.2, MeOH); UV
(MeOH) Amax 201 nm; 'H and '*C NMR data, see Table 1; HRESIMS
[M + Nal* m/z 427.2821 (calcd for Cp5H,4004Na 427.2819).

Terpestacin C (2): Colorless oil; [oz]D20 — 537 (¢ 0.2, MeOH); UV
(MeOH) Amax 201 nm; 'H and '*C NMR data, see Table 1; HRESIMS
[M + Nal]* m/z 429.2982 (calcd for CosH4204Na 429.2975).

6,7,9,10-Tetrahydromutolide (6): Colorless powder; [alp?® — 29 (¢
0.2, MeOH); UV (MeOH) Amax 212 nm; 'H and '®C NMR data, see
Table 2; HRESIMS [M + Nal]* m/z 279.1570 (caled for C;4H,,04Na
279.1567).

3.4. Acylation of compound 4

To compound 4 (14.7 mg) was added acetic anhydride (1 mL) fol-
lowed by stirring overnight at room temperature. Then the mixture was
washed with nanopure water (1 mL). The organic layer was evaporated
under vacuum and gave a colorless oil. The resulting oil was separated
by semi-preparative HPLC using MeCN-H,0 (50:50 to 85:15) to give 4
(0.7 mg, residual), 4a (3.1 mg), 4b (1.5 mg), and 4c (4.7 mg). The
structures of the semisynthetic compounds 4a, 4b and 4c were eluci-
dated by interpretation of their NMR and MS spectra and by compar-
ison with the spectra of the parent compound 4.

Compound 4a: Colorless oil; [a]p?® — 17 (¢ 0.2, MeOH); UV
(MeOH) Amax 202 and 236 nm; ESIMS [M-H,O + H]* m/z 469.3,
[2M + Nal* m/z 995.5; 'H NMR (600 MHz, CD50D) § 5.39 (m, 1H),
5.32 (dd, J = 10.4, 5.0 Hz, 1H), 5.17 (m, 1H), 4.20 (dd, J = 10.8,
6.4 Hz, 1H), 4.17 (dd, J = 10.8, 8.1 Hz, 1H), 3.99 (dd, J = 9.7, 4.1 Hz,
1H), 2.99 (m, 1H), 2.92 (dd, J = 11.0, 2.4 Hz, 1H), 2.48 (m, 1H),
2.35-2.28 (m, 3H), 2.25 (s, 3H), 2.17-2.04 (m, 4H), 2.00 (s, 3H),
1.86-1.75 (m, 3H), 1.65 (s, 6H), 1.58 (s, 3H), 1.27 (d, J = 7.1 Hz, 3H),
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1.02 (s, 3H).

Compound 4b: Colorless oil; [alp®® — 35 (¢ 0.2, MeOH); UV
(MeOH) Amax 201 and 263 nm; ESIMS [M + Nal* m/z 509.5; 'H NMR
(600 MHz, CDs0D) § 5.53 (m, 1H), 5.33 (dd, J = 10.5, 5.0 Hz, 1H),
5.23-5.20 (m, 1H), 5.19 (dd, J = 10.3, 3.8 Hz, 1H), 4.30 (dd, J = 10.4,
8.1 Hz, 1H), 4.25 (dd, J = 10.4, 6.7 Hz, 1H), 2.80 (m, 1H), 2.73 (dd,
J = 11.3, 2.3 Hz, 1H), 2.42 (m, 1H), 2.37-2.29 (m, 3H), 2.17-2.07 (m,
3H), 2.00 (s, 3H), 1.99 (s, 3H), 1.95 (ddd, J = 18.0, 11.4, 7.7 Hz, 1H),
1.86-1.82 (m, 1H), 1.78-1.75 (m, 1H), 1.70 (dd, J = 13.7, 4.8 Hz, 1H),
1.66 (s, 3H), 1.65 (s, 3H), 1.59 (s, 3H), 1.29 (d, J = 7.1 Hz, 3H), 0.96 (s,
3H).

Compound 4c: Colorless oil; [a]lp?® — 41 (¢ 0.2, MeOH); UV
(MeOH) Amax 205 and 236 nm; ESIMS [M + Na]* m/z 551.5; 'H NMR
(600 MHz, CD30D) § 5.53 (m, 1H), 5.34 (dd, J = 10.3, 5.4 Hz, 1H),
5.21 (m, 1H), 5.19 (dd, J = 10.2, 4.0 Hz, 1H), 4.20 (dd, J = 10.8,
6.3 Hz, 1H), 4.15 (dd, J = 10.8, 8.2 Hz, 1H), 2.98 (m, 1H), 2.93 (dd,
J = 11.0, 2.5 Hz, 1H), 2.47 (m, 1H), 2.37-2.28 (m, 3H), 2.25 (s, 3H),
2.19-2.06 (m, 4H), 2.00 (s, 3H), 1.99 (s, 3H), 1.88-1.82 (m, 2H),
1.79-1.76 (m, 1H), 1.67 (s, 3H), 1.66 (s, 3H), 1.61 (s, 3H), 1.25 (d,
J = 7.1 Hz, 3H), 1.01 (s, 3H).

3.5. Cytotoxicity and apoptosis assays

The cytotoxicity against the L5178Y mouse lymphoma cell line
(European Collection of Authenticated Cell Cultures, Catalogue No.
87111908) was tested using the MTT method as described previously
[36]. Kahalalide F was used as positive control (ICso 4.3 tM) and media
with 0.1% DMSO were used as negative control. The cytotoxicity
against adult lymphoblastic leukemia T cells (Jurkat J16, No. ACC-282)
and Burkitt's lymphoma B cells (Ramos, No. ACC-603) was tested as
described previously [11]. The protein kinase inhibitor staurosporine
(STS, #S5921) was used as positive control for apoptosis, while media
with 0.1% DMSO were used as negative control. Activation of caspase-3
as a hallmark of apoptosis was determined as described earlier. Briefly,
fluorescence of the pro-fluorescent caspase-3 substrate Ac-DEVD-AMC
(Biomol, #ABD-13402) was measured via microplate spectro-
photometer and served as an indirect measure of apoptotic cell death
[37]. All experiments were carried out in triplicate.

3.6. Antibacterial assay

The antibacterial assay was performed with the broth microdilution
method following the recommendation of the Clinical and Laboratory
Standards Institute (CLSI) [38]. The antibacterial activity was evaluated
by calculating the MIC against a panel of Gram positive and negative
bacterial strains including Mycobacterium tuberculosis H37Rv, Staphylo-
coccus aureus ATCC 29213, and Acinetobacter baumannii BAA1605. MICs
of 50-100 puM are considered to reflect a weak activity, whereas
MIC > 100 uM is considered inactive.
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Fig. S1 HPLC chromatogram of compound 1
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Fig. S2 '"H-NMR (600 MHz, methanol-d4) spectrum of compound 1
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Fig. S4 COSY spectrum of compound 1

- __f}L_J__IJ_JL
®
)
@
= e

65 5.0 55 50 45 40 35 30 25 20 15 io s g
T2 (mam]

Fig. S5 HSQC spectrum of compound 1

L
o TEg -
- -
—

B T T I L T e

90 &85 @0 75 70 &5 &0 55 50 45 40 35 30 23 0 15 10 45 00
2 {pam]

ria

135

20

25

r3a

35

40

45

54

ﬁ.._JL_ﬁ.. _ ._|J__J|,ﬁ,l}|_ _ __H__ﬁ‘,‘u) o

r20

30

40

s

60

74

raa

raa

L ppiny

1 {ppim}

63



Chapter 3 Publication 2

L

L

-
—_—
E—
—_—

_Nr-'n“ Ao, _J‘ L»". R | R R

¢

T LS S s e S B S T T T T LM S B s m e s S
29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 09 08 47 06 0.5 04 03 0.2 04 440
2 (mam]
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Fig. S7 ROESY spectrum of compound 1
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Fig. S9 HPLC chromatogram of compound 2
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Fig. S10 'H-NMR (600 MHz, methanol-d4) spectrum of compound 2
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Fig. S12 HSQC spectrum of compound 2
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Fig. S14 ROESY spectrum of compound 2
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Fig. S16 HPLC chromatogram of compound 6
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Fig. S17 '"H-NMR (600 MHz, methanol-ds) spectrum of compound 6
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Fig. S19 COSY spectrum of compound 6
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Fig. S21 HMBC spectrum of compound 6
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Fig. S23 HRESIMS of compound 6
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Fig. S24 HPLC chromatogram of compound 4a
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Fig. S25 '"H-NMR (600 MHz, methanol-d4) spectrum of compound 4a
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Fig. S27 HPLC chromatogram of compound 4b
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Fig. S28 'H-NMR (600 MHz, methanol-d4) spectrum of compound 4b
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Fig. S30 HPLC chromatogram of compound 4¢
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Fig. S31 'H-NMR (600 MHz, methanol-d4) spectrum of compound 4¢
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Induction of new lactam derivatives from the endophytic fungus Aplosporella
javeedii through an OSMAC approach
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Induction of New Lactam Derivatives
From the Endophytic Fungus
Aplosporella javeedii Through an
OSMAC Approach
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Fearmentation of the endophyiic fungus Aplosporeds fEveedi on solid fics medium in
presence of aither 3.5% NaMNOy or 3.5% monosodium gutamate causad a significant
change of the fungal metabolite pattern compared to fungal controls grown only on rice.
Chamical investigation of the former fungal ecdracts yielded 11 new actam dervatives,
aplosporaline A-K (2-12), In addiion to the known compound, pramanicin & {1). All
of these compounds were not datectad wihen the fungus was grown on rico madiam
without these activators thereby indicating the power of this OSMAC approadh. The
structures of the new compounds were elucidated by ona- and two- dimensional
MMR spociroscopy, DFT-MMR calculations and by mass speciromedry as well as by
comparison with the lerature whereas the absolute configuration of the actam core
was determined by TDDFT-ECD and OR caloulations. Pramanicin A (1) showed strong
cytotoedcity against human mphoma (Ramos) and leukemia (Jurkat J16) calls with 1Cgg
vales of 4.7 and 4.4 pM, respectively. Mechanistic studies indicated that 1 activates
caspase-3 and induces apoptolic cal death.

