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Abstract

Abstract

Fungi are recognized as sources of many important drugs and lead structures.
Particularly, endophytic fungi that colonize plant tissues without causing any harmful effects
during their life cycle, are known as producers of numerous structurally novel natural products,
possessing a wide range of bioactivities. Each plant is believed to harbor their own endophytes,
which emphasizes the broad distribution of these microorganisms in nature. Among the
culturable endophytes, many gene clusters responsible for the biosynthetic pathways of their
metabolites are frequently silent under standard laboratory conditions, indicating their
biosynthetic capacity to be far larger than previously reported. As only a small portion of these
microorganisms has been investigated so far and their biosynthetic potential remains largely
hidden, endophytes are considered as a promising source for diversifying scaffolds for the
discovery of new drug leads.

In this dissertation, the study on the three endophytes Penicillium sp., Bulgaria
inquinans and Didymella sp. led to the isolation of several structurally diverse metabolites,
including indole diterpenoids, azaphilones, butyrolactones and decahydrofluorene-class of
natural products. Some of these metabolites showed potent cytotoxicity and antibacterial
activities. Moreover, upon utilization of the “One Strain, MAny Compounds” (OSMAC)
approach on the endophyte B. inquinans several new metabolites were obtained. This result
highlights the usefulness of the OSMAC strategy for triggering particular biosynthetic
pathways leading to structural diversity produced by this strain. The structures of the isolated
natural products were elucidated by means of spectroscopic techniques (NMR and MS). The
absolute configuration of the new compounds was established through the application of x-ray
crystallography analysis, Mosher’s method and the TDDFT-ECD approach, as well as by
comparison of their specific optical rotations to those reported in the literature. Accordingly,
this dissertation reflects the result of the following three published or submitted manuscripts,

from which the following abstracts are taken as direct quotations.
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Indole diterpenoids from an endophytic Penicillium sp.

A chemical investigation of the endophyte Penicillium sp. (strain ZO-R1-1), isolated
from roots of the medicinal plant Zingiber officinale, yielded nine new indole diterpenoids
(1-9), together with 13 known congeners (10—22). The structures of the new compounds were
elucidated by 1D and 2D NMR analysis in combination with HRESIMS data. The absolute
configuration of the new natural products 1, 3 and 7 was determined using the TDDFT-ECD
approach and confirmed for 1 by single-crystal x-ray determination through anomalous
dispersion. The isolated compounds were tested for cytotoxicity against L5178Y, A2780, J82,
and HEK-293 cell lines. Compound 1 was the most active metabolite towards L5178Y cells,
with an ICso value of 3.6 uM, and an ICso against A2780 cells of 8.7 uM. Interestingly, 1 features
a new type of indole diterpenoid scaffold with a rare 6/5/6/6/6/6/5 heterocyclic system bearing
an aromatic ring C, which is suggested to be important for the cytotoxic activity of this natural
product against L5278Y and A2780 cells.

Expanding the chemical diversity of an endophytic fungus Bulgaria inquinans, an
ascomycete associated with mistletoe, through an OSMAC approach.

An endophytic fungus Bulgaria inquinans (isolate MSp3-1), isolated from mistletoe
(Viscum album), was subjected to fermentation on solid Czapek medium. Chromatographic
workup of the crude EtOAc extract yielded five new natural products (1-5). Subsequent
application of the “One Strain, MAny Compounds” (OSMAC) strategy on this strain by the
addition of a mixture of salts (MgSO4, NaNOj3 and NacCl) to solid Czapek medium induced the
accumulation of nine additional new secondary metabolites (613, 16), with most of them (8,
10-12) not detectable in cultures lacking the salt mixture. The structures of the new compounds
were established on the basis of the 1D/2D NMR and HRESIMS data. The TDDFT-ECD
method was applied to determine the absolute configurations of the new compounds 1, 4 and 6
as well as of the previously reported bulgarialactone B (14), for which the absolute

configuration was unknown so far. The modified Mosher’s method was performed to assign
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the absolute configurations of 12 and 13. TDDFT-ECD analysis also allowed determining the
absolute configuration of (+)-epicocconone, which had an enantiomeric absolute configuration
in the tricyclic moiety compared to that of bulgarialactone B (14). All the isolated metabolites
were evaluated for their cytotoxic activity. Compound 2 was found to possess strong cytotoxic
activity against the murine lymphoma cell line L5178Y with an ICso value of 1.8 uM, while the
remaining metabolites were shown to be inactive.

Didymellanosine, a new decahydrofluorene analogue, and ascolactone C from
Didymella sp. IEA-3B.1 an endophyte of Terminalia catappa

Didymellanosine (1), the first analogue of the decahydrofluorene-class of natural
products bearing a 13-membered macrocyclic alkaloid conjugated with adenosine, and a new
benzolactone derivative, ascolactone C (4) along with eight known compounds (2, 3, 5-10),
were isolated from a solid rice fermentation of the endophytic fungus Didymella sp. IEA-3B.1
derived from the host plant Terminalia catappa. In addition, ascochitamine (11) was obtained
when (NH4)2SO4 was added to rice medium and is reported here for the first time as a natural
product. The structures of the new compounds were established through extensive analysis of
one- and two-dimensional NMR data as well as HRESIMS data. Didymellanosine (1) displayed
strong to moderate activity against the murine lymphoma cell line L5178Y, Burkitt’s lymphoma
B cells (Ramos) and adult lymphoblastic leukemia T cells (Jurkat J16), with ICso values of 2.2,
7.6 and 11.0 uM, respectively. Moreover, when subjected to a NFkB inhibition assay,
compounds 1 and phomapyrrolidone A (2) efficiently blocked NF«B activation. In an
antimicrobial assay, ascomylactam C (3) was the most active compound when tested against a
panel of Gram-positive bacteria including drug-resistant strains with MICs of 3.1-6.3 uM,
while 1 revealed weaker activity. Interestingly, both compounds were also found active against
Gram-negative Acinetobacter baumannii with MICs of 3.1 M, in the presence of a sublethal

concentration (0.1 M) of colistin.



Zusammenfassung

Zusammenfassung

Pilze leisten als Quelle von Naturstoffen einen erheblichen Beitrag zur Entdeckung von
Arzneistoffen und Leitstrukturen. Insbesondere die als Endophyten bekannten Pilze, welche
Pflanzengewebe besiedeln ohne innerhalb ihres Lebenzyklus am Wirt einen ersichtlichen
Schaden zu verursachen, sind dafiir bekannt eine Vielzahl strukturell neuartiger Naturstoffe zu
produzieren, welche ein breites Spektrum biologischer Aktivititen zeigen. Es wird
angenommen, dass jede Pflanze Endophyten beherbergt, was die weite Verbreitung von
Mikroorganismen in der Natur verdeutlicht. Unter Standard Laborbedingungen liegen bei den
kultivierbaren Endophyten ein grof3teil der fiir die Sekundarmetabolitsynthese verantwortlichen
Gencluster still. Dies zeigt, dass die Biosynthesemoglichkeiten in diesen Organismen deutlich
groBer sein miissen als aus den Veroffentlichungen der letzen Jahrzehnte hervorgeht. Da bisher
nur ein Bruchteil dieser Organismengruppe untersucht wurde und das Biosynthesepotential
groBtenteils unerkannt blieb, sind Endophyten nach wie vor als vielversprechende Quelle
strukturdiverser Molekiilgeriiste fiir die Entdeckung neuer Arzneistoffleitstrukturen anzusehen.

Diese Dissertation stellt die Untersuchungen an den drei Endophyten Penicillium sp.,
Bulgaria inquinans und Didymella sp. vor, in deren Umfang es zur Isolation strukturdiverser
Sekundiarmetaboliten aus den Naturstoffklassen Indolditerpenoide, Azaphilone, Butyrolaktone
und Decahydrofluorene kam. Einige dieser Metaboliten zeigten starke zytotoxische oder
antibakterielle Aktivitdten. Aulerdem wurden durch den Einsatz der OSMAC-Methode (One
Strain Many Compounds) aus einem Kulturansatz von B. inquinans neue Metaboliten isoliert.
Dieses Ergebnis verdeutlicht die Niitzlichkeit der OSMAC-Methode beim Versuch
Biosynthesewege zu aktivieren um die Strukturdiversitit eines Produktionsstammes zu
erh6hen. Die Struktur aller isolierten Naturstoffe wurde durch den Einsatz von
Kernspinresonanzspektroskopie (NMR) und Massenspetrometrie (MS) aufgeklért. Die absolute
Konfiguration der neuen  Verbindungen wurde durch den Einsatz  von
Rontgenbeugungskristallographie, Mosher Ester Analyse, Circulardichroismus Berechnungen
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(TDDFT-ECD) und Literaturdatenvergleich der spezifischen optischen Rotation bestimmt.
Diese Dissertation ist in Kapitel gegliedert, welche die Ergebnisse der Projekte in Form von
veroffentlichten oder eingereichten Manuskripten wiederspiegeln, aus denen die folgenden
Zusammenfassungen als wortliche Zitate iibernommen wurden.

Indolditerpenoide aus einem endophytischen Penicillium sp.

Eine Untersuchung des chemischen Profils des Endophyten Penicillium sp. (Stamm ZO-
R1-1), welcher aus der Wurzel der Arzneipflanze Zingiber officinale isoliert wurde, lieferte
neun neue Indolditerpenoide (1-9) und dreizehn bekannte Verbindungen (10—22). Die Struktur
der neuen Verbindungen wurde durch die Analyse ein- und zweidimensionaler NMR Spektren
und Ergebnissen der hochauflésenden Massenspektrometrie (HRESIMS) aufgeklért. Die
absolute Konfiguration der neuen Naturstoffe 1, 3 und 7 wurde durch TDDFT-ECD
Berechnungen bestimmt und durch die Kristallstrukturanalyse von 1 mittels anormaler
Dispersion am Einzelkristall unabhingig bestétigt. Die isolierten Verbindungen wurden auf
Zytotoxizitét gegeniiber den Zelllinien L5178Y, A2780, J82 und HEK-293 gepriift. Verbindung
1 war der am stérksten aktive Metabolit gegeniiber L5178Y Zellen mit einem ICso Wert von
3.6 uM und einem ICso Wert von 8.7 uM gegeniiber A2780 Zellen. Interessanterweise weist 1
ein neues diterpenoides Grundgeriist mit einem seltenen 6/5/6/6/6/6/5 verkniipftem
heterozyklischen Ringsystem und einem aromatischen C-Ring auf. Dies scheint essentiell fiir
die zytotoxische Aktivitit dieses Naturstoffes gegeniiber L5278Y und A2780 Zellen zu sein.

Erweiterung der chemischen Diversitit des endophytischen Pilzes Bulgaria inquinans,
einem mistelassozierten Schlauchpilz, durch den Einsatz der OSMAC-Methode.

Der endophytische Pilz Bulgaria inquinans (Isolat MSp3-1), isoliert aus einer Mistel
(Viscum album), wurde auf festem Czapek Medium fermentiert. Die chromatographische
Aufarbeitung des Ethylacetat Rohextraktes lieferte fiinf neue Naturstoffe (1-5). Die
anschlieBende Anwendung der OSMAC Strategie durch Zusatz verschiedener Salzmischungen

(MgSO4, NaNO; und NaCl) zum Czapek Medium induzierte die Akkumulation von neun
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zusétzlichen, neuen Sekundédrmetaboliten (6—13, 16), von denen die meisten (8, 10—12) in
Kulturen ohne Salzmischungen nicht detektierbar waren. Die Struktur der neuen Verbindungen
wurde anhand ihrer 1D/2D-NMR Spektren und HRESIMS Daten bestimmt. Die TDDFT-ECD
Berechnungen wurden benutzt um die absolute Konfiguration der neuen Verbindungen 1, 4 und
6 zu bestimmen und zusdtzlich von Bulgarialakton B (14) fiir welches die absolute
Konfiguration noch unbeschrieben war. Um die absolute Konfiguration von 12 und 13
erfolgreich zu bestimmen wurden modifizierte Mosher Ester Analysen durchgefiihrt. Die
TDDFT-ECD Berechnungen lieBen auBBerdem die bestimmung der absoluten Konfiguration
von (+)-Epicocconon zu, welches in seiner trizyklischen Substruktur das Enantiomer zu
Bulgarialakton B (14) darstellt. Alle isolierten Metaboliten wurden auf ihre zytotoxische
Aktivitdit untersucht. Verbindung 2 =zeigte starke zytotoxische Aktivitdt gegeniiber
Mauslymphom Zelllinie L5178Y mit einem ICso Wert von 1.8 uM, wihrend sich die iibrigen
Verbindungen als inaktiv erwiesen.

Didymellanosin, ein neues Decahydrofluorenanalogon, und Ascolakton C aus
Didymella sp. [EA-3B.1, einem Endophyten aus Terminalia catappa.

Didymellanosin (1), der erste Vertreter der Naturstoffklasse Decahydrofluorene,
welcher ein 13-gliedriges makrozyklisches Alkaloidgrundgeriist besitzt, das mit Adenosin
konjugiert ist und das neue Benzolaktonderivat Ascolakton C (4) wurden zusammen mit acht
bekannten Verbindungen (2—3, 5-10) aus einer Reisfermentation des endophytischen Pilzes
Didymella sp. IEA-3B-1, welcher mit der Wirtspflanze Terminalia catappa assoziiert ist,
isoliert. Zusatzlich lies sich das neue Ascochitamin (11) isolieren, nachdem (NH4)>SO4 dem
Reismedium zugesetzt wurde. Die Struktur der neuen Verbindungen wurde durch ausgiebige
Analyse der ein- und zweidimensionalen NMR Daten und HRESIMS Daten ermittelt. Bei der
Untersuchung der Zytotoxizitit zeigte Didymellanosin (1) starke bis maBige Aktivitét
gegeniiber der murinen Lymphomzelllinie L5178Y, der Burkitt B-Lymphom Zelllinie (Ramos)

und der T-Zell Leukdmiezelllinie (Jurkat J16) mit ICso Werten von jeweils 2.2, 7.6 und
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11.0 uM. AuBerdem wurde mit den Substanzen ein NFkB-Inhibitionsassay durchgefiihrt, bei
dem Verbindung 1 und Phomapyrrolidon A (2) effizient die Aktivierung von NF«B blockierten.
Bei der Untersuchung der antibakteriellen Aktivitit stellte sich Ascomylaktam C (3) als aktivste
Verbindung heraus. Beim Test gegen eine Auswahl grampositiver Bakterien, einschlieBlich
therapieresistenter Stimme, wurden hierbei MIC zwischen 3.1 und 6.3 M ermittelt, wiahrend
1 deutlich weniger aktiv war. Interessanterweise waren beide Verbindungen gegeniiber dem
gramnegativen Bakterium Acinetobacter baumannii aktiv, mit einer MIC von 3.1 uM, wenn

zusétzlich 0.1 uM Colistin hinzugefiigt wurden.
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Chapter 1

Introduction

1.1. Natural products in drug discovery

Natural products are produced by plants, animals and microorganisms to improve their
fitness against competitors, predators and pathogens (Kellenberger ef al., 2011). Based on the
structural classes, natural products can be categorized as polyketides, non-ribosomal peptides
(NRPs), alkaloids, terpenoids and others. These reflect the main biosynthetic pathways which
are employed in organisms (Clardy and Walsh, 2004). These metabolites are remarkable for a
wide array of biological activities that significantly contribute to the treatment of many diseases
since ancient times (Dias et al., 2012).

The idea of isolating pure natural products as therapeutic substances can be traced back
to the beginning of the 19™ century. One early successful story is the isolation of morphine from
opium (Papaver somniferum) in 1806 by the German pharmacist Friedrich Wilhelm Adam
Sertiirner, which was later produced and commercialized by E. Merck in 1826 for the first time
(Newman et al., 2000; Klockgether-Radke, 2002). Further examples include the discovery of
the antimalarial drugs quinine and artemisinin, the antibiotics penicillin and erythromycin, the
anticancer agents paclitaxel and camptothecin, the cholesterol-lowering agents compactin and
lovastatin, among many other remarkable drugs and lead structures of natural products origin
(Butler, 2004; Cragg and Newman, 2013).

In general, natural products are utilized as drugs in three distinct ways, including the
direct application of molecules, the serving as starting material for further chemical
modifications and acting as lead structures that enable the synthesis of a series of analogues or
as templates for generating drug-like compound libraries (Berdy, 2005; Grabowski et al., 2008).
Thus far, with the growing advance in synthetic and combinatorial chemistry, natural products

continuously contribute as an invaluable source of novel scaffolds for drug candidates (Butler,
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2004; Clardy and Walsh, 2004; Grabowski et al., 2008). Natural products offer several
advantages in the search for new therapeutic agents. Firstly, natural compounds can go
straightforward from “hit” to drug, without involving any modifications beforehand. Secondly,
natural product-derived scaffolds are unique, particularly those representing privileged
structures bearing the property of “drug-likeness”, that place them as legitimate starting points
for lead optimization in rational drug design. Eventually, natural products can lead to the
elucidation and better understanding of targets or pathways involved in disease processes (Lam,
2007; Amedei and D'Elios, 2012; Lachance et al., 2012).

Natural products or molecules inspired by their structures contribute to around one
quarter of small molecules as new chemical entities (NCEs) approved by the FDA in 2014. This
indicates that this field is still growing, in spite of a decreasing interest of pharmaceutical
companies in natural product-based research programs (Newman and Cragg, 2016). Even in
2018, 10 out of 59 drugs approved by the FDA fell within this category (de la Torre and
Albericio, 2019). Among the licensed therapeutic agents thus far, anti-infective and anticancer
drugs are still strongly influenced by natural products and most of them are of microbial origin

(Lam, 2007; Newman and Cragg, 2016).

1.2. Therapeutic molecules of fungal origin

Secondary metabolites of fungal origin are an important part of natural products that
historically have made substantial contributions to the discovery of drugs and leads (Berdy,
2005). The milestone of antibiotic research was started by the discovery of penicillin, the first
therapeutically used antibiotic, by Sir Alexander Fleming in 1928 (Lobanovska and Pilla,
2017). Penicillin was produced by the filamentous fungus, Penicillium notatum, which was
initially found as a contaminant of a Petri dish containing a culture of Staphylococcus aureus.
Its structure was fully characterized in 1945 as penicillin G, which contains a characteristic

f-lactam moiety. The latter is the most essential part of the molecule regarding its activity. It
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covalently binds to the penicillin-binding proteins (PBPs) of bacteria to exert its killing action
(Bentley, 2009; Lobanovska and Pilla, 2017). Another member of the f-lactam family was
firstly isolated in 1948 from Acremonium chrysogenum (formerly known as Cephalosporium
acremonium) by Giuseppe Brotzu and identified as cephalosphorin C (Amedei and D'Elios,
2012). Nowadays, a number of f-lactam antibiotics inspired by penicillins and cephalosporins
are in clinical use and are produced through a semi-synthesis approach or large-scale
fermentation of the highly productive strains derived from genetic engineering (Elander, 2003).

The earliest antifungal agent, griseofulvin, was discovered in 1939 and defined as a
metabolite product of Penicillium griseofulvum (Oxford et al., 1939). Griseofulvin is especially
active against dermatophytes and used for the treatment of ringworm disease in humans and
animals. Yet, the exact antifungal mode-of-action is not completely understood, but the
preferred explanation is its interference with the microtubule assembly and resulting mitotic
arrest (Odds et al., 2003). Griseofulvin also drew attention due to its antimitotic and
antiproliferative activities towards mammalian cancer cells (Rathinasamy et al., 2010).
However, the mode-of-action in both fungi and mammalian cells was proposed to be different
and required further detailed investigation (Rennest et al., 2012). Moreover, a number of
griseofulvin analogues were prepared synthetically for the purpose of improving its antifungal
and anticancer properties (Petersen et al., 2014).