Kaywords: Anosporcily (svocol, lackm dorvatives, DSMAC approach, DFT-NMIR, TOOFT-ECD, OR caloulytions,
apoptosis

INTRODUCTION

Endophytic fungi have been proven to be importamt sources for bioprospecting for new
pharmaceutical lead compounds (Frank et al, 2015; Ancheeva et al, 2018; Bohler et al, 2018;
Fehberg et al., 2018). However, conventional screening of endophytes that had been cultivated
under standard laboratory conditions often fails to reveal the full bicsynthetic potential of fungi
and leads to re-isolation of already known metabolites. Strategies to activate silent biosynthetic gene
clusters that are not expressed using conventional fermentation methods include co-cultivation of
fungi with bacteria or the so called OSMAC (One Strain Many Compounds) approach (Daletos
et al, 2017). The OSMAC approsch makes use of altering culivation parameters such as medium
composition {carbon/nitrogen ratio, salfinity, metal ions), physical parameters (temperature, pH,
oxygen condition ), or addition of enzyme inhibitorsinducers and biosymthetic precursors in order
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to activate silent biosynthetic gene dusters and to expand
the metsbolite patiern produced by endophytes (Bode et al,
2002; Pan et al, 20019} Recent successfisl examples of OSMAC
application from owr own group inchede: addition of 2%
tryptophan to rice medium which led to the acoumulation of a
new strongly oytotoxic bismacrolactone by the endophytic fungus
Trichocladivem gp. { Tran-Cong et al, 2019), addiion of a minbure
of salts (MgS0y, NaMOs, and MaCl) to solid Crapek medium
whiich induced scoumulation of nine new secondary metabaolites
by the endophytic fungus Bulparia inguiners (Arantar et al,
2019}, and the acoumalation of new brominated tyrosine-derived
alkaloids by the soil fungus Gymnasceils donkaliensis cagsed by
addition of MaBr to solid rice medivm (Wang ot al., 2008).

As a part of our ongoing studies on fungal endophytes, we
investigated the endophytic fungus Apiosporells joveedi derived
from Orychophragres viokacens (L) 0. E. Schul (Brassicaceae).
0. violecews 5 wsed in the Traditiomal Medicine of China
for dissipating swelling and for treating unkmown pyrogenic
infections (Medicinal Plant Images Database, 2007). Becent
studies have found that the plant also shows hepatoprotective
effects (Huo et al, 2017). Previous chemical investigations of the
fungus A. javeedii grown on solid rce medium resubted in the
isolation of sit new antifungal polyketides, five sesterierpenes
incheding two new compounds, as well as a new macrolide, with
some of the metabolites exhibiting cytotoxic and antimicrobial
activithes ((3a0 et al., 2020ab) Due to the pronounced chemical
diversity of natural products obtained from this fungues, we have
now conducted an OSMAC study which invalved the addition of
different salts including 3 5% MNaBr, 3.5% NaCl, 3.5% NaF, 3.5%
ECL 3.5% NHyCl 3.5% (MNHgRS50y, 3.5% CsHaNMaOy-H:O
{monosodium ghitamate), 3.5% Nal0;, 3.5% Na, HPO,, 3.5%
E:HPOy-3H20, 3.5% FH:POy, 3.5% FeS0y, 3.5% ZnS0y, or
3.5% MgS0, to solid rice medium. The selection of most of
these salts was based on previous studies which indicated their
wsefillness for activation of non-transcribed biosynthetic gene
dusters {(Hammerschmadt et al, 2015 Wang et al, 2006, 2018;
Ariantari et al, 2009). The most striking effects with regard
to an alteration of the fungal metabolite pattern, however,
were detected following addition of either 3.5% MaNOy or of
3.5% monosodium glutamate to solid rce medivm compared
to fungal comtrol cubtures lacking either of these activators
{Figare 1). Chemical imvestigation of fungal extracts obtained
from fermentation of A jaweedii in presence of either 3.5%
Maly or of 3.5% monosodium glutamate led to the isslation of
11 new lactam derivatives, aplesporelling A-K (2-12), in addition
to the known compound, pramanicin A (1) (Figare 2), all of
which were not detected when the fungus was grown on rice
elucidation of the new metabolites and the pro-apoptotic activity
of pramanicin & (1}

MATERIALS AND METHODS
General Experimental Procedures

A Perkin-Elmer-241 MC polarimeter was used to measure
optical rodations. ECD spectra were recorded om a J-810

spectropolarimeter. One- and two-dimensional NME spectra
were recorded on a Bruker ARX 600 spectrometer. Mass
spectra (E5I) were recorded with a Finnigan LCOO Deca mass
spectrometer. A UHR-OQTOF mexis 40 mas spectrometer
{Bruker Daltonics] was wsed to record HEESIMS data. A Dionex
UltiMate-340050 system with a LPG-34005D0 pump and a
photodiode armay detector (DAD 3000R5) as well &5 2 separation
column (Eurosphere-10 Cpe, 125 < 4 mm, Knaser) were used
for HPLC analysis. Detection wave lengths were set at 235,
254, X80, and 340 nm. Semi-preparative HPLC analysis was
performed with a Merck Hitachi Chromaster HPLC system
(U detector L7400; pump L7100 codummn Eurosphere- 100 Cog,
300 x 8 mm, Knager; flow rate at 5 mL'min). 5Silica gel &0
M (0.04-0.063 mm, Macherey-Magel) or Sephadex LH-20 were
used for column chromatography. TLC plates precoated with
silica gel Fasy (Merck) were used to monitor isolation fractions.
hstilled and spectral grade solvenis were uwsed for column
chromatography and spectroscopic messurements, respectively.

Fungal Material and Fermentation

The fungus A. javerdii (1D code ZGE-B) was isolated from fresh,
healthy stems of Crpchophragmus wiolaceus (L) O E. Schul
{Brassicaceae), collected in April 2018 in Beijing, China Fungal
identification was camried out according toa standard protocol as
described previously (Ejer et al, 2010). The GenBank accession
number is MN720704. The fungal sirain is kept in the Instifute
of Pharmaceutical Biolegy and Biotechnobogy, Heinrich Heine
University, Deesseldord, Germany.

The fungus was cultivated in two 1 L Edenmeyer flasks, of
which each was filled with solid rice mediuwm containing 100 g rice
and 110 mL demineralized water. After awtoclaving at 121°C for
20 min and cooling down to room temperature, the fungal strain
that was preserved on the ager plats for a week was cut into pieces
and sdded in eadch flask under sterile condition. The fermentation
wis maintained under static conditions at room temperature
until the rice medium was completely overgrown by the fungues
which lasted around 20 days (control cultivation). OSMAC
culbtivations were carmied out following the same procedure by
growing the fungus on solid rice medium containing 3.5% MaBr,
3.5% NaCl, 3.5% NaF, 3.5% KCI 3.5% NHCL 3.5% (NHJ250u,
3.5% CsHeMNMNaDy-H: 0 (monosodium glutamate), 3.5% MaN s,
3.5% NapHPOy 35% K HPOu-3H:O, 35% KHPO., 3.5%
Fe50y, 3.5% In50y, or 3.5% Mgh0y. Two flasks were used for
each expenment and each flask contained 100 g mce, 110 mlL
demineralized water and 3.5 g salis. The usefulness of 3.5% salts in
the QSMAC approach has been proved by previous experiments
with other fungi (Hammerschmidt et al, 2005 Wang et al,
2006, 2018). Based on the chromatographic profiles obtained
from the extractions of these fermentations, fungal cultivations
with striking changes of metabolite patterns were selected fior
further investigation.

Extraction and Isolation

The fungal culture grown on solid rice medium with addition
of 3.5% MaMN0,; or 3.5% monosodium glutamate was extracted
with 800 mL EtOAC followed by evaporation to dryness to afford
the crude extract. The obtained brown extracts from the 3.5%
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Mal(s and 3.5% monosodivm glutamate cultures were 2.3 and
2.8 g respectively. The two crude extracts were subjected to a
silica el vacuum lLguid chromatography (VLC) column, and
eluted with 100% m-hexane, n-hexane-EtOAC (9:1), n-hexane-
EtOAc (1:1), 100% EtOdc, CHaClz-MeOH (1:1), and 100%
MeOH, respectively. which resulted in & fractions (V1 o V&)
for each extract

From the 3.5% MaNOh culture extract, fraction V5 (0.55 g)
was subjected o a Sephadex LH-20 column using 100% MeOH
a5 eluent to give five subfractions (V5-51 to V5-55). Subfraction
W5-52 was then submitted to a REP-1E (40-63 pm) vacuum
liquid chromatography column and eluted with 5-100% agueous
MeOH o yield 7 subfractions (¥5-52-RP1 o V5-52-RP7).
Subfraction V5-52-RP4 was purified by semi-preparative HPLC
wsing 3 mixture of MeCN and H;O (10:90) containing 0.1%

HCOOH to give 4 (45 mg) 8 (8.2 mg). and 11 (43 mg).
Subfraction V5-52-RP5 was purified by semi-preparative HFLC
using a gradient of MeCN and Hz(0 (15:85 to 50:50) containing
0.1% HCOOH to give 2 (235 mg), 3 (5.1 mg), & (6.0 mg). and
7 (5.9 mygh

From the 35% monosodiem gletamate culture extract,
fraction V4 (045 g) was subjected o a Sephadex LH-20
column wsing CHRCle-MeOH (1:1) as elsent to obtain three
subfractions (V4-51 to V4-53). Sabfraction V4-52 was then
submitted to EP-18 (4063 pm) vacuum liquid chromatography
column and eluted with 10-100% agueous MeDH to yield
10 subfractions (V4-52-RPF1 to V4-52-RP10). Subfraction Vd-
52-RP5 was purified by semi-preparative HPLC using MeOH-
0.1% HOOOH in HaO (S0:50 to 72:28) to give 10 (2.3 mg).
Subifraction V4-52-RF7 was purified by semi-preparative HFLC
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wsing MeOH-0.1% HODOH in Hz O (65:35 to B6:14) to give 1
{25 mg) and 12 {14 mg). Fraction Vs (0.68 g) was subjected
to a Sephadex LH-20 column wsing 100% MeOH as eluent
to obtain eight subfractions (V551 to V5-58) Subfraction
V5-54 was submitted to a3 BP-1E (40-63 pm) vacuum lguid
chromatography column and ehuted with 10-100% agueous
MeOH to yield 10 subfractions (¥5-54-EF1 to V5-54-RP10).
Subfraction V5-54-RP4 was purified by semi-preparative HPLC
wsing MeOH-001% HCOOH in HxO (50650 to 70:30) to give
5 (15 mg). Subfraction V5-54-BP6 was purified by semi-
preparative HPLC using MeOH-0.1% HCOOH in HzO (60:40)
o give @ (3.0 my).