Furthermore, the discovery of echinocandins, a group of cyclic hexapeptides bearing a
lipid side chain, represents yet a new class of antifungal drugs. They are used especially for the
treatment of invasive candidiasis and aspergillosis (Chen ef al., 2011). Caspofungin became the
first clinically approved analogue by the FDA in 2001, followed by micafungin in 2005 and
anidulafungin in the following year (Hashimoto, 2009). These echinocandins were semi-
synthesized upon structure modification of the fungal products pneumocandin By from Glarea
lozoyensis (Wichmann et al. 1989), FR901379 from Coleophoma empetri (Iwamoto et al.,

1994) and echinocandin B from Aspergillus nidulans var. echinulatus (Benz et al., 1974),
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respectively. All echinocandins act as non-competitive inhibitors of 1,3-#-glucan synthase and

hinder the synthesis of fungal cell walls (Hashimoto, 2009).
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Figure 1.2.1. Drugs and leads derived from fungi.

Cyclosporin A is a clinically important immunosuppressant agent used to prevent organ
transplantation rejection. Interaction of cyclosporin A with a specific cytosolic binding protein,
cyclophilin, results in a novel complex that further inhibits the function of the calcineurin
enzyme and leads to a disruption of the signal transduction process in T cells activation
(Jergensen et al., 2003). It was first isolated from Tolypocladium inflatum (formerly identified

as Trichoderma polysporum) and initially studied for its antifungal activity (Demain, 2014).
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Cyclosporin A has been reported also for its antiviral activity against the hepatitis C virus
(HCV), however the immunosuppressive action limited further applications (Nakagawa et al.,
2004). Many analogues of cyclosporin A have been afforded through total synthesis, semi-
synthesis after chemical modification or a biosynthetic approach, allowing for the investigation
of less toxic derivatives and other potential uses (Lazarova and Weng, 2003). Interestingly, the
synthetic non-immunosuppressive analogue Debio-025 was found to be superior against HCV
infection to cyclosporin A itself. Additionally, it showed impressive activity against human
immunodeficiency virus type 1 (HIV-1), rendering it a potential option for the therapy of
HCV/HIV co-infection (Chatterji et al., 2005; Paeshuyse et al., 2006). Moreover, several
analogues were evaluated in clinical trials for the treatment of asthma and have demonstrated
promising effects (Eckstein and Fung, 2003).

Lovastatin is the first commercially available cholesterol-lowering agent from the statin
class of metabolites, initially isolated from a filamentous fungus Aspergillus terreus (Alberts et
al., 1980). Prior to lovastatin, compactin was obtained as a product of Penicillium
brevicompactum (Brown et al., 1976), but it has never entered the market. Nonetheless,
biotransformation of compactin yielded pravastatin, while simvastatin was produced after
chemical modification of lovastatin. Newer statins (e.g. fluvastatin and atorvastatin) were
derived from total chemical synthesis. All statins bind to the active site of the 3-hydroxy-3-
methylglutaryl coenzyme A (HMG-CoA) reductase, the first rate-limiting step in the
cholesterol biosynthesis pathway (Tobert, 2003). Besides their main application field,
subsequent clinical studies reported the potential therapeutic effects of lovastatin for the
treatment of cancer (Hindler et al., 2006), multiple sclerosis (Sena et al., 2003), and
Alzheimer’s disease (Friedhoff ef al., 2001). Similarly, some drugs were found to have new
pharmacological effects during their licensed clinical uses, which led to drug repurposing of

the current uses for their new therapeutic applications (Cragg ef al., 2014).
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A number of approaches have been introduced to capture a wider structural diversity
and hence more potentially therapeutic compounds from fungi. Those include the extensive
exploration of biological sources from diverse geographical areas and untapped ecosystems to
enhance the genetic diversity, as well as efforts to induce the expression of “silent” gene clusters
in the strains under study conditions (Knight ez al., 2003; Lam, 2007; Brakhage and Schroeckh,
2011). Useful tools to overcome the major challenge of re-discovery of known metabolites,
include dereplication strategies such as the combination of chromatographic and spectroscopic
techniques as well as utilization of in-house libraries and natural product databases, such as the
Dictionary of Natural Products (DNPs), AntiBase, and MarinLit (Lam, 2007; Nielsen and
Larsen, 2015). An appreciated number of valuable metabolites has been discovered from fungal
resources and is used for various clinical applications so far. Nevertheless, the need for new
and better drugs is likely at pace with the rapidly emerging cases of resistance to the existing
drugs, especially in the field of antimicrobial and anticancer agents (Cragg et al., 2014; Harvey

etal.,2015).

1.3. Endophytic fungi as a reservoir of biologically active secondary metabolites
Endophytic fungi are a diverse polyphyletic group of microorganisms that can be found
in each part of plant tissues, from less accessible roots to the inner tissue of stems, leaves,
flowers and fruits (Aly et al., 2010). To date, only around 1-2% of 300.000 known plant species
have been investigated for their endophyte composition, which makes them largely unexplored
in comparison with their pathogenetic counterparts or soil-borne fungi (Chandra, 2012; Strobel,
2018). Plants derived from tropical and temperate rainforests, which harbor more than 60% of
the world’s terrestrial biodiversity, and those which were traditionally used as medicinal plants,
are considered as rich sources of endophytes. These microorganisms are capable of producing

a myriad of bioactive secondary metabolites (Strobel ef al., 2004).
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Basically, endophytes synthesize secondary metabolites to compete with epiphytes or
pathogens for colonization of the host as well as to maintain host metabolism in balance
(Chandra, 2012). On the plant side, the occurrence of endophytes enhances the growth and
increases adaptation to abiotic and biotic stress. The latter is relevant in regard to the finding
that the majority of compounds derived from endophytes possess antimicrobial activity and in
many cases, these have been involved in protecting the host plants towards phytopathogenic
microorganisms (Gunatilaka, 2006; Aly et al., 2011; Jia et al., 2016). Thus, natural products
produced by endophytes are shaped through an evolutionary unique relationship with the host
plants and many of them display unprecedented structures and various biological impacts that
are promising for pharmaceutical and agricultural applications (Gunatilaka, 2006, Aly ef al.,
2010).

Cryptocandin is a unique lipopeptide related to echinocandins that revealed excellent
antifungal activity against either human pathogenic (Candida albicans, Trichophyton
mentagrophytes and Trichophyton rubrum) and plant pathogenic fungi (Botrytis cinerea and
Sclerotinia sclerotiorum). The compound was isolated from the fungal endophyte
Cryptosporiopsis cf. quercina, harbored in the inner bark of the stems of Triptergyium wilfordii
(Strobel et al., 1999). Another metabolite from this endophyte, namely cryptocin, contains an
unusual tetramic acid moiety and was found active against some species of plant pathogenic
fungi belonging to oomycetes and ascomycetes, including Pyricularia oryzae, the most

economically important pathogen as a causal agent of rice blast disease (Li et al., 2000).
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Figure 1.3.1. Bioactive metabolites isolated from endophytic fungi.

A novel compound of indole diterpenoids with potent insecticidal activity, nodulisporic

acid A, was obtained after chemical investigation of Nodulisporium sp. cultures. The fungus

was isolated from woody tissue of Bontia daphnoides, collected in Hawaii (Ondeyka et al.,

1997). Nodulisporic acid A itself further showed impressive activity against blood-feeding

ectoparasites Cimex lectularius and Ctenocephalides felis. Its mode-of-action in parasite killing

is similar to that of ivermectin. However, unlike ivermectin it selectively inhibits a glutamate-

gated chloride channel in invertebrates which is lacking in mammals. The lack of effects to the

GABA-gated chloride channel, renders this an orally active compound that is safe in mammals

at a dosage not possible for ivermectin. A number of analogues thereof have been produced
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through semisynthetic and total synthetic efforts after structure modifications, to improve the
spectrum of its biological activity (Meinke et al., 2002).

Intriguingly, endophytic fungi are found to be capable of producing natural products
originally considered exclusive to the host plants. They have gained much attention since first
noticed for their capability to produce the remarkable anticancer agent, paclitaxel from
Taxomyces andreanae, a fungal endophyte of Taxus brevifolia, the latter being the original
source of the compound (Stierle et al., 1993). In the years to follow, some wonder molecules
were isolated from endophytic fungi, such as the anticancer agent camptothecin, a precursor of
semisynthetic derivatives, topotecan and irinotecan (Puri et al., 2005), as well as
podophyllotoxin, a precursor of three current anticancer drugs etoposide, teniposide and
etoposide phosphate (Eyberger et al., 2006; Puri ef al., 2006). Further examples include the
microtubule-targeting anticancer agents, vincristine and vinblastine, isolated from Fusarium
solani, a fungus associated with Catharanthus roseus (Kumar et al., 2013).

These findings have raised the prospect of the utilization of such endophytes as
alternative sources for those pharmaceutically valuable metabolites (Priti et al., 2009). On the
other hand, substantial reduction in metabolite production upon repeated sub-culturing of
endophytes was encountered, thus far preventing the industrial applications of using endophytes
(Kusari et al., 2009,; Kusari and Spiteller, 2011). Various hypotheses have been proposed to
explain this attenuation process, including the absence of host-specific stimuli after laboratory
cultivation, gene silencing and the loss of essential elements in gene clusters that are required
for metabolite biosynthesis (Deepika et al., 2016). Nevertheless, recent progress on genome
analysis of the paclitaxel-producing endophyte Penicillium aurantiogriseum revealed that the
fungus and the Taxus genus have evolved independently in the paclitaxel biosynthetic pathway,
thereby ruling out the possibility of horizontal gene transfer between endophyte and the host
plant or vice versa as suggested before. Hence, this finding provides new insight into the

evolutionary origin of their biosynthetic genes (Yang ef al., 2014). Owing to the broad diversity
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in nature along with the great biosynthetic potential, endophytic fungi remain as an
inexhaustible resource of bioactive and structurally novel natural products (Kusari et al., 2012;

Deepika et al., 2016).