Pramanicin A (1): white solid; [2] o -121 (£ 0.1, MeOH).

Aplosporellin A (2): Coloress oil; [2]® -21 (£ 0.1, MeOH);
UV (MeOH) hmu 233 nm; ECD . [nm) (4): 23% (—1.54],
219 (106}, 197 (—&99); 'H and *C NMR data, see Table 1;
HEESIMS [M + Na]* mfz 378.2252 (caled for CreHiaNNaDs
378.2151) (Sapplementary Figares $1-513)

Aplosporellin B (3): Colorless oil: [2]™p -55 (c 0.1, MeOH);
UV (MeOH) imun 233 nm; ECD & [nm] (¢ 233 (—706),
199 (—883); "H and "C NMR data, see Table 1; HRESIMS
[M + Ma]t* miz 394.2197 (calod for CreHaaNMals 394.2200)
{Supplementary Figares 514-521).

Aplosporellin C (4): Colorless oik [e*"n -26 (c 0.0, MeH);
UV (MeOH) hmm 234 nm; ECD % [nm) (d): 233 (—098),
197 (—2.03); "H and *C NMR data, see Table 2; HRESIMS
[M + Ma]* miz 394.2201 (calod for CrgHazNNaOy 394 220d0)
{Supplementary Figares 523-529).

Aplosporellin D (5): Coborless oil; [a]*"p -24 (c 0.1, MeDH);
UV (MeOH) oy 234 nm; "H and "*C NME data, see Table Z;

HEESIMS [M + MNa]t mfz 41002145 (calcd for CroHaaNMaOy
410.2149) (Sapplementary Figares 530-537).

Aplosporellin E (6): Colodess oil; [a]*'p -33 (¢ 0.1, MeDH);
UV {MeDH) hpy 233 nimx 'H and *C NME data, see Table 2;
HRESIMS [M + Na]* miz 4362307 (calcd for Cay HasNNaOy
436.2306) (Sapplementary Figares $38-545).

Aplosporellin F (7): Colodess aik; [w]*p -36 (c 0.1, MeOH),
UV {MeOH) by 234 nmx; 'H and *C NME data, see Table 3
HEESIMS [M + Ma]t m/z 4362304 (calod for Cay HasNNaOy
436.2306) (Sapplementary Figares 546-553).

Aplosporellin G (8): Colodess oil; [of*®n -57 i
0.1, MeDH); UV (MeOH) hpy 233 nm; ECD % [nm]
(@)k 234 (—259), 197 (—7.64); 'H and "*C NME dats,
see Table 3 HEESIME [M + Ma]t miz 408.1990
{calcd  for CpoH; NNaD; 408.1993)  (Sapplementary
Figures 554-561).

Aplosporellin H (9): Coborless oil; [@] -26 (c 0.1, MeOH),
UV {MeOH) hmax 232 nm; "H and *C NMR data, see Table 3;
HEESIMS [M -+ Na)+ mfz 422 2150 (calod for CopHaa NMaOy,
422 214%) (Sapplementary Figares 562-569).

Aplosporedlin 1 (10): Coloress oil: [a]*g, -31 (c 0.1, MeQH);
UV {MeOH) b 233 nex; "H and PC NME data, see Table 4;
HRESIMS [M + Nal+ miz 4502102 (caled for Cqy Hyy NMaOy
450, 2098) (Supplementary Figures 570-576).

Aplosporellin T (11): Colorless oil; [2]*p -7 (c 0.1, MeOH);
UV {(MeDH) hpyy 234 nm; 'H and PC NMR data, see Table 4;
HRESIMS [M + Na]* miz 3922048 (calcod for CroHa NNaOg
352 2044) (Sapplementary Figures 577-584).

Aplosporellin K (12): Colorless oil; [2]®p -17 (0 0.1, MeOH);
UV {MeOH) hpyy 232 nmx; 'H and "*C NME data, see Table 4;

Fromtkars in Mombdokomy | wwcfroniionsin ong

Blosaamibar A0ET | Viohame 11 | Arficia 50DDE3

84



Chapter 4 Publication 3

o ol al.

Lot Darfwaiiee From Anosnooin ool

HEESIMS [M + Na]* mfz 478.2410 (caled for CyHay NNaOy
478.2411) (Supplementary Figares S85-591).

Cytotoxicity and Apoptosis Assays
Cytotoxicity against adult Burkitts lymphoma B cells (Ramos,
Mo, ACC-603) and lymphoblastic leukemia T cells {Jurkat 16,
Mo, ACC-282) was tested as described previously (Harwoko
et al, 201%). In the apoptoss assays, the protein kinase inhibitor
staurosporine (STS, 2.5 pM, £55921, Sigma-Aldrich) was wsed
& positive control, and standard growth medium supplemented
with 0.1% DMSO was wsed as negative control. Determination of
cell viability, western blot analysis and messurement of caspase-
3 activity were performed as described previously {(Manns
et al, 2010; Lie et al, 2007k Al experiments were carried
out in triplicate

Computational Methods

Mimed tosionallow-mode conformational searches were
cammied out by means of the Macromodel 10.8.011 software
wsing the MMFF with an implicit solvent model for CHCly
applying a 21 k] mol—! energy window (MacroModel, 2015).
Geometry reoptimizations of the resultant conformers [BILYP -
31 + Gid.p) level in vacwo, wBI7XTEVP with PCM solvent
model for MeCN and MeOH), DFT-NMR, TDDFT-ECD and
S0R calculations were perfirmed with Gaussian 09 (Frisch et al.,

2013). For NME calculations the mPWIPW921/6-311 + G{2d,p)
level while for the ECD and S50R caloulations the BILYIRFTZVE,
BHEHLYF/TZVE, CAM-BILYWTZVPF and PEEWTZVE levels
were applied with the same or no solvent model as in the
preceding DFT optimization kevel ECD spectra were generated
as the sum of Gaussians with 4200 and 3000 cm— ! half-height
widths, wsing dipole-velocity-computed rotational siremgths
{Stephens and Harada, 2010). Compasted MMR shift data were
cofrected with [ = —185.6277 and 5 = —1.0175 {Fierens, 2014},
Boltzmann distibutions were estimated from the BILYP and
the wB97X epergies. The MOLEEEL program was used for
visualization of the results {Varetio, 2009).

RESULTS

Chemical ldentification of the Isolated
Compounds

Compound 2 was obizined as a colorbess odl, with UV absorption
at hpm 233 nm. lis moleoular formula was established as
CgHzWO0: on the basis of HRESIMS data, accounting for four
degrees of unsaturation. The NMR spectra of 2 (Table 1) were
recorded in methanol-d, as well as in DMS0-d;. The latter
solvent revealed the exchangeable protons of one MH proton

TABLE 1 | "THand '3CNMRA data of compounds 2 and 3.

Ho. 2 ol E:
g, typa By W INHI i, e By | I HE) &g, typs By I HE)
1 HH .60, I 5
z 174.4,C 177.8,C 177.4,C
3 TEB, C BO.E, C BOLE, C
P TEA, CH 360, 159 TTa,CH 4,12, AL 7O, CH 4,42, AR
3 B, CH 3,46, ddd §5.5, 5.5, 35 B2 CH 2.3, dod 6.6, B, 35 B2, CH 2,30, dod .5, BE, 25
[ B1.5, CHp 354, i {1119, B, A5 B2, CHp 376, A {11.5, 3.7 352, E2.4, OHg 3,76, dd {11.5, 3.3 .52,
.20, ddd {11.1, B.5, 500 ot [11.5, BB} o [1 1.6, 5.}
T T34, CH 4.22, od 6.5, GO 4.5, CH 4.43, di7. 1) 745, CH 4.43, d {7.04
8 30,8, CH E.EZ, dd {15.4, B.5) 235, CH E.E3, dd {154, 7.1) 1206, OH E.E2, dd {154, 7.0
@ 1310, CH G104, dd {154, 0.6 1345, CH G.22, dd {154, 10.8 1348, CH C.22, dd {154, 105
10 1302, CH B.00, dd {161, 0.6 @2 cH E.O7, dd {1ED, 10.8 1312, CH G.O7, od {15.0, 105
11 33,6, CH B.EZ, G, 7.3 1363, CH BT, At {ED, 7.3 1363, CH E.70, {150, 7.3)
1z 32.0, CHa 204, qf3 337, CHa 2.08, qi{7.3 33,6, CHe 2.08, qif.3
13 ZB.B, CHp 1.4, m a0, CHa 1.20, m a0.4, CHe 1.0, m
14 BOLD, CHy 1.24,m 30.7, CHy 1.20,m 30T, Oy 1.3, m
16 2B.0, CHp 1.24,m 300, CHa 1.20,m 3006, CHe 1.3, m
18 ZB.7, CHa 1.24,m a0, CHa 1.20,m 305, CHa 1.3, m
17 ZB.E, CH, 1.24,m 30.3, CH, 1.20,m 30,3, CHy 1.3, m
18 31.3, CHp 1.23,m 331, CHa 1.28,m 264, CHe 1.36,m
19 22.1, CHa 1.26,m 237, CHa 1.21,m 337, CHe 1.52,m
20 13.8, CHy D.EE, 195.30 14.4, CHy .00, 14700 6240, CHy A.54, 1HLT]
30oH B.OG, 5
OH BT, d 53
BOH 4,74, 10
T-OH 4,70, 53

= Ranovrion At G0 (TH) and 150 &z (1505 I DMS0L0, BFonowiod ar 500 (TH) ang! 150 MMz (1301 in COp00.
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TABLE 2 | "Hand 13C NMR dala of compounds 4-8.

Ho. 4= 5 [

g, hpa Eay I Hz} ko, typa by i H g, typa By B In Hzy
] 1773, ¢ 1774, C 1774,
a =08, C B0, T B0, C
] 178, 412,005 TED, CH 412,d B8 TAD,CH 4,12, d jEE
] 612, OH A.55, cirid 6.5, 5.8, 2.9 51.2, CH .39, dod .5, 5.8, 35 1.2, CH .99, doid .5, 5.8, 15
] B20,CH; 76, oo (115, A7 352, a0, CH, 376 od (1.6, 33 552, 630, CHy .76, dd {11.5, 3.3 3.52,

ad{11.5, 6.5 o [11.05, BB o [11.5, E.B)
T 745, CH 443, d[F.1) T4E, CH 4.43,d 7.9 TAR, CH 4.43, d (T
] 12000, 0H  AER, oo (153, T.1) 1996, 0H G682 od(I53,7.1) 17T, CH 5.B2, od {15.3, T.00
] 1340, 0H 032, oo (153, 105 1346, 0H 632 od (1563, 105 1345, CH .32, od {15.3, 105
10 132,04 OO7, od (150, 105 132,04 BO7. od (150, 105 132, CH .07, od {15.0, 105
1 1363, 04 ATO, S0 7.3 1353, 0H G0, oI5, TS 1363, CH .70, ol {160, 7.3)
12 34T, CH 208, g3 347, GHg 2,3 33.7, CHg .08, g {73
13 a4, CHy 198, m 304, cHy  140m 0.3, CHy 1.30,m
14 3T, CHy 131,m 308, CHp  13am 306, CHz 1.31,m
15 3G, CHy 131,m 05 CH  t3am 305, CHE 1.31,m
15 307, CHy 131,m anzcH,  t3am 0.4, CHE 1.31,m
17 PED, CHy 1.40,m 133, m POT.CHp L4 m134,m 0.2, CHg 1.31,m
18 402, CHy 1.44, m 1.80, m 344, CHp 140, m 136 m o710, CHe 1.36,m
19 BEG, CH avm,m Ta3, cH 56, m 0.7, CHy 1.62,m
20 2AL, CHy 114, 003 O74,CHp  3.80,0d (112, 45 3.81, O5.7, CHz 4.0, 195.7]
o [11.2, B.5

FO0AC P0E, CHy 173, G TORs

=Ronorkor al G {TH) and T50 M (190 I CO500.

TABLE 3 | "Hand 13C NMR daia of compounds 7-0:

Ho. ™ B >
ig, typa Sy i In Hx) g, ypa 5 B/ InHz) &g, typa By B In Hzy
] 1773,C 1773, 177.3,C
a 808, C B0, O BO.E, T
] T7.0, CH 412, dinE 7, 0H 412, diEg 8.0, CH 4,12, d jEE
] 1.2, CH 0.8, cickd 5, LB, 3.3) 611, 0H .50, dad §5.6, 5.8, 3.2 1.2, oH 2.99, dod .5, 5.8, 159
] B2, CHy 276, o [11.5, 3.7 282, S0, CH; 76, od (1.5, 3.3 467, BEO,OH; 576, od {11.5, 3.3 3.62,
od (115, 6.8 od (1.6, 6.5 o [11.5, E.B)
T T4.5, CH 4,43, QT 745, CH 444, AT 745, CH 4.43, d T
8 1200, CH LD, o [15.3, 7.1) 1205, CH  BBZ, od 153, T.1) 1207, CH B2, od {154, 7.0
] 1345, CH L3, ol [15.3, 10U5) 1346,CH  B3Z od (153, 105 1345, CH  B.82, od {154, 108
10 1312, CH .07, o (151, 10U5) 12 CH  BOT, od (150, 105 132, CH  EOF, od (15D, 108
1 1363, CH ELTD, o (151, T3 130.3,CH B0, AUIED, TR 1363,CH  G.7O, AU{IGD, 7.9
12 335, CHy 208, qir3 3.5, CHy 208 qir3 33T, H .08, g {73
13 304, CHy 135, m 3.3, CHy 1.33,m 303,04, 1.34,m
14 305, CHy 13, m 34, CHy 1.32,m 305, CHp  1.31,m
15 305, CHy 13, m 33, CHy 1.32,m 304,04z 1.31,m
15 307, CHy 13, m 32, CHy 1.32,m 302, oH;  1.31,m
17 PEE, CHy 13, m 31, CHy 1.32,m 30, CH;  1.31,m
18 360, CHy 1.8, m 1 50, m 262, CHy 1.58, m PEO,CHp  1.00,m
19 724, CH 4B6,m 3, CH  2ET 1T 348, 0CHy B3, 174
20 202, CHy 1.20, 062 17R1, © 171, ©
19080 P18,CH 1TET,C 200,58
200k BRO,CHy OO, =

® Focovoked al 00 (T H) and 150 A (50 In GOy 00,
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at by 7.69 (NH-1) a5 well as four OH prodons at by 5.47 (4-
OH), 5.03 (3-0H), 475 (7-0H), and 4.74 {6-0H). The 3C NME
spectrum of 2 displayed one carbonyl group at 5o 1744 (C-
2), and four olefinic carbons at & 133.6 (C-11), 1310 (C-9),
1308 (C-8), and 1302 (C-10), accounting for three degrees of
unzaturation. The presence of a y-lactam ring was confirmed
by the COSY comelations between 4-0H/H-4 (B 3.890H-5 (3
3.16WHz-6 (By 3.54 and 3.3006-0H and the HMBC correlations
from MH-1 to C-3, C-4, and C-5, from 3-0H to C-2, C-3 and
C-4, from 4-0OH to C-3, and from H-5 to C-2 (Figare 3). The
COSY correlations between H-8 (b 5.820H-9 (by 6.14)/H-10
(B E000H-11 {Bpa 5.62)/Hz-12 (s 2040 Hz-13 (33 1.34WH:z-14
(B 1:24), and between Me-20 (8;; 0LB5) H;-19 (&) 1.24) together
with the HMBC correlations from Me-20 to C-19 (&c 22.1) and
C-18 (& 313) and the observation of characteristic aliphatic
methylenes at 29.0, 28.9, 268.7, 28.6, and &y 1.24 (CHz-14, 15, 16,
and 17), established the presence of a trideca-1.3-diene subumit

in 2. In addition, the OOSY correlations between H-8H-7 (ig
4.22)7-0H along with the HMBC correlations from H-7 to C-2,
C-3, apd C-4, and from 30H o C-7 indicated the trideca-1,3-
diene side chain to be conmected to the y-lactam moiety via the
oxygenated carbon at C-7. Therefore, the planar structure of 2
was elucidated, which was simdlar to that of the co-isolated known
compound, pramanicin A (1) (Schwariz et al, 1994 Harmrison
et al., 2000). The major difference between both compounds was
the presence of an additional hydroxy group in 2 instead of the
ketome group in 1 at position C-7. The trivial name aplosporellin
A is proposed for 2.

The large values of Jes (154 Hz) and Jipa (151 Hz)
supporied the E configumtion for the double bonds at C-
8/C-9 and C-10FC-11 in 2 The relative configuration of the
y-lactam ring was dedwced through the ROESY spectrum
and by compariscn with pramanicin A (1) (Harrison et al,
2000, virgaricins A and B (Ishi et al, 2012, 2015). The NOE

TABLE 4 | "Hand '3C NMR dala of compounds 1012

Ho. 10" 11" 12
", typa B FIn Hzj io,type Bu WInHA i, typa B b In Hz)
2 rra.c 13, C 1Trd, C
a3 aah c a18,C aa6, o
4 TEd, CH 4.0, d 5B T CH 4. 12, d b B4, CH 4,80, d i1
=] BEZ, CH 2.565, dod 8.8, 6.2, 3.3 612, CH .08, ddd 55, 68, 3.3 BG83, CH 2060, dod 5.7, 6.2, 3.4
4] B5 0, CHp 430, dd {11.6, 3.3) 4.06, 630, CHn 2. 76, dd {11.6, 2.3 362, G50, CHp 430, dd {11.7, 3.5 4.0,
i 116, 5.5 o {116, 5.6 oid {117, 6.5
T T4, CH 4.42, d {704 T4.5 CH 4.43, d{F1} 4.6, CH 4.42, dir.1}
B 124, CH EBZ od {153, 7. 127, CH EBZ dd {153, T.1) 1204, CH BB, od {164, T.1)
=} 1345, CH E.32, od {15.3, 105 134.6, CH BE2Z ad {153, M0.5 1345, CH B33, dd {14, 105
10 1312, CH B.O7, od {1514, 10,5 1312, CH B.07, od {150, B0.5 1342, CH B0, od {15.0, 105
1 1363, CH EID, dt {164, 73 1363, CH BD, ot (150, 730 1363, CH B, dt{(1&D, 73
12 36, CHy .08, q {73 3E,CH, 08 g3 36, CHy 208, q T3
13 A0E, CHg 1.38, m AE, CHy 1.33, m 03, CHg 1.43, m
14 204, CHg 1.32, m A3, CHy 134, m 06, CHg 1.3, m
18 303, CHy 1.32,m WECH, 13M,m 05, CHy 1.3, m
16 A0E, CHg 1.32, m A0, CHy 134, m 204, CHg 1.3, m
ir 201, CHg 1.32, m 2B CHy 1.54, m A0E CHg 1.3, m
1B T, CHy 1.50, m 443, CHS AT TR a0, CHy 1.35, m
1@ A0, CHE F22 {4 23, G CHg 1.62, m
jran ] iras, ¢ B CHy i3 s 65T, CHg 4,086, 1 §5.7)
[T ] P05, CHy 1726, C 0T, = P06, CHp 1724, C ZO7, =
ran T FOB, CHy 17340, C 02, =

= Reooed alt G0 (TH) and 150 &z (1905 v GOy 00, Dafa axtaoied om HEOC and FMEC specia.

La A v
s e 1= 7 F
. e
— 08T <~ HHEC a1
M;lmmmm&:mumﬂz
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correlations between 3-0H/H-4, H-4'Hz-6 indicated that 3-0H,
H-4 and H,-6 were located on the same side of the nng In
contrast, the NOE comelations between H-7/4-0H, 4-0H/H-5,
indicated that 4-0OH and H-5 were located on the opposite side
compared to 3-0H, H-4 and H;-6. Om the basis of these findings,
the relative sterenchemistry of 2 in the p-lactam moiety was
assigned to be identical to that of pramanicin A (1).