1.4. Strategies to unlock silent gene clusters in fungal biosynthetic pathway

The enzymes involved in the biosynthetic pathways of fungal secondary metabolites are
encoded by genes arranged as clusters in the genome and are collectively called biosynthetic
gene clusters (BGCs) (Pfannenstiel and Keller, 2019). As favored by the advance of genome
mining, a growing number of BGCs controlling the biosynthetic pathways of fungal natural
products are being identified. This effort indicated that the actual biosynthetic capacity of
endophytic fungi as producers of secondary metabolites is much greater than known today, thus
a plethora of novel and bioactive natural products from fungi await to be discovered (Kusari et
al., 2012; Brakhage, 2013; Harvey et al., 2015).

In fact, many of these BGCs remain not expressed under laboratory culture conditions,
thus limiting the chemical diversity of compounds afforded from the standard fermentation
(Wakefield et al., 2017). This challenge has prompted the development of numerous strategies
to activate the silent BGCs and characterize their cryptic metabolites. These included the “One
Strain MAny Compounds” (OSMAC) approach, the co-cultivation technique of two or more
different microorganisms (either fungus and fungus or fungus and bacterium co-cultures) and
epigenetic modulation (Wakefield et al., 2017; Pfannenstiel and Keller, 2019).

1.4.1. OSMAC approach

It is well established that each biosynthetic step in metabolic processes of endophytic
fungi can be influenced by general ecological factors (Aly ef al., 2010; Kusari et al., 2012). The
term OSMAC was introduced by Zeeck and co-workers to describe the systematic modification
on easily accessible culture parameters such as media composition, pH, light, temperature,

aeration, the shape of culture vessels or addition of enzyme inhibitors/inducers (Bode et al.,
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2002; Daletos et al., 2017). As shown by Paranagama et al. (2007), even simple differences
such as exchanging tap water to distilled water in preparing potato-dextrose broth (PDB) as
culture medium shifted the main metabolites production of an endophytic Paraphaeosphaeria
quadriseptata. These changes were attributed to the presence of trace amount of metal ions
(Cu**, Cd*", and Cr’*") in tap water. When cultivated on PDB medium prepared with tap water,
the fungus mainly produced monicillin I, whereas cytosporone F and aposphearine B were
afforded as major metabolites upon culturing the fungus on PDB prepared with distilled water.
Further studies on a mangrove endophyte, Penicillium brocae, revealed that the fungus when
cultured on PDB medium was capable of producing a series of new disulfide-bridged
diketopiperazines, brocazines A—F, which exhibited potent cytotoxic activities towards a panel
of cancer cells (Meng ef al., 2014). On the other hand, several additional diketopiperazines
lacking a disulfide-bridge, penicibrocazines F—I, were obtained following fermentation of the
respective fungus on Czapek medium (Meng ef al., 2017). This result indicated the sensitivity
of biosynthetic process of the suited strains to the changes of medium composition.
1.4.2. Co-cultivation

Co-cultivation involving two or more different microorganisms in the same confined
environment is inspired by their omnipresence in the natural microbe communities (Bertrand e?
al., 2014). This technique is considered as an experimental imitation of the microbial
interactions occurring in nature at the laboratory scale, either to enhance the accumulation of
the constitutively present metabolites or to provoke the production of new metabolites missing
in discrete fungal or bacterial cultures (Daletos et al., 2017; Wakefield et al., 2017). Take
Fusarium tricinctum as an example, co-cultivation of this endophyte with Bacillus subtilis
resulted in a significant enhancement of the constitutive fungal metabolites, such as enniatins,
lateropyrone and fusaristatin A compared to those in axenically grown culture. In addition, the
accumulation of three new cryptic metabolites, such as macrocarpon C, 2-(carboxymethyl-

amino) benzoic acid and (—)-citreoisocoumarinol was detected only in co-cultures (Ola et al.,
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2013). When challenged with Streptomyces lividans, this fungus was able to produce several
new further cryptic naphthoquinone dimers, fusatricinones A-D, along with
dihydrolateropyrone (Moussa et al., 2019). These results suggested that the fungus responds
differently during their interaction with different microorganisms.

Even though the precise mechanism of this microbial interaction remains unclear, direct
contact between microorganisms or secretion of signaling molecules may unlock silent gene
clusters and lead them to produce new secondary metabolites for communication, competition
and defense purposes (Scherlach and Hertweck, 2009; Wakefield et al., 2017; Tomm et al.,
2019). An interesting result was shown in a recent study by the treatment of an endophytic
Chaetomium sp. with autoclaved culture of Pseudomonas aeruginosa that resulted in the
accumulation of new butenolides, chaetobutenolides A—C (Ancheeva et al., 2017). Further
chemical investigation of the resulting extract also led to the isolation of two additional cryptic
metabolites bearing an unprecedented alkaloid scaffold, chaetolines A and B, thereby
suggesting the fungal response to be related to exposure to the conserved microbe-specific
molecules that may be released upon autoclaving P. aeruginosa, regardless of the absence of
physical interaction between the studied microorganisms (Ancheeva et al., 2018).

1.4.3. Epigenetic modulation

Epigenetic modifiers are capable of changing microbial characteristics in
correspondence to alteration of their epigenetic status, without involving any changes in the
DNA sequence (Pan et al., 2019). There are two main groups of chemicals used as epigenetic
modifiers such as histone deacetylase (HDAC) and DNA methyltransferase (DNMT) inhibitors.
Suberoylanilide hydroxamic acid (SAHA), suberoyl bishydroxamic acid (SBHA) and
nicotinamide are some common HDAC chemicals to inhibit the removal of acetyl groups in
epigenetic machinery, while 5-azacytidine (5-AC) is the most commonly used DNMT inhibitor
(Pan et al., 2019; Pfannenstiel and Keller, 2019). Among other successful applications of this

approach, cultivation of Chaetomium indicum in the presence of SBHA particularly promoted
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the expression of two silent genes (phksCH-1 and pksCH-2) for nonreducing PKSs in
chaetophenol biosynthesis, leading to the isolation of structurally diverse polyketides,
chaetophenols A—F (Asai et al., 2013). Furthermore, epigenetic stimulation by addition of
nicotinamide, a NAD"-dependent HDAC inhibitor, in the cultures of the endophytic fungus
Eupenicillium sp., derived from the Chinese medicinal plant Xanthium sibiricum led to an
increased production of two new polyketides containing a decalin motif, eupenicinicols C and
D. The latter compound showed strong antibacterial activity against Staphylococcus aureus, in
addition to its pronounced cytotoxicity towards human acute monocytic leukemia cells (THP-

1) (Lietal., 2017).

1.5. Aims and significance of this study

The capability of endophytic fungi to produce various types of secondary metabolites
bearing unique structural features and a vast array of bioactivities, combined with their potential
biosynthetic capacity, have continuously inspired many studies in natural products. This study
is aimed at affording secondary metabolites derived from endophytes with anticancer and
antibacterial properties. Moreover, OSMAC approaches were utilized to maximize the
chemical diversity of metabolites of the producing strains. Thus, three species of endophytic
fungi such as Penicillium sp., Bulgaria inquinans and Didymella sp., were used as biological
sources, guided by the intriguing chromatographic profiles of their crude EtOAc extracts
through HPLC-DAD analysis, in combination with in-house UV spectra library.

A total of 22 indole diterpenoids, of which nine are new natural products were obtained
following chromatographic workup on a rice culture of Penicillium sp., an endophyte isolated
from roots of Zingiber officinale. When tested for cytotoxicity, a series of analogues showed
potent to moderate activity against L5178Y and A2780 cells. The structure-activity relationship

(SAR) of this type of analogues is proposed (Chapter 2 Publication 1).
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The study of the mistletoe-associated fungus, Bulgaria inquinans cultured on solid
Czapek medium yielded a series of butyrolactones and an azaphilone pigment, of which one
butyrolactone analogue was found to be cytotoxic towards L5178Y cells. In order to influence
the biosynthetic capacity of this strain, the OSMAC strategy was applied by supplementing the
media with a mixture of salts (MgSO4, NaNOs3, and NaCl), resulting in the accumulation of
other types of new compounds including a 1,3-oxazine containing metabolites and a series of
a-pyrones (Chapter 3 Publication 2).

The fermentation of an endophytic Didymella sp. derived from the host plant Terminalia
catappa on rice medium led to the isolation of azaphilones, isocoumarins and
decahydrofluorene-class of compounds. The latter revealed significant activities as antibacterial
agents against Gram-positive bacteria (Staphylococcus aureus, Enterococcus faecalis, and
Enterococcus faecium) including drug-resistant strains and Gram-negative bacterium
(Acinetobacter baumannii). Furthermore, didymellanosine revealed NF«B inhibitory activity,
in addition to its strong to weak cytotoxicities against L5178Y, Jurkat, Ramos and MDA-MB-
231 cells. The utilization of the OSMAC approach by addition of (NH4)2SO4 to the rice medium
influenced the metabolite profile of this fungus and led to the isolation of a nitrogen-containing
azaphilone, presumably derived from conversion of oxygen to nitrogen of the corresponding

azaphilone (Chapter 4 Publication 3).

21



Publication 1

Chapter 2

Publication 1

Indole diterpenoids from an endophytic Penicillium sp.

Published in  : “Journal of Natural Products”

Impact factor :4.257

Research contribution: first authorship, contributed to 60% of this publication. The first author
conducted most of the laboratory work including isolation and structure elucidation of

secondary metabolites, as well as preparation of the manuscript.

Reprinted by permission from “Ni P. Ariantari, Elena Ancheeva, Chenyin Wang, Attila
Mandi, Tim-O. Knedel, Tibor Kurtan, Chaidir Chaidir, Werner E. G. Miiller, Matthias U.
Kassack, Christoph Janiak, Georgios Daletos, Peter Proksch (2019) Indole diterpenoids from
an endophytic Penicillium sp.” Journal of Natural Products, 82, 1412—1423. Copyright:

American Chemical Society and American Society of Pharmacognosy 2019.