Pramanicin A (1) was reported together with pramamicin
from the fungus Sfagomospora sp. (Schwartz et al, 1994), the
latter contained an epoxide group at C-10/C-11 instead of a
double bond. The absolute configuration of pramanicin A (1)
was deduced by comparison to pramanicin through biogenetic
considerations (Duspara et al, 1998; Harrison et al., 1998, 2000;
Chen and Harrison, 2004) and by total symthesis (Cow et al.,
1997; Barrett et al, 1999ak; Tan et al, 2014, 2015, 2017), which
confirmed that the compound has (35.45,55) configuration. The
large absolute value of the specific optical rotation (SOR) of
1 allowed testing the TDDFT-50R method (Polavarapu, 2002;
Mindi and Kurtin, 2001%) and the wB97X functional (Chai
and Head-Gordon, 2008 Bremond et al, 2016), which was
also applied for the TDDFT-ECD calculations of 2. Merck
Molecular Force Field (MMFF) conformational searches of 1
and the epimers of 2 resulted in a large number of conformers
[ca. 18 thousand by generating 100 thouwsand structures for
{3R,45.55,75)-2] and the searches were not complete, since mamy
conformers were found only 2 few times (Mandi et al, 2015).
Thus, model compounds were utilized for the caloulations, in
which the C-3 side-chain was truncated at the C-12 position
{ Figure 4).

The MMFF copformational search of (3543555)-1mod
resulted in 79 conformers in & 21 kMmool energy window,
which were re-pptimized st the wBa7X/TEVP PCM/MeOH
level yielding 16 low-energy conformers ower 1% Bolizmann-
distribution (Sa Figare 592). S0 wvalues were
compated at four levels (BILYP/TZVE, BHEHLYPF/TEZVE CAM-
B3LYWTZVP and PREQTEVP all with the PCM solvent
model for MeOH) and nice agreements were found with the
experimental 50R value (computed S0R values in the range
from —91 to —115 compared to the —121 experimental value)
{Supplementary Table 51).

The absolute configuration of the y-lactam ring of compound
2 is assumed io be identical to that of 1 based on biogenetic
considerations whereas that of the OH growp in the side chain
at C-7 oould not be elucidated. In order to sobve this problem,
DFT-MME calculations were performed on the epimeric
model compounds (30,4555, 7R)-2mod and (3R45.55.75)-2mod
{Lodewyk et al, 20012 Kicsdk et al, 2008; Mindi and

g
] .-'||-|!D| aH 13 b ok
g e o LT
A . : |I.'|a s
A HH 4 -HH
1o 0 Zinad oo

FIGLARE 4 | Truncaticn modal compouncs. sppliad 1or Bha BOF;, NMA and
ECD cafoulsons.

Kurtin, 2019). BILYPé-31 + Gldp) re-optimization of the
imitial 169 and 205 conformers resulted in & and 15 low-
energy conformers over 1% Boltzmann population, respectivedy
(Supplementary Figares 593, 584). The '*C KMR chemical shift
data of (3R,45,5575)-2mod computed at the mPW1PWeL/6-
311 + Gi{2d,p) level reproduced much better the experimental
values than those of the other epimer (Sapplementary Table 52).
Mean absolute error (MAE) values were 1.70 vs. 217 favoring
the (3R 45,55,75) epimer. The signal of the terminal C-12 was
neglected, since it has an abnormal shift in the computations
due 1o the truncation. Computed and the experimental C NMR
chemical shift data in the vicnity of the C-7 chirality center
also cleardy showed superior agreement for the (3RA55575)
epimer. (P4 + statistical analysis was utilized for the comparison
of the experimental and calculated C MME data resulting
in 97.31% confidence for the (3IR.45,55.75) epimer (Smith and
Goodman, 2000; Grimblat et al, 2015; Li et al, 2020). Although
the experimental S0OR value of 2 is small, the S0R caloulations
performed the same way as for Imod were in agreement with
the results of the WME calculation suggesting also (3R.45.55.75)
ahsolute configuration. The (3R,4555.7R) epimer of 2mod gave
computed 50R values ranging from +4 to +7 while the
(3R45,55.75) one in the range from —18 to —23 reproducing
better the —21 experimental value of 2 (Sapplementary Tables
53, S4). For the TDDFT-ECD) method, the same MMFF
conformers of (3RA5557R)-2med and (3RA455575)-2mod
were re-optimized at the wBI7XTEVEP PCM/MeCN level and
ECD calculations were performed at variows bevels. Although
both epimers gave rather diverse computed ECID spectra for the
individusl conformers and Boltzmann populations were small,
the average BCD spectma of the (3R,45,55,75) epimer were found
to be similar to the experimental one (Figare 5) in line with
the NME and the 30R calculations. Consequently, the absolute
configuration of 2 could be elucidated as (3R,45.55,75).

The molecular formula of compound 3 was assigned
a5 CygHzaMOs based on s HRESIMS data, containing an
additional oxygen atom when compared to 2. The NME data of
3 (Table 1) were similar to those of 2, except for the presence
of an oxygenated methylene group resonating at 3- 630 and
31 3.54 (1) {CHz-20) and the shsence of the terminal methyl
group in the side chain. The COSY correlation between Ha-
20/Hz-19 (Bn 1520 Hz-18 (Ba 1.35) together with the HMBC
comelations from Hz-20 to C-18 (bc 26.9) and C-19 (ic 33.7)
indicated the attachment of a hydroey group at C-20 in the side
chain of 3. Detailed analysis of its 210 NMR spectra revealed that
the remaining substrecture of 3 was identical to that of 2. The
ahsolute configuration of 3 was identical to that of 2 based on
their similar ROESY correlations and ECD data.

Aplosporellin C (4) exhibited the same molecular formula as
3 as determined by HRESIMS data The 'H and *C NMR data
of 4 (Table 2) were likewise similar to those of 3, yet showed the
signal of 3 doublet methy] group at & 23.5 and 3y 1.14 (Me-20)
in the side chain and the presence of an oxygenated methine at 5z
6.6 and by 3.70 (CH-19). The COSY correlations between Me-
2WH-19, and between H-19H;-1E (B 1.44 and 1.40) together
with the HMBC correlations from Me-20 to C-19 and C-1B (bg
40.2) indicated the presence of a bydroxy group at C-19 in 4
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instead of C-20 a5 in 3. The remaining substructure of 4 was
identical to that of 2 as confirmed by detailed interpretation of
the 20 WMR spectra of 4. Due to the limited amount, the absolute
configuration at C- 19 of 4 could not be determined by converting
the compound to its Mosher ester.

Compound 5 had the molecular formula CgHas N0y as
determined by HRESIMS data, containing one additional
oxygen atom when compared to 3 and 4. Detailed analysis
of the 210 MMR of 5 (Table 2) revealed that it was similar
to 3 except for the presence of omne additional cxygenated
methine at b- 73.3 and &y 3.56 (CH-19). The signal of the
terminal oxygenated methylene at C-20 appeared as two dd
peaks in the 'H NMR spectrum of 5 instead of a triplet
peak of 3. This suggested that the additional hydroxy group
of 5 was located at C-19, which was further confirmed by
the COSY correlations between Ha-20/H-19/Hz-18 together
with the HMBC correlations from H;-20 to C-19 and C-
18 Thus, compound 5 was elucidated as 19.20-dihydrooy
derivative of 2.

Aplosporellin E (6) was found to have the molecular formula
CyHazMO7 on the basis of HRESIMS dats, requiring five
degrees of unsmaturation. Comparison of the NME data (Table 2)
indicated compound & to be cdosely related to compound 3 except
for the presence of an additional methy] growp (& 202 and &
20.8) and an additional carbony] carbon (3¢ 173.1). The HMBC
correlations from protons of the additional methy] and H;-20 (35
4.05) to the additional carbony] carbomn indicated the attachment
of an additional acetoxy growp at C-20 in 6 when compared to 3.

The molecular formula of compound 7 was the same as &
as deduced from HRESIMS The 'H and "C NME data of
7 (Table 3) were very similar to those of 6, except for the
appearance of @ terminal methyl group at &y 1.20 (Me-20) which
was split into a doublet peak in the 'H NME spectrum of 7.
Detailed analysis of the HSQC and HMBC spectra revealed
an oxygenated methine at B 724 and 34 4.86 (CH-19). The
COSY correlations between Me-200H-19/H;-1B (3 1.58 and
1.50) together with the HMBC comrelations from H-19 and the
methyl growp at &y 200 (3H, s) to the carbonyl carbon at
i 1727 indicated the presence of an acetoxy group at C-19.
Thus, compound 7 was elucidated as 19-0-acetyl derivative of
compound 4.

Compound & exhibited the molecular formula CyoHa MOy
a5 determined by the HRESIMS data Its 'H and “C NMR
data (Table 3) were similar to those of 2 except for that
signals of the terminal methyl group in the side chain was
replaced with a carbonyl group at & 1781 {C-20). The HMBC
correlations from H]-].B l:'EIH 1.59) and H;-l? H‘H 227, 8
to C-20, together with the COSY comelations between Ha-
18/Hz-19 indicated a terminal carboxylic acid group in the
side chain. The remaining substrscture of & was identical to
that of Z as confirmed by detsiled analysis of the 20 WMRE
spectra of 8.

The HHRESIMS data of 9 gave the molecular formula
CopHyy W05, From the 200 NME spectra of 9 (Table 3) it
was evident that compound 9 was the 20-0-methyl derivative
of & as indicated by the presence of an additional methoxy
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group at by 365 (3H, s} and 3¢ 520, together with
the HMBC cormrelations from the methoxy group and H;-
19 (&g 231, t) to the carbomyl carbon at B; 1760 (C-
2a).