22



Publication 1

JOURNAL OF

RODUCT

Indole Diterpenoids from an Endophytic Penicillium sp.

Ni P. Ariantari,%’i Elena Ancheeva,*’% Chenyin Wang,§ Attila Méndi,l Tim-O. Knedel,#
Tibor Kurtan,™ Chaidir Chaidir,” Werner E. G. Miiller,° Matthias U. Kassack,® Christoph ]aniak,#
Georgios Daletos,*’I and Peter Proksch™''

@ Cite This: J. Nat. Prod. 2019, 82, 1412-1423 pubs.acs.org/jnp

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

*Department of Pharmacy, Faculty of Mathematic and Natural Sciences, Udayana University, 80361 Bali, Indonesia

SInstitute of Pharmaceutical and Medicinal Chemistry, Heinrich Heine University Diisseldorf, Universitatsstrasse 1, 40225
Diisseldorf, Germany

lDepartment of Organic Chemistry, University of Debrecen, P.O.B. 400, 4002 Debrecen, Hungary

#Institute of Inorganic Chemistry and Structural Chemistry, Heinrich Heine University Diisseldorf, Universititsstraie 1, 40225
Diisseldorf, Germany

ICenter for Pharmaceutical and Medical Technology, Agency for the Assessment and Application Technology, 10340 Jakarta,
Indonesia

Clnstitute of Physiological Chemistry, Universititsmedizin der Johannes Gutenberg-Universitit Mainz, Duesbergweg 6, 55128
Mainz, Germany

© Supporting Information

O ICs (¢M): 3.6 (L5178Y)
8.7 (A2780)

Penicillium sp.

s (M'em™) and R * 10%cgs

Zingiber officinale

wavelength (nm)

ABSTRACT: A chemical investigation of the endophyte Penicillium sp. (strain ZO-R1-1), isolated from roots of the medicinal
plant Zingiber officinale, yielded nine new indole diterpenoids (1—9), together with 13 known congeners (10—22). The
structures of the new compounds were elucidated by 1D and 2D NMR analysis in combination with HRESIMS data. The
absolute configuration of the new natural products 1, 3, and 7 was determined using the TDDFT-ECD approach and confirmed
for 1 by single-crystal X-ray determination through anomalous dispersion. The isolated compounds were tested for cytotoxicity
against L5178Y, A2780, J82, and HEK-293 cell lines. Compound 1 was the most active metabolite toward L5178Y cells, with an
ICy, value of 3.6 uM, and an ICj, against A2780 cells of 8.7 uM. Interestingly, 1 features a new type of indole diterpenoid
scaffold with a rare 6/5/6/6/6/6/5 heterocyclic system bearing an aromatic ring C, which is suggested to be important for the
cytotoxic activity of this natural product against L5278Y and A2780 cells.

F ilamentous fungi (e.g., Penicillium, Aspergillus, and immunosuppressant agent mycophenolic acid, isolated from
Fusarium sp.) are important producers of structurally P. brevicompactum, represents further success stories leading to
unusual natural products with pharmaceutical potential." Since important therapeutically used molecules from this genus.' ™
the discovery of the antibiotic penicillin G from Penicillium In our search for new bioactive compounds from fungal
notatum, fungi belonging to this genus have gained sources, we investigated Penicillium sp. (strain ZO-R1-1), an
considerable attention with regard to their secondary endophytic fungus isolated from the medicinal plant Zingiber
metabolites and proved to be prolific sources of bioactive officinale (Zingiberaceae) collected in Indonesia. Rhizomes of
compounds. The discovery of the antifungal compound

griseofulvin from P. griseofulvum, of the cholesterol-lowering Received: August 26, 2018

agent compactin produced by P. citrinum, and of the Published: May 22, 2019

. . © 2019 American Chemical Society and
ACS Publications  American Society of Pharmacognosy 1412 DOI: 10.1021/acs jnatprod.8b00723
v J. Nat. Prod. 2019, 82, 1412-1423
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Chart 1

Z. officinale have been widely used in traditional medicine
systems among Asian countries to treat numerous ailments,
such as vertigo, common cold, cough, anorexia, and
rheumatism."® A number of studies have reported antiox-
idant,” antiemetic,'® anticancer,”®'" antiarthritic,'”> and anti-
inflammatory”'" activities, attributed to the main bioactive
metabolites, gingerols and shogaols.

The HPLC-PDA analysis of the EtOAc extract of Penicillium
sp, in combination with an in-house UV spectra library,
demonstrated a series of peaks with similar UV absorptions at
around 228 and 280 nm, which suggested the presence of
indole diterpenoids.”>~" Indole diterpenoids are a large class
of structurally diverse fungal secondary metabolites, featuring
an indole moiety fused to a diterpene skeleton.'°™"* Among
them, lolitrem B,"” paxilline,w paspalitrems A and B,
janthitrems B and Cc penitrems A—F* aflatrem,*® and
paspalinine27 are known as tremorgenic mycotoxins, causing
neurological disorders in farm animals. These compounds are
produced by species of fungi from the genera Penicillium,
Aspergillus, Epichloé, and Claviceps'®"****® and are also known
for their insecticidal properties. Moreover, indole
diterpenoids were found to be antibacterial,*** inhibitors of
Candida albicans biofilm formation,”” antiviral (against HIN1
influenza A virus)'* and antiproliferative with activities against
human glioblastoma®* and breast cancer cell lines.* Paxilline
has been shown to inhibit high-conductance Ca**-activated K*
(Maxi-K) channels,*® which was associated with its anti-
convulsant effect.’” Synthetic derivatives of indole diterpenoids

16,30

1413

24

were patented as Maxi-K channel blockers for treatment of
glaucoma.” The complex structures of these natural products
and the broad range of their biological activities have inspired
numerous studies, which focused on their total synthesis and
on the elucidation of the biosynthetic pathways and enzymes
leading to the rich chemical diversity of these intriguing
secondary metabolites.””™*'

In the present study, we describe the isolation and structure
elucidation of nine new indole diterpenoid analogues (1—9)
from the endophyte Penicillium sp. ZO-R1-1. A plausible
biosynthetic pathway leading to the formation of the
uncommon alkaloid diterpenoid skeleton of 1 is proposed.
Furthermore, we discuss the cytotoxicity of the new and
known indole diterpenoids isolated in this study.

B RESULTS AND DISCUSSION

The HRESIMS spectrum of shearilicine (1) exhibited a
prominent pseudomolecular ion peak at m/z 414.2063 [M +
H]* attributed to the molecular formula C,,H,,NO; and
accounting for 15 degrees of unsaturation. Investigation of the
"H NMR data (Table 1) revealed the presence of one isolated
NH signal, three methyl groups, four sets of methylene signals,
nine methines including six aromatic, one olefinic and two
further aliphatic protons. Four characteristic aromatic proton
signals resonating at 8y 8.00 (H-21), 7.19 (H-22), and 7.38
(H-23, H-24), along with the NH signal (8 7.90), hinted at
the presence of an indole moiety containing a 1,2-disubstituted
benzene (ring A). The observed HMBC correlations from H-

DOI: 10.1021/acs jnatprod.8b00723
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Table 1. 'H and '*C NMR Data for 1—4

1“ 2" 3 4

position 8¢, type” 8y (J in Hz) 8¢, type” 8y (J in Hz) 8¢, type 8y (J in Hz) S, type 8y (J in Hz)

1-NH 7.90, s 10.84, s 10.85, s 10.76, s

2 139.8, C 1484, C 148.8, C 152.7, C

3 107.8, CH 7.28,s 487, C 47.8, C 504, C

4 147.6, C 388, C 42,0, C 424, C

S 359, C 284, CH, 245, m; 1.98, ov 28.1, CH, 2.20, m; 2.08, ov 249, CH, 242, m; 1.81, m

6 34.5,CH, 2.3, m 304, CH, 198, ov; 1.84, m 329, CH, 2.08, ov 27.3, CH, 2.47, m; 1.83, ov

7 277, CH, 224, ddd (14.0, 119, 9.2); 103.8, C 93.5, C 97.1, C

2.04, br dd (14.0, 6.3)

8 103.9, C

9 87.4, CH 443,d (1.2) 783, CH 4.13,s 785, CH 392, s

10 88.1, CH 4.35,d (1.2) 195.1, C 198.7, C 1972, C

11 197.5, C 117.3,CH 6.16, s 120.7, CH 5.86, s 121.3,CH 5.79, s

12 1204, CH 5.94,brs 163.8, C 1614, C 160.3, C

13 171.0, C 1384, C 140.7, C 757, C

14 433, CH  3.04, dt (12.0, 2.6) 132.5,CH 6.52,dd (52,2.7) 1304, CH 6.07, dd (5.2,2.4) 327, CH, 183, m; 1.68, m

15 199, CH, 2.18, m; 1.85, qd (12.0, 6.1) 279, CH, 2.39, ov; 2.34,dt 27.5,CH, 2.30, m; 2.26, m 21.0, CH, 1.94, dd (118,
(193, 5.2) 3.0); 1.64, ov

16 29.5,CH, 3.14,m 44.5,CH 290, m 450,CH 2.8, m 49.5,CH 275, m

17 125.6, C 26.7, CH, 2.74,dd (132, 26.5, CH, 2.76,dd (13.1,6.7); 2.39, 269, CH, 2.62, dd (13.0,
6.7); 2.39, ov dd (13.1, 10.1) 6.0); 2.34, ov

18 119.7, CH 7.75, s 116.1, C 116.1, C 1149, C

19 1222, C 1242, C 1242, C 124.5, C

20 123.1, C 117.6, CH 7.32, ov 117.9,CH 7.31,d (8.0) 117.7, CH 727, ov

21 1202, CH 8.00,d (7.7) 1184, CH 6.93, ddd)(s.x, 118.5, CH 6.92, td (8.0, 1.2) 1184, CH 6.90, td (7.0, 1.1)
7.0, 1.2

22 119.1, CH 7.19, m 119.5,CH 6.98, ddd)(s,l, 119.7, CH 6.97, td (8.0, 1.2) 119.3, CH 6.92, td (7.0, 1.3)
7.0, 1.2

23 125.8, CH 7.38, ov° 1117, CH 7.32, ov 111.8, CH 7.9, d (8.0) 111.8, CH 727, ov

24 110.7, CH 7.38, ov 1404, C 1404, C 139.7, C

25 140.1, C 142, CH; 097, s 15.0, CH; 092,s 163, CH; 1.26,s

26 308, CHy; 139, s 272,CH; L117,s 224, CH; 1.09, s 19.1, CH; 096, s

27 787, C 77.6, C 714, C 71.0, C

28 228, CHy; 126, s 22.6,CH, 1.14,s 25.8, CHy 118, s 25.7,CHy; 120,s

29 28.7, CHy 147, s 28.5, CH; 139, s 267, CH; 118, s 262, CH; 123,s

7-OH 6.54, s

7-OMe 49.0, CH; 3.38,s

13-OH 458, s

27-OH 431, s 445, s

“Recorded at 600 MHz ('H) and 150 MHz ('*C) in CDCI,. “Recorded at 600 MHz (‘H) and 150 MHz (3C) in DMSO-d,. “Recorded at 300
MHz ('H) and 75 MHz (3C) in DMSO-d,. “Chemical shifts extracted from HSQC and HMBC spectra. “ov stands for overlapped signals.

21 to C-19, C-23, and C-25, from H-23 to C-21 and C-25, and
from NH to C-2 and C-20 confirmed this substructure. Two
further aromatic protons appearing at &y 7.28 (H-3) and 7.75
(H-18) afforded HMBC correlations to C-17 and C-19 and to
C-2 and C-4, respectively. These correlations suggested an
additional aromatic ring C fused to the indole part at positions
C-2 and C-19, thus forming a carbazole unit, which was
previously described for indole sesquiterpenes from bacte-
ria.**** Detailed analysis of the COSY spectrum revealed two
further spin systems, H,-6/H,-7 and H,-16/H,-15/H-14,
which were connected based on the detected HMBC
correlations from H,-6 to C-14, from H,-7 to C-S and C-13,
and from H-14 to C-S and C-6 (Figure 1). Further HMBC
correlations from H,-6 and H,-7 to C-8 and from H-14 to C-
13 confirmed the structure of rings D and E in 1. Furthermore,
the methyl group CH;-26 was placed at position C-5, as
confirmed by the HMBC spectrum. The connection of ring D
to the carbazole substructure was established by HMBC
correlations from H,-16 to C-4, C-17, and C-18, as well as

1414

25

= COsY

Figure 1. COSY and selected HMBC correlations of 1.

-7 X HMBC

from H,-6 to C-4. The olefinic proton H-12 displayed
correlations to the sp* carbons C-8 and C-10, which together
with the correlations from H-10 to the ketone C-11 and to C-8

DOI: 10.1021/acs jnatprod.8b00723
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hinted at the presence of an @,f-unsaturated pyranone moiety
(ring F) in 1. Moreover, the HMBC correlations of the two
methyl signals H;-28 and H;-29 to C-27 and C-10, in addition
to the remaining degree of unsaturation, allowed the deduction
of a dioxolane moiety (ring G) fused to the pyranone at C-8
and C-10. The HMBC correlations from H-10 to C-8, C-11,
C-12, and C-29 confirmed the assignments of rings F and G in
1, which were in accordance with the NMR data of the well-
described indole diterpene paspalicine (12),**** containing the
same partial structure of rings D—G. The absence of a ROESY
correlation between H-14 and H;-26, together with similarity
of NMR data for rings E—G of 1 with those of paspalicine,
suggested that the two compounds shared the same relative
configuration. Accordingly, the structure of 1 was established
as a new indole diterpenoid containing a rare carbazole unit
forming an unprecedented 6/5/6/6/6/6/S heterocyclic
system.

In order to elucidate the absolute configuration of 1, the
solution time-dependent density functional theory—electronic
circular dichroism (TDDFT-ECD) method was applied. While
ECD is mostly used to efficiently distinguish enantiomers and
determine absolute configuration, it is also capable of
distinguishing more than two stereoisomers in molecules
with multiple chirality centers when the relative configuration
is not available or obvious from NMR measurements.””** In
compound 1, the two blocks of chirality, C-5/C-14 and C-8/
C-10, could not be correlated by NMR, although the trans
relative configuration of C-5 and C-14 and the cis relationship
of the C-8 and C-10 centers of the bridged ring F were
determined. Therefore, ECD calculations were carried out for
the (55,8R,10S,14R) and (5S,8S,10R,14R) stereoisomers to
correlate C-S and C-14 with ring F. The initial Merck
molecular force field (MMFF) conformational search yielded
two low-energy conformers for (SS,8R,10S,14R)-1 and one
low-energy conformer for (55,85,10R,14R)-1 in a 21 kJ/mol
energy window, which were reoptimized at the B3LYP/6-
314G(d,p) and the CAM-B3LYP/TZVP*’ PCM/MeCN
levels. ECD spectra were than computed at various levels of
theory (B3LYP, BH&HLYP, CAM-B3LYP, and PBEO func-
tionals and TZVP basis set) for all sets of conformers, which
reproduced the experimental ECD spectrum for
(5S,8S,10R,14R)-1 (Figure 2) and resulted in a mirror-image
spectrum for (5S,8R,10S,14R)-1 (Figure 3). This suggests that
the ECD spectrum is mainly governed by the @,f-unsaturated
carbonyl chromophore and hence the C-8 and C-10 chirality
centers, and the absolute configuration of 1 could not be
assigned by only considering the ECD calculations. However, if
the (SS,14R) absolute configuration, the same as that of
paxilline, is assumed for 1, the ECD calculation affords the
(8S,10R) configuration for ring F. In order to elucidate the
absolute configuration, BC NMR DFT calculations were
performed on the two diastereomers above at the
mPWIPW91/6-311+G(2d,p)*" and the mPWI1PW91/6-
311+G(2d,p) SMD/CHCI, levels. Substantially lower average
deviations at both applied levels of theory were found from the
experimental data for the (5S,8S,10R,14R) stereoisomer than
for the other diastereomer, allowing elucidation of the relative
configuration as (55%8S%10R* 14R*). This result in combi-
nation with the ECD calculation of (55,8S,10R,14R)-1 allowed
the unambiguous configurational assignment of 1 as
(5S5,85,10R,14R). Moreover, the absolute structure of com-
pound 1 was confirmed by anomalous dispersion of Cu Ka
radiation to (5S,85,10R,14R) (Figure 4), thus unequivocally
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Figure 3. Experimental ECD spectrum of 1 in MeCN compared with
the PBEO/TZVP PCM/MeCN ECD spectrum of (5S,8R,10S,14R)-1
computed for the single low-energy CAM-B3LYP/TZVP PCM/
MeCN conformer. Bars represent the rotational strength values.

supporting the predicted configuration. Further crystal data are
listed in Table S75 (Supporting Information).

The molecular formula of paspalinine-13-ene (2) was
established as C,;H,oNOj; on the basis of the pseudomolecular
ion peak at m/z 4162215 [M + H]* in the HRESIMS
spectrum, accounting for 14 degrees of unsaturation. The 'H
NMR data of 2 (Table 1) were similar to those of the known
indole diterpenoid paspalicine,*”** except for an additional
olefinic proton resonating at dy 6.52 (H-14) and the absence
of the aliphatic signal at H-13, suggesting a double bond at
AB0%, The HMBC correlations from H,-1S to two olefinic
carbons C-13 and C-14 as well as to C-3 and C-16, together
with correlations from H-14 to C-4, C-12, and C-16, confirmed
the proposed structure of 2. The relative configuration of 2 was
deduced from the NOESY spectrum, which revealed a
correlation between H-16 and H;-26 and no correlation
between H;-25 and H-16. Compound 2 is known as a
synthetic product described in a patent application together
with a series of other synthetic paspalinine derivatives with
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Figure 4. Molecular structure of one of the two symmetry-
independent molecules in the crystal of 1 (50% thermal ellipsoids).
For an image of both independent molecules in the asymmetric unit
and their hydrogen-bonding interaction, see Figure S74 in the
Supporting Information.

potent potassium channel blocking activity for use in the
treatment of glaucoma.®® In this paper, we report 2 as a new
natural product for the first time and provide complete NMR
data of this compound.

The HRESIMS spectrum of 7-hydroxypaxilline-13-ene (3)
showed a prominent pseudomolecular ion peak at m/z
4342325 [M + H]* consistent with the molecular formula
C,,H;,NO,, indicating 13 degrees of unsaturation. The 'H and
3C NMR data of 3 (Table 1) closely resembled those of 2,
apart from an additional hydroxy signal resonating at dy 6.54.
The HMBC correlations from the extra hydroxy function to C-
6, C-7, and C-12 suggested cleavage of the 1,3-dioxolane ring
in the structure of 3, which was in agreement with the loss of
one degree of unsaturation in comparison with 2. The cross-
peak 7-OH/H-9 in the ROESY spectrum indicated the a-
orientation of the hydroxy group. Moreover, the ROESY
correlation H-16/H;-26 implied a trans-3,16-ring junction as
observed in former congeners.””*>

For the configurational assignment of 3, the same solution
TDDFT-ECD computational protocol was applied as for 1.
MMEFF conformational search of (35,4S,7S,9R,16S)-3 resulted
in 12 conformer clusters in a 21 kJ/mol energy window, the
DFT reoptimization of which yielded three low-energy
conformers over 1% population at both applied levels. ECD
spectra computed at various levels for both sets of conformers
reproduced the experimental ECD spectrum (Figure S),
allowing elucidation of the absolute configuration as
(35,4S,75,9R,16S), which was in accordance with that of 1
and of paxilline.