Aplosporellin [ (10) exhibited the molecular formla
CrHaalOg a5 determined by HEESIMS, requiring six degrees
of unsaturation. The NMR data of 10 (Table 4) were similar
to those of B except for the presence of a methyl group
(b 2.07 and 3; 2005) and 3 carbomyl carbon (B 172.5) in
sddition o minor differences of the chemical shifis of the
protoms at the y-lactam ring moiety. The COSY correlations
between H-4 (b 4.100H-5 (8 3.55)0Ha-6 (301 430 and 4.05)
together with the HMBC comrelations from H;-6 and the
addiftional methyl group at 8: 207 to the carbonyl carbon
at & 1725 indicated the attachment of an acetoxy group
at C-6 Detailed analysis of the 200 NMR specira and the
ROESY spectra of compound 10 revealed that the remaining
substructure and relative configuration were identical to
compound 8 Thus, compound 10 was identified as the
6-(-acetyl derivative of 8.

The molecular formla of 11 was determined as CygHa NOgs
based on HEESIMS data, accounting for five degrees of
unzaturation The NME data of 11 {Table 4) were similar to those
of 2 but exhibited the signal of an additional carbony] group at
212.3 (C-19). Moreowver, the methyl group in the side chain was
shifted to down fiebd at & 29.8, by 2.13 (Me-20) and appeared as
singdet in the 'H MMR spectrum. The HMEC correlations from
Me-20, Hy-18 (B 2.47) and H;-17 {8y 1.54) 0 C-19 indicated
the presence of 2 ketone group in the side chain at C-19 in 11.
The remaining substructure of 11 was identical to that of 2 as
confirmed by detailed anatysis of the 20 NMR spectra

On the basis of the HEESIMS data, the molecular formaula
of 12 was established a Cy;yHypNOg with sin degrees of
unzaturation The WME data of 12 (Table 4) were similar to those
of &, except for the presence of an additional methy] group (3;
2.07 and 3¢ 20.6) and a carbonyl carbon {8z 17241 Mogeoer,
the chemical shifts of the protons of the y-lactam ring in 12 were
more comparable to those of 10 rather than 6 These findings
suggested compound 12 was a &-0-acetyl dervative of 6, which
was confirmed by the HMBC correlations from Hz-6 {6y 4.30

and &g 404) and the additional methyl group at 8y 2.07 o the
carbomyl carbon at &g 172.4.

Bioactivities of the Isolated Compounds
against human lymphoma (Ramos) and leukemia {Jurkat 16)
cell lines. Pramanicin A (1) exhibited ICsy; values of 4.7
and 4.4 M after 24 h of incubation respectively, whereas
after 72 h of incubation these values were 3.9 and 4.9 pM,
respectively. Treatment with pramanicin & (1) significanthy
affected cell viability in a dose-dependent manner (Figare &)
whereas the remaining compounds showed no cytotoxicity in
these two cell lines in the observed concentration ranging
up to 30 pM. The ketone group at C-7 of pramamicin A
(1} which is conjugated to the olefinic function at C-8/C-
9 is obviously the key facior responsible for the cypiotoxicty
against human Ramos and furkat 116 cell lines. It was suggested
that the ofi-unsaturated ketone functionality in pramanicin A
(1} could be Michael acceptors that cam react with a thiol
group of cysteine amino acid of proteins or enzymes, and
thus cassing cytotodc activity (Amslinger. 2000; Darsih et al,
2015)

In order to evaluate whether the pronounced cytoboxicity of
pramanicin A (1) is atiributable to the indwction of apoptosis, we
followed the activation of the effector caspases such as caspase-
3 in response to pramanicin A (1) treatment. In the Western
blot experiment, after 2-8 h treatment of Ramos and Furkat
N6 cell lines with 10 oM pramanicin A (1) respectively, an
explicit cleavage of PARP1 (poly [ ADP-ribose] polymerase 1) was
observed (Figare 7). Cleavage of PARPL, which is a substrate
of caspase-3, serves as a surrogate marker for activation of
caspase-3 and therefore indicated that pramanicin A (1) is able to
induce apopiosis. Moreover, we also measured caspase-3 activity
by detecting the proflunrogenic caspase-3 substrate Ac-DEVD-
AMC. After treatment with 10 pM pramanicin A (1) in the two
cell lines, deavage of Ac-DEVD-AMC was observed within a few
hiours, which was more obvious in Ramos cells than in Jurkat J16
cells (Figare B). These results further proved the aciivation of
caspase-3 and thus induction of apoptosis in Ramos and Jurkat
& cells by pramanicin A (1.
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DISCUSSION

In the previous biosynthetic study on pramanicin, which differs
from pramanicin A (1) by the presence of an epoxide group at C-
100C-11 instead of the dowble bond, in the fungus Stagoroghon
sp.. [Mespara et al. (1998) and Harrison et al. {2000) conducted
3 feeding experiment using *H, ¢, N, and '80 sotopically
labeled precursors. It was concheded that pramanicin oniginates
from one starter molecule acetate and six extender malonates to
generate the aliphatic acyl tail. whereas L-serine interacts with
one acetate to form the pyrrolidone ring. Acetylation of these
two moieties provides 3-acyltetramic acid, followed by a series of
oxidation and reduction reactions to form pramanicin (Harrison
et al. 2000). Proline or glutamate on the other hand were
shown not be precursors of the pyrmolidone moiety (Harrison
et al, 1998} In our study, the addition of 3.5% NaMN0Oy or
of 3.5% CsHaNNaOy-Hz0 to solid rice medium was found to
induce the accumulation of pramanicin-like compounds. Thaes,
& feeding study using labeled glutamate as a potential precursor
of compounds 1-12 would be of interest as a follow up study of
this investigation.

CONCLUSION
In summary, 11 new lactam derivatives, aplosporellins A-K (2-

12), together with the known analog, pramamicin A& (1), were
isolated from fermentation of A javeedii on solid fce medium

with addition of either 3.5% NalMNO; or 3.5% monosodium
glutamate. All of these compounds were not detecited when the
fungus was grown on rice medium without these activators.
To the best of our knowledge, this study was the first report
to regulate secondary metabolites from A. faveedil applying an
OSMAC approach. The results proved the power of the OSMAC
approach on mining new secondary metabaolites from endophytic
fungi. DFT-MME, TDDFT-ECD and OR calculstions were
carried out to determine the absolute configuration. Pramanicin
A (1) exhibited strong cytotoxicity against human lymphoma
{Ramws) and leukemia (Jurkat J16) cell lines with 1Csp values of
4.7 and 4.4 M, respectively. Furthermore, mechanistic studies
indicated that pramamicin A (1) activates caspase-3 and induces
apoptotic cell death.
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Figure S1. HPLC chromatogram of compound 2
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Figure S2. 'H NMR (600M Hz, DMSO-ds) spectrum of compound 2
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Figure S3. 3C NMR (150M Hz, DMSO-ds) spectrum of compound 2
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Figure S4. HSQC (DMSO-ds) spectrum of compound 2
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Figure SS. COSY (DMSO-ds) spectrum of compound 2
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Figure S6. HMBC (DMSO-dp) spectrum of compound 2
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Figure S7. ROESY (DMSO-ds) spectrum of compound 2
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Figure S8. 'H NMR (600M Hz, methanol-ds) spectrum of compound 2
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Figure S9. 3C NMR (150M Hz, methanol-ds) spectrum of compound 2
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Figure S10. HSQC (methanol-ds) spectrum of compound 2
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Figure S11. COSY (methanol-d4) spectrum of compound 2
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Figure S12. HMBC (methanol-ds) spectrum of compound 2
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Figure S13. HRESIMS of compound 2
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Figure S15. '"H NMR (600M Hz, methanol-ds) spectrum of compound 3
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Figure S16. '°C NMR (150M Hz, methanol-ds) spectrum of compound 3
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Figure S17. HSQC (methanol-d4) spectrum of compound 3
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Figure S18. COSY (methanol-ds) spectrum of compound 3
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Figure S19. HMBC (methanol-ds) spectrum of compound 3
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Figure S21. HRESIMS of compound 3
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Figure S22. HPLC chromatogram of compound 4
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Figure S23. '"H NMR (600M Hz, methanol-ds) spectrum of compound 4
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Figure S24. 3C NMR (150M Hz, methanol-ds) spectrum of compound 4
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Figure S25. HSQC (methanol-ds) spectrum of compound 4
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Figure S26. COSY (methanol-ds) spectrum of compound 4
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Figure S27. HMBC (methanol-ds) spectrum of compound 4
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Figure S28. ROESY (methanol-ds) spectrum of compound 4

15

140

05

oa

-0.5

FL{ppm)

\._H.,J_J ’ﬁ

M

uh Lk

fL {ppin)

112



Chapter 4 Publication 3

Figure S29. HRESIMS of compound 4

Acquisition Parameter

Source Type Esl lon Polarity Positive Set Nebulizer 0.3 Bar
Focus Not active Set Capillary 4000 V Set Dry Heater 180 °C
Scan Begin 50 miz Set End Plate Offset  -500V Set Dry Gas 4.0 lmin
Scan End 1500 m/iz Set Collision Cell RF 800.0 Vpp Set Divert Valve Source
Intens. | - = SIS, 2.8-3 Omin #1/0-1/9
x109
354:2277
197 304,2201
1.04
0.5
3722378 388.2329
3 e D | 404.2282
0.0 — . . eyt - r
350 360 370 380 390 400 miz
Meas. m/z # lon Formula miz err[ppm] mSigma # mSigma Score rdb e Conf N-Rule
354.2277 1 C19H3ZNOS 354.2275 -0.5 8.7 1 10000 45 even ok
2  C20H28N50 354.2288 3.2 223 2 4660 95 even ak
372.2378 1 C19H34NO6 372.2381 0.8 2.7 1 100.00 3.5 even ok
2 C16HZEN11 372.2367 -2.9 9.4 2 29.38 9.5 even ok
3 C20H30N502 3722394 4.3 15.6 3 37.16 B85 even ok
3942201 1 C19H33NNaOs 394.2200 -0.2 76 1 100.00 35 even ok
2 C18H25N11Na 3942187 -3.6 10.8 2 46.54 9.5 even ok
3 C20H29NSNaO2 3942213 3.2 21.2 3 4089 B85 even ok
Figure S30. HPLC chromatogram of compound 5
3.00012G WVL:235 nm
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500 ——— ———— — Jmn
0,0 10,0 20,0 30,0 40,0 50,0 60,0
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70.0 Peak#4 100% at 17.48 min
% No spectra library hits found!
; 234.2
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Figure S31. '"H NMR (600M Hz, methanol-ds) spectrum of compound 5
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Figure S32. >*C NMR (150M Hz, methanol-ds) spectrum of compound 5
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Figure S33. HSQC (methanol-d4) spectrum of compound 5
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Figure S34. COSY (methanol-ds) spectrum of compound 5
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Figure S35. HMBC (methanol-ds) spectrum of compound 5
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Figure S36. ROESY (methanol-ds) spectrum of compound 5
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Figure S37. HRESIMS of compound 5

Acquisition Parameter

Source Type Esl lon Polarity Positive Set Nebulizer 0.3 Bar
Focus Mot active Set Capillary 4000 W Set Dry Heater 180 *C
Scan Begin 50 mfz Set End Plate Offset -500 Set Dry Gas 40 If'min
Secan End 1500 m/z Set Collision Cell RF 600.0 Vpp Set Divert Valve Source
Intens. +MS, 3.7-4.0min #220-237)
x104
8] 370.2220
410.2145
&4
a-
386:2168
2
352.3113
1 334.2010 I [
i o | 1 i i . T | ALl : Frous I I : ]
320 340 380 3a0 400 420 miz
Meas. miz # lon Formula miz  err [ppm] mSigma #mSigma Score rdb e Conf N-Rule
3522113 1 C19H30NOS 3522118 1.4 27.9 1 10000 55 even ok
2 C18H2TNSNaQ 362 2108 -1.8 323 2 B7.38 7.5 even ok
3702220 1 C19H3ZNOG 370.2224 1.0 6.0 1 100.00 45 even ok
2 C18H29NS5Na02 370.2213 -1.9 8.2 2 82,54 6.5 even ok
386.2168 1 C16H24N110 386.2160 -2.1 14.2 1 9119 10.5 even ok
2 C1BH29NS5Na03 3885.2183 -1.4 16.7 2 100.00 6.5 even ok
3 C19H32NOT 386.2173 1.4 396.0 3 0.00 4.5  even ok
388.2323 1 C19H34NO7 388.2330 1.8 5.7 1 90.06 3.5 even ok
2 C1BH31NSNa0O3  388.2319 1.0 8.1 2 10000 55 aven ok
3 C16H28N110 388.2316 1.7 10.6 3 83.43 9.5 even ok
410.2145 1 C19H33NNaO7 410.2149 0.9 0.8 1 90.78 35 even ok
2 C17H28N7O5 410.2146 0.3 2.4 2 100.00 7.5 even ak
Figure S38. HPLC chromatogram of compound 6
1.000 AL WVL:235 nm
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200;
]
=00k 100 =3.0 s3.0 3.0 3.0 s0.0
UV absorption of compound 6
Peak#2 100% at 29.13 min i ]
70,0 % No spectra library hits found!|
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Figure S39. 'H NMR (600M Hz, methanol-ds) spectrum of compound 6
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Figure S40. >*C NMR (150M Hz, methanol-ds) spectrum of compound 6
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Figure S41. HSQC (methanol-ds) spectrum of compound 6
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Figure S43. HMBC (methanol-ds) spectrum of compound 6
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Figure S44. ROESY (methanol-ds) spectrum of compound 6
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Figure S45. HRESIMS of compound 6

Acquisition Parameter

Source Type =1} Positive Set Mebulizer
Focus Mol active Set Capillary 4000 Set Dry Heater
Scan Begin 50 miz Set End Plate Offset  -500 W Sel Dry Gas
Scan End 1500 miz Set Collision Cell RF 600.0 Vep Set Diver Vahee
Intens. B = +IAS, 3.8-5.0min #290-253)
=x10=
436.2307
1.5]
i 396,2381
1
1 IJj
B Sji 452:3253 |
1 3922043 || 4122338 435|2«1:|2 | 4442227
L . S (IO Tl M i L __;..a.f..j.l.
350 400 410 420 440 450 450 iz
Meas. miz # lon Formula miz  arr [ppm] # mSigma Scora rdb e Conf MN-Rule
398.2381 1 C21H3ANOE 396,2381 0.2 1 10000 6.5 even ok
2 C18HZEM11 IWG . 23GT =1 2 4478 11.8 Eyan -
3 C22H3ONSO2 3962394 3.2 3 4186 105 sven ok
4362307 1 C22HI1NSMaD3  4356.2319 27 1 B60.23 8.5 owven o
2 CZAHISMNaDT 4352306 03 2 100,00 45 even o
3 C18HZTNIINaD  £35 2202 -4 3 4484 105 even ol
4522253 1 CZZHZ1TMEMaD4 452 2068 as 1 5592 9.5 ewen =
2 C2OHZEN1102 452 2265 27 2 G344 135 even ak
3 CRIMIENMNaOE AG2 3366 0.3 3 100.00 45 svan ake
4 C19HIONTOS 452 2252 0.3 4 9544 85 ewven ok
5 CI1BHZTNTINSO2Z 4522241 2.7 5 5291 105 awen ak
& C1BH34N3IOI0 AGZ 220 - 5 3543 35  awven ak
.
Figure S46. HPLC chromatogram of compound 7
3-000—7= R0 WNVL 235 nm
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T T
10.0 20.0 30.0 40,0 50,0 60,0
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T % No spectra library hits found!
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Figure S47. 'H NMR (600M Hz, methanol-ds) spectrum of compound 7
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Figure S48. 3C NMR (150M Hz, methanol-ds) spectrum of compound 7
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Figure S49. HSQC (methanol-ds) spectrum of compound 7
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Figure S50. COSY (methanol-ds) spectrum of compound 7
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Figure S51. HMBC (methanol-ds) spectrum of compound 7
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Figure S52. ROESY (methanol-ds) spectrum of compound 7
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Figure S53. HRESIMS of compound 7

Acquisition Parameter

Source Type ESI lon Polarity Positive Set Nebulizer 0.3 Bar
Focus Not active Set Capillary 4000 v Set Dry Heater 180 °C
Scan Begin 50 miz Set End Plate Offset  -500 V Set Dry Gas 4.0 l/min
Scan End 1500 m/z Set Collision Cell RF 600.0 Vpp Set Divert Valve Source
Intens. | +MS, 4.0-8.1min #239-243]
x104]
4362304
6 )
414.2483 312750
4-
4122321
24
428.2270
l 417.0639 1 l { |
P S L > 1 ate  PAL2ETT Sy (A 1 l A N [ i e, Sl
410 415 420 425 430 435 miz
Meas. m/z # lon Formula m/z err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
4122321 1 C21H34NO7 412.2330 2.1 39.7 1 100.00 55 even ok
414.2483 1 C21H3BNO7 4142486 08 349 1 10000 45 even ok
436.2304 1 C21H35NNaO7 436.2306 0.3 266 1 10000 45 even ok
Figure S54. HPLC chromatogram of compound 8
1.600 7 AU WYL 235 nm
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1 000;
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SOO;
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-200 3 T T T T T min
. 10,0 20,0 30.0 40,0 50,0 60,0
UV absorption of compound 8
70.0 Peak#2 100% at 24.96 min
% No spectra library hits found!
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3

Figure S55. 'H NMR (600M Hz, methanol-ds) spectrum of compound 8
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Figure S56. °C NMR (150M Hz, methanol-ds) spectrum of compound 8
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Figure S57. HSQC (methanol-ds) spectrum of compound 8
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Figure S58. COSY (methanol-ds) spectrum of compound 8
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Figure S59. HMBC (methanol-ds) spectrum of compound 8
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Figure S60. ROESY (methanol-ds) spectrum of compound 8
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Figure S61. HRESIMS of compound 8

Acquisition Parameter

Source Type ESI lon Polarity Positive Set MNebulizer 0.3 Bar
Focus Mot active Set Capillary 4000V Set Dry Heater 180 °C
Scan Begin 50 m/z Set End Plate Offset -500 Vv Set Dry Gas 4.0 IYmin
Scan End 1500 miz Set Collision Cell RF 600.0 Vpp Set Divert Valve Source
Intens.| +MS, 2.4-2.6min #144-156|
x105
368.2066
2.0 |
1.59
1.0 408.1990
0.5
1 350.1958
1 386.2168 i i 424.1742
0.0 = L T + - — T L 1 T - .
350 360 370 380 390 400 410 420 430 miz
Meas. m/z # lon Formula miz err [ppm] mSigma # mSigma Score rdb e Conf N-Rule
3501958 1 C19H28NOS 350.1962 1.2 44.4 1 100.00 865 even ok
368.2066 1 C19H30NOG 368.2068 0.3 9.8 1 10000 55 even ok
408.1980 1 C19H31NNaO7 408.1893 0.7 4.1 1 100.00 45 ewven ok
Figure S62. HPLC chromatogram of compound 9
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% No spectra library hits found!
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Figure S63. 'H NMR (600M Hz, methanol-ds) spectrum of compound 9
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Figure S64. '°C NMR (150M Hz, methanol-ds) spectrum of compound 9
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Figure S65. HSQC (methanol-ds) spectrum of compound 9
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Figure S66. COSY (methanol-ds) spectrum of compound 9
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Figure S67. HMBC (methanol-ds) spectrum of compound 9
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Figure S69. HRESIMS of compound 9
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Figure S70. HPLC chromatogram of compound 10
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Figure S71. '"H NMR (600M Hz, methanol-ds) spectrum of compound 10
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Figure S72. HSQC (methanol-ds) spectrum of compound 10
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Figure S73. COSY (methanol-ds) spectrum of compound 10
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Figure S74. HMBC (methanol-ds) spectrum of compound 10
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Figure S75. ROESY (methanol-ds) spectrum of compound 10
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Figure S76. HRESIMS of compound 10
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Figure S77. HPLC chromatogram of compound 11
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Figure S78. 'H NMR (600M Hz, methanol-ds) spectrum of compound 11
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Figure S79. *C NMR (150M Hz, methanol-ds) spectrum of compound 11
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Figure S80. HSQC (methanol-ds) spectrum of compound 11
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Figure S81. COSY (methanol-ds) spectrum of compound 11
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Figure S82. HMBC (methanol-ds) spectrum of compound 11
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Figure S83. ROESY (methanol-ds) spectrum of compound 11
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Figure S84. HRESIMS of compound 11
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Figure S85. HPLC chromatogram of compound 12
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Figure S86. 'H NMR (600M Hz, methanol-ds) spectrum of compound 12
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Figure S87. HSQC (methanol-ds) spectrum of compound 12
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Figure S88. COSY (methanol-ds) spectrum of compound 12
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Figure S89. HMBC (methanol-ds) 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 (3S5,45,55)-1mod computed at the
wB97X/TZVP PCM/MeOH level of theory.
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Figure S93. Low-energy conformers and populations of (3R,45,5S,7R)-2mod computed at the
B3LYP/6-31+G(d,p) level of theory.
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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: ®B97X/TZVP PCM/MeCN. Bars represent the rotatory strength values of

the lowest-energy conformer. The experimental spectrum was scaled to the computed one.
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Figure S96. Low-energy conformers and populations of (3R,45,5S,7R)-2mod computed at the
®B97X/TZVP PCM/MeCN level of theory.
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Figure S97. Low-energy conformers and populations of (3R,4S5,5S,75)-2mod computed at the
®B97X/TZVP PCM/MeCN level of theory.
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Table S1. Computed SOR values for (35,45,55)-1mod at various levels.