The molecular formula of 4 was established on the basis of
the HRESIMS as C,gH;sNOjs, accounting for 12 degrees of
unsaturation. The 'H and '*C NMR data of 4 (Table 1) were
similar to those of 3, with additional signals of a methoxy
group resonating at oy 3.38/5¢ 49.0 and of a hydroxy group at
Oy 4.58 in addition to the methylene protons at dy 1.64/1.83
(H,-14). The methoxy group was assigned based on the
observed HMBC correlation from 7-OMe to C-7. Further-
more, HMBC correlations from the hydroxy proton 13-OH to
C-4, C-12, C-13, and C-14 confirmed its attachment to C-13.
Accordingly, the planar structure of 4 was elucidated as 7-
methoxypaxilline. The ROESY data suggested that 4 adopts
the same relative configuration as 3, and based on the
displayed cross-peaks 7-OMe/H-9 and 13-OH/Hj;-25, the
hydroxy group 13-OH and 7-OMe are suggested to have a
cofacial orientation.
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B3LYP/TZVP PCM/MeCN conformers. Bars represent the rota-
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The molecular formulas of 7-methoxypyrapaxilline (5) and
pyrapaxilline-6-ene (6) were determined as CyH,)NOg and
C3;H, sNOs, respectively, on the basis of prominent
pseudomolecular jon peaks in the HRESIMS spectra. The
"H and 3C NMR data of these two metabolites (Table 2) were
in good agreement with those of pyrapaxilline (21)* isolated
in this study, indicating that both compounds share the same
eight-membered ring skeleton characteristic of the janthitre-
mane group of indole diterpenoids isolated from Eupenicillium
shearii>* Compound § differed from pyrapaxilline by the
presence of a methoxy group attached to C-7, instead of the
oxymethine proton in the known analogue. This was confirmed
by the respective HMBC correlation from 7-OMe to C-7.
Further comparison of NMR data of derivatives S and 6
revealed that 6 displays an olefinic signal (6y 5.64/8¢ 110.9
and a sp® carbon at 5 145.1), instead of a 7-OMe group, that
were assigned to the double bond at ASD), accounting for the
additional degree of unsaturation of compound 6. The NMR
chemical shift data were in accordance with the recently
reported shearinines L and M, bearing double bonds at the
same position as well.>> Based on the similarity of the NMR
data with regard to signals of rings D—H of compounds 5 and
6, including the NOE correlations with those of 4 and
pyrapaxilline and considering their common biosynthetic
origin, § and 6 are suggested to share the same relative
configuration that is characteristic for shearinine/paspalinine
derivatives. Consequently, the structures of 5§ and 6 were
established as new shearinine derivatives, and shearinine N and
O were proposed as their trivial names, respectively.

The molecular formula of shearinine P (7) was determined
as Cy;H,;NO; on the basis of the prominent pseudomolecular
ion peak at m/z 6183416 [M + H]" in the HRESIMS
spectrum. The "H and *C NMR data of 7 (Table 2) showed
close similarity to those of pyrapaxilline.”> However, the
olefinic signals at C-18 and C-2 of pyrapaxilline were replaced
by two carbonyl signals at c 174.6 (C-2) and ¢ 204.6 (C-
18), respectively. These signals suggested the presence of a
keto-amide ring in the structure of 7, as described for
shearinine C,** which is presumably formed via oxidation of
the indole moiety at the C-2—C-18 double bond. The presence
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of this substructure in 7 was further corroborated by HMBC
correlations from H,-17 to C-18, from H-20 to C-18, from H-
30 to C-18 (long-range correlation), and from NH and H;-32
to C-2. Moreover, 7 exhibited the same molecular formula as
shearinine C.*” The double bond in ring A, however, was
switched from A to A%CY for compound 7, which was
supported by HMBC correlations from H;-37/H;-38 to C-23,
as well as from H,-22 and H,-27 to both olefinic carbons C-23
and C-28. Thus, the planar structure of 7 was identified as the
ring-opened 7-desmethoxy derivative of S, in which the C-2—
C-18 bond of the indole moiety was oxidized and cleaved.

The MMFF search of (3S,4R,7S,9R,13S,165)-7 resulted in
18 conformer clusters in a 21 kJ/mol window, the DFT
reoptimization of which yielded five and six low-energy
conformers above 1% at the B3LYP/6-31+G(d,p) and the
CAM-B3LYP/TZVP PCM/MeCN levels, respectively. ECD
spectra computed at various levels gave moderate agreement
with the experimental ECD spectrum (see Figure S73). While
the B3LYP and the PBEO functionals resembled well the 197
and the 290 nm transitions, they failed to reproduce the 249
nm transition. The BH&HLYP and CAM-B3LYP functionals
on the other hand gave better results for this transition but
were not successful in the low-wavelength region.*® It is
possible that the real conformational distribution is somewhat
different from the estimated one (results not shown). Based on
the approximate overall ECD agreement, the absolute
configuration was determined as (3S,4R,7S,9R,13S,16S).

The pseudomolecular ion peak of 8 was 30 amu larger than
that of 7, as evident from the HRESIMS spectrum, which was
consistent with the molecular formula C;sH,NOg. The 'H
and ®C NMR data of 8 (Table 2) were almost identical to
those of 7, with the exception of an additional methoxy signal
at 8y 3.32/8 48.6 instead of the methine at position 7. The
connection of this group to ¢ 96.6 (C-7) was verified by the
respective HMBC correlation. Therefore, the structure of 8
was determined as a new shearinine congener, and the name 7-
methoxyshearinine P was suggested. The 'H and *C NMR
data of shearinine Q (9) (Table 2) closely resembled those of
7. Compound 9, however, displayed an increase in the
molecular weight of 18 amu compared to 7, which together
with the loss of one degree of unsaturation indicated cleavage
of the keto-amide ring in the structure of 9. This was further
corroborated by the presence of free amino and carboxylic acid
groups resonating at 6y 7.28 and 12.30, respectively. Thus, the
planar structure of 9 was elucidated. Based on biosynthetic
considerations and on the similarity of NOESY data of 7—9 it
is assumed that 8 and 9 share the same relative stereochemistry
as 7.

The structures of the remaining 13 known compounds were
established based on their spectroscopic data, as well as by
comparison with the literature. These natural products were
identified as emindole SB (10),"**° shearinine F (11),°>%7
paspalicine (12),*** 21-isopentenylpaxilline (13),** paxilline
(14),"*23° dehydroxypaxilline (15),°° paspalinine (16),>”**
6,7-dehydropaxilline (17),*’ ?aspaline (18),"%° 7-hydroxy-13-
dehydroxypaxilline (19),>*°" 108-hydroxy-13-desoxypaxilline
(20),°" pyrapaxilline (21),” and paspalitrem A (22),%* as
shown in Figure S80.

An additional experiment was performed to exclude the
possibility that 4, S, and 8 are artifacts arising from their
corresponding analogues (paxilline, pyrapaxilline, and 7,
respectively) during the isolation process. For this purpose, 1
mg of paxilline, pyrapaxilline, or 7 was each dissolved in 1.0 mL
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of MeOH, exposed to light for 72 h at room temperature, and
then analyzed by HPLC and LC-MS. The results showed no
additional peak in the HPLC chromatograms nor in the MS
spectra, indicating that the new methoxylated analogues 4, S,
and 8 are true natural products and not artifacts formed
through methylation when using MeOH.

The biosynthetic pathway leading to indole diterpenoids has
been widely discussed in the literature. These compounds are
suggested to be formed through a common intermediate, 3-
geranylgeranylindole, followed by a series of epoxidation,
oxidation, cyclization, and prenylation reactions, which provide
their large chemical diversity.'®'®***! Interestingly, compound
1 bears a rare carbazole motif, which has previously been
reported for xiamycin A,**** an uncommon indole sesqui-
terpene isolated from the bacterial endophyte Streptomyces sp.
Following characterization of the corresponding biosynthetic
gene cluster, it was suggested that a flavoprotein-catalyzed
hydroxylation of the indole moiety takes place forming an
indole C-3-hydroxyiminium species. Subsequently, the result-
ing C-2 carbanion equivalent is attacked by the C-23 olefinic
function, leading to a cyclization reaction.®> Finally,
dehydration and proton loss followed by spontaneous oxidative
aromatization would lead to the formation of the carbazole
moiety of xiamycin A.*> Accordingly, compound 1 is proposed
to undergo a similar cyclization mechanism for geranylger-
anylindole, as described for xiamycin A (Figure S81).
However, considering that xiamycin A is a bacterial compound,
the cyclization mechanism for geranylgeranylindole in 1 might
be novel and warrants further investigation. Additional
oxidation steps followed by cyclization would yield the keto
function at C-11 and ketal formation at C-8, thus forming the
rings F and G in 1, which is related to paspalicine.

All isolated compounds were evaluated for their cytotoxic
activity toward the murine LS178Y cell line (Table 3). Among
the tested natural products, compound 1 exhibited the most
pronounced activity, with an ICs, value of 3.6 uM, which was
stronger than that of the positive control kahalalide F (IC, 4.3
p#M). Compounds 2, 3, 6, 7, and 7-hydroxy-13-dehydroxypaxil-
line (19) displayed cytotoxicity with ICj, values in the range of
5.3—8.1 uM. In addition, the cytotoxicity of the isolated
compounds toward the A2780 human ovarian cancer cell line
was determined (Table 3). Compounds 1, 6, emindole SB
(10), and paspaline (18) showed pronounced activity with
ICs, values of 5.3—8.7 uM. The remaining compounds were
found to be inactive against both cell lines. The unusual motif
of the indole diterpenoid scaffold in 1, bearing an aromatic ring
C, is suggested to be determinant of its strong cytotoxicity [1
vs paspalicine (12)]. A double bond at A% increases the
activity of paspalinine derivatives [2 vs paspalicine (12)],
whereas it has little influence on the cytotoxicity of paxilline
derivatives [3 vs 7-hydroxy-13-dehydroxypaxilline (19)].
Furthermore, a double bond at A%” slightly enhances the
cytotoxicity of janthitremane derivatives [6 vs pyrapaxilline
(21)]. Cleavage of the keto-amide ring in the seven-membered
ring skeleton of indole diterpenoid leads to loss of activity, as
observed in 9 vs 7. Meanwhile, the replacement of a proton at
C-7 by a methoxy group tends to attenuate the activity
[pyrapaxilline (21) vs S, and 7 vs 8]. Interestingly, Sallam et al.
demonstrated the antiproliferative and antimigratory activities
of emindole SB (10) and paspaline (18) against human breast
cancer cells, showing no BK channel inhibitory effect, which
renders these compounds interesting pharmacophores for
further biological studies.”®
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Table 3. Cytotoxicity (ICg, in #M) of 1—10, 13, 15, 18—22 toward L5178Y, A2780, J82, and HEK-293 Cell Lines