Level of Boltzmgnn

optimization population ®B97X/TZVP PCM/MeOH

(%)
Level of OR B3LYP/TZVP | BH&HLYP/TZVP B3L(S:{?’]/\"/l[:ZVP PBEO/TZVP
calculation PCM/MeOH PCM/MeOH PCM/McOH 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
ConfD 6.88 -318.03 -212.93 -237.03 -295.78
ConfE 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
ConfH 4.74 -70.11 -65.06 -62.20 -64.43
Confl 4.24 58.63 40.13 49.06 55.72
ConfJ 3.41 -318.35 -215.63 -239.63 -296.42
ConfK 3.11 -98.38 -100.36 -97.64 -93.64
ConfL 3.02 54.80 31.22 43.09 57.26
ConfM 2.55 -88.36 -90.06 -86.62 -84.33
ConfN 1.60 69.08 50.40 51.91 74.14
ConfO 1.48 -71.23 -72.71 -68.89 -66.53
ConfP 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 '*C NMR data of the carbons of the 2 measured in

MeOH-ds with the mPWI1PWO91/6-311+G(2d,p) // B3LYP/6-31+G(d,p) ones of the
(3R,4S,5S,7R)-2mod and (3R,4S,5S,75)-2mod stereoisomers.
Numbering Exp Calcsssr Calcssss Adsssr Adssss
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 _
Average N/A N/A N/A 3.26 2.84
Wiﬁﬁ:ﬁé‘_”n 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 Boltzma}nn

optimization pOp(l(l)i)a)'[lOIl ®B97X/TZVP PCM/MeOH

Level of .OR B3LYP/TZVP | BH&HLYP/TZVP B3L(\':(?’1/\”/1[“-ZVP PBEO/TZVP

calculation PCM/MeOH PCM/MeOH PCM/MeOH 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
ConfC 11.70 -53.17 -40.90 -42.15 -51.37
Conf D 8.47 214.61 175.58 186.10 207.09
ConfE 421 193.76 164.87 172.43 191.92
ConfF 3.24 -28.52 -27.21 -24.12 -30.76
Conf G 3.21 -65.79 -55.78 -55.78 -61.12
ConfH 2.89 -103.64 -85.77 -90.43 -102.12
Conf1 2.85 -83.68 -70.92 -73.96 -83.06
ConfJ 2.14 187.81 159.58 165.90 184.01
ConfK 2.06 208.76 176.86 183.19 203.53
ConfL 1.90 34.89 27.74 32.44 32.81
ConfM 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,75)-2mod at various levels.

Level of Boltzme}nn
optimization population ®B97X/TZVP PCM/MeOH
(%)
Level of _OR B3LYP/TZVP | BH&HLYP/TZVP B3L§(?1/\”/l["-ZVP PBEO/TZVP
calculation PCM/MeOH PCM/MeOH PCM/MeOH 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
ConfC 7.36 -101.23 -88.55 -83.34 -102.01
Conf D 6.68 -84.84 -71.74 -77.61 -85.62
ConfE 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 7591
ConfH 5.00 -70.29 -62.94 -59.72 -69.90
Conf1 4.65 148.52 119.58 128.45 140.59
ConfJ 3.69 58.00 36.77 45.74 53.61
ConfK 3.13 -45.18 -36.87 -36.70 -43.87
ConfL 2.64 -68.47 -72.58 -67.38 -69.01
ConfM 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
ConfX 1.05 5.62 5.71 6.32 3.19
Conf'Y 1.01 -8.01 -5.83 -5.93 -9.62
ConfZ 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 ef 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 ug/mL, while the
positive control nystatin showed MIC 10.0 ug/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 ug/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 ug/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. 1t exhibited potent
antifungal activity toward C. albicans, C. glabrata, C. krusei, and A. fumigates with
ICsp values of 0.11, 0.24, 0.19, and 0.14 uM, respectively, whereas the results of
positive control amphotericin B were 0.3, 0.6, 0.5, 0.7 uM, 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 Amnguillospora
longissima showed moderate antifungal activity against Candida albicans with MIC
value of 58 ug/mL (Harrigan ef 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 1Csg values of 17.28-32.32
ug/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 ICsy
value of 5.5 ug/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 1Cso 0of 2.0 and 2.5 ug/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.

158



Chapter 5 Discussion

OH oH OH
CH, CH CH,
3
o & & oH
OH OH
HO HO HO

Aplojaveediin A Aplojaveediin B

OH OH
CH, CH,
o/ o/
OH OCH,
HO HO
o o

Aplojaveediin D Aplojaveediin E

O\ o} CHs,
CHs
HO. CH,
HO.
HaC
OH

OH
Anguillosporal 2,4-Dihydroxyacetophenone
CH,3
O,
o X
CH,
HO. OH
HO
O\ CH,
CHj
OH 0 CH,
OH
1-(2,4-Dihydroxy-5-methylphenyl)-2-methyl-1-propanone Jensenone

Figure 5.1 Structural analogues of aplojaveediin A

Aplojaveediin C

OH
CH,
o/
OH
HO
(o]

Aplojaveediin F

0, CHs
HO
CH,
OH

2,4-Dihydroxy-5-methylacetophenone

o
X
HO. OH
CH,
oM
OH 0

2,4,6-Trihydroxy-3-(3-hydroxy-2-methyl-
acryloyl)-benzaldehyde

159



Chapter 5 Discussion

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, limura, Tenmyo, et al. 1993, Oka, limura, Narita, et al. 1993, [imura
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 ¢ 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=e¢, 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 ¢, whereas
FUS and b were inactive. Hence a and ¢ showed cytotoxicity against both human
cell lines, while b was inactive (ICso > 20 uM) 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.

161



Chapter 5 Discussion

Terpestacin Fusaproliferin

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 ef 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-«B 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 A%7 and A%!° 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 A4.
Jjaveedii were studied by adding different salts to solid rice medium, including 3.5%
NaBr, 3.5% NaCl, 3.5% KCI, 3.5% NH4Cl, 3.5% (NH4)2SO4, 3.5%
CsHsNNaO4-H,O (monosodium glutamate), 3.5% NaNO;, 3.5%KH,PO4, 3.5%
K>;HPO,4-3H,0, 3.5% Na,HPOys, 3.5% NaF, 3.5% FeSOy, 3.5%ZnS04, 3.5%MgS04.
As a result, the fungus did not grow on rice medium in the presence of 3.5%

Na,HPOy4, 3.5% NaF, 3.5% FeSOy4, or 3.5% ZnSO4, while the addition of 3.5% NaBr,
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NaCl, KCI, NH4C1, (NH4)2SO4, KHzPO, KZHPO4'3H20, or MgSO4 had no
detectable influence. However, there are significant changes in the chromatographic
profile when adding either 3.5% NaNOs; or 3.5% CsHgNNaO4-H,O (monosodium

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

(Figure 5.4).
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Figure 5.4 HPLC chromatograms of the EtOAc extracts from OSMAC experiments
(3.5% NaNO; or 3.5% monosodium glutamate) detected at 235 nm: (1) A. javeedii
control grown on solid rice medium; (2) A4. javeedii cultured on solid rice medium
with 3.5% NaNOs; (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% NaNO; 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 NaNO; 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% Nal 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 Nal on fungal biosynthetic pathway is unknown. lodide

ions may activate silent gene clusters of 4. javeedii without being substrates

themselves.
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Figure 5.5 HPLC chromatogram of the EtOAc extract from OSMAC experiment
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(3.5% Nal) detected at 235 nm: (A) UV spectra of two peaks around 31 min in 4.
javeedii control fermentation; (B) UV spectra of new peaks as well as two peaks

around 31 min in 4. javeedii cultured in the presence of 3.5% Nal.

5.3.2 Pramanicin-like derivatives

The antimicrobial agent pramanicin and pramanicin A, which contain a highly
functionalized y-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 ef al. 1999a, b, Cow et al. 1997). (+)-
Pramanicin is the enantiomer of the natural product pramanicin, and thus the 'H and
3C 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 "*C and "N 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 ef 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 ?H, *C, "N, and 'O 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% NaNOs; or of 3.5%
CsHgNNaO4-H,O 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% CsHgNNaO4-H>O medium is 1.2 times the yield of
them in addition of NaNO; medium. It probably means that CsHgNNaO4-H,O was
an efficient precursor to pramanicin-like compounds. Therefore, the biosynthetic
pathway of isolated pramanicin-like compounds using CsHgNNaOs H,O 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
Ca*" 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, ef 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 ez al. 2005). Bodur ef 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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Chapter 5 Discussion

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 o,B-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 uM) with MICs of 100 uM, 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.

a,B-Unsaturated ketone groups have potential Michael acceptor activity which
can add nucleophiles to the electrophilic B-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 a,B-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
(Darsith et al. 2015). Therefore, o,B-unsaturated ketone compounds such as
pramanicin A could be useful for the design of anticancer agents and irreversible

enzyme inhibitors.
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