20 21 22

19
6.2

18

15

13
12.9
_f

10

18.3

7.6

8.1

5.3

L5178Y" 3.6 53

A2780"
J82°

12.8 19.8

28.5

53 (8.1)°

17.1

82 (5.4)°

194 SL.S

119 (2.4)°

7.8 (4.8)°
317 294

322
96.7

12.2

12.2 (1.8)°

42.1

8.7 (3.3)°

40.6

£

73.0

553

£

&

39.8

44.6 43.0

28.3

37.4

21.7 27.9

28.5

HEK-293
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A high-content analysis-based fluorescent live/dead assay of
the new compounds was applied to the human urothelial
bladder cancer cell line J82 (Table 3). Bladder cancer is known
to rapidly develop chemoresistance. Thus, compounds active
against bladder cancer cell lines are of high scientific interest.
In the fluorescent live/dead assay, direct counts of live and
dead cells were acquired by the fluorescent imaging system.
Most of the tested compounds gave ICg, values between 30
and 100 uM toward J82 cells, thus showing considerably lower
potency compared to their activity against L5178Y or A2780
cells (Figures S86 and S87).

Furthermore, active compounds with ICg, values of <10 M
against L5178Y or A2780 cells [1-3, 6, 7, emindole SB (10),
paspaline (18), and 7-hydroxy-13-dehydroxypaxilline (19)]
were tested against the human embryonic kidney cell line
HEK-293 for preliminary estimation of their selectivity index
(SI). Compounds 1, 6, emindole SB (10), and paspaline (18)
showed the highest selectivity among tested compounds with
SI values in the range from 3.3 to 8.1, comparable to that of the
positive control cisplatin (SI = 5.2), which merits further
pharmacological investigation.

B EXPERIMENTAL SECTION

General Experimental Procedures. Optical rotations were
determined with a Jasco P-2000 polarimeter. '"H (600 and 300
MHz), C (150 and 75 MHz), and 2D NMR were recorded on
Bruker AVANCE DMX 600 or 300 NMR spectrometers. The
chemical shifts (§) were referred to the residual solvent peaks at &
2.50 (DMSO-dg) and &y 7.26 (CDCly) ppm for 'H, and §¢ 39.5
(DMSO-dg) and 8¢ 77.2 (CDCl;) ppm for '3C. Mass spectra (ESI)
were measured with a Finnigan LCQ Deca mass spectrometer, and
HRMS (ESI) spectra were recorded with an FTHRMS-Orbitrap
(Thermo-Finnigan) mass spectrometer. HPLC analysis was per-
formed with a Dionex UltiMate 3000 HPLC system with an UltiMate
3000 pump coupled to a photodiode array detector (DAD 3000 RS),
with the detection wavelength set at 235, 254, 280, and 340 nm. The
column was prefilled with Eurospher 100-10 Cj5 125 X 4 mm
(Knauer, Germany). The following gradient was used for routine
analysis (MeOH: 0.1% HCOOH in H,0): 0 min (65% MeOH); 2
min (65% MeOH); 25.5 min (100% MeOH); 35.5 min (100%
MeOH). Semipreparative HPLC was performed with a Merck Hitachi
Chromaster HPLC system (UV detector $410; pump $110; column
Eurospher 100-10 Cg, 300 X 8 mm, Knauer, Germany; flow rate S
mL/min). Column chromatography was performed on silica 60 M
(0.040—0.063 mm; Macherey-Nagel, Germany) and on Sephadex
LH-20 stationary phases. TLC plates precoated with silica gel 60 F,,
(Macherey-Nagel, Germany) were used for analysis; detection was
under UV 254 and 366 nm. ECD spectra were recorded on a J-810
spectropolarimeter.

Fungal Material. The fungus Penicillium sp. (strain ZO-R1-1) was
isolated®* from healthy roots of Zingiber officinale, collected in May
2016 at Banyumas, the Central Java Province, Indonesia. The
taxonomic identification of the fungus was conducted according to a
molecular biology protocol by DNA amplification and gene
sequencing in the ITS region as previously described,®* followed by
BlastN search in the NCBI database. The sequence was submitted to
GenBank (accession no. MH602299). The fungus strain was
deposited in one of the author’s laboratory (P.P.).

Fermentation, Extraction, and Isolation. The fungus was
inoculated on solid rice medium, which was prepared by autoclaving
100 g of rice in 100 mL of demineralized water in a 1 L Erlenmeyer
flask. The fermentation was performed in 5 flasks under static
conditions at room temperature for 3 weeks. The fungal culture was
extracted with 500 mL of ethyl acetate added to each flask, and the
extract was subsequently dried under vacuum to afford 7.6 g. Fat was
removed from the extract by liquid—liquid separation between n-
hexane and 90% aqueous MeOH. The MeOH fraction (4.6 g) was
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subjected to vacuum liquid chromatography over silica gel 60 using a
step gradient elution, employing mixtures of n-hexane—EtOAc
followed by CH,Cl,—MeOH to yield 16 fractions. Fractions
80HEA, 70HEA, 60HEA, and SOHEA eluted with n-hexane—EtOAc
(8:2), (7:3), (6:4), and (S5:S), respectively, were selected for further
separation according to their HPLC chromatograms. Separation of
fraction 80HEA (173.2 mg) was carried out on Sephadex LH-20
employing CH,Cl,—MeOH as mobile phase, followed by purification
using semipreparative HPLC with MeOH—H,O as mobile phase to
yield the new compounds 1 (2.4 mg) and 2 (1.3 mg), along with
known compounds shearinine F (1.1 mg), paspalicine (4.1 mg),
paspalinine (11.7 mg), and paspalitrem A (3.0 mg). Following the
same procedure, emindole SB (3.5 mg), dehydroxypaxilline (1.9 mg),
and paspaline (1.9 mg) were obtained from fraction 70HEA (398.2
mg). The new compounds 3 (3.7 mg), 4 (7.0 mg), 5 (10.9 mg), 6
(4.5 mg), 7 (4.5 mg), 8 (1.4 mg), and 9 (2.5 mg), as well as known
analogues 21-isopentenylpaxilline (11.2 mg), paxilline (38.0 mg), 6,7-
dehydropaxilline (1.8 mg), 7-hydroxy-13-dehydroxypaxilline (3.2
mg), and pyrapaxilline (19.8 mg), were afforded from fraction
60HEA (513.9 mg). In the same manner, chromatographic separation
of fraction SOHEA (133.9 mg), yielded the known compound 104-
hydroxy-13-desoxypaxilline (6.7 mg).

Shearilicine (1): colorless, crystal; [@]¥ +201 (¢ 0.27, CHCL); UV
(MeOH, photodiode array) A, 301, 261, 239 nm; ECD (MeCN, 4
[nm] (Ag), ¢ 0.121 mM) 379sh (+3.57), 358 (+6.87), 345sh (+6.54),
332sh (+4.43), 300 (+2.69), 246sh (—11.68), 236 (—18.43), 208
(+17.70); 'H and C NMR data, see Table 1; HRESIMS m/z
4142063 [M + H]* (caled for CpyH,gNOs, 414.2064).

Paspalinine-13-ene (2): colorless, crystal; [a]y —63 (c 0.10,
CHCLy); UV (MeOH, photodiode array) A, 299, 229 nm; ECD
(MeCN, A [nm] (Ag), ¢ 0.175 mM) 369 (+4.59), 302sh (—12.62),
294 (—13.17), 249 (+0.72), 227sh (+2.72), 215sh (+3.20), 204
(+3.35); 'H and 3C NMR data, see Table 1; HRESIMS m/z
416.2215 [M + H]* (caled for C,,H3NO;, 416.2220).

7-Hydroxypakxilline-13-ene (3): white, amorphous powder; [a]
—365 (¢ 0.10, CHCl,); UV (MeOH, photodiode array) 4., 287, 229
nm; ECD (MeCN, A [nm] (Ae), ¢ 0.346 mM) 402sh (—0.34), 369
(=1.07), 290sh (—4.24), 279 (—5.00), 244sh (+1.51), 231 (+2.34),
219sh (=2.12), 212 (=3.12); 'H and *C NMR data, see Table 1;
HRESIMS m/z 4342325 [M + H]* (caled for C,H,;,NO,,
434.2326).

7-Methoxypaxilline (4): yellow, amorphous powder; [a]f +11 (c
0.10, MeOH); UV (MeOH, photodiode array) A, 281, 230 nm;
ECD (MeCN, 1 [nm] (Ag), ¢ 0.054 mM) 368 (—0.62), 300 (+1.00),
247 (+3.42), 233 (=3.57), 223 (+2.57), 205 (—12.00); 'H and 3C
NMR data, see Table 1; HRESIMS m/z 466.2587 [M + H]* (calcd
for C,sH3NO;, 466.2588).

Shearinine N (5): yellow, amorphous powder; [a] +5 (c 0.10,
MeOH); UV (MeOH, photodiode array) A, 306, 238 nm; ECD
(MeCN, 4 [nm] (A€), ¢ 0.162 mM) 359 (—0.30), 303 (+1.20), 264
(=2.11), 240 (+3.82), 212 (—8.49); 'H and *C NMR data, see Table
2; HRESIMS m/z 616.3620 [M + HJ]* (caled for C;gHNOg,
616.3633).

Shearinine O (6): yellow, amorphous powder; [a]y —5 (¢ 0.10,
MeOH); UV (MeOH, photodiode array) A, 308, 257, 241 nm;
ECD (MeCN, A [nm] (Ag), ¢ 0.128 mM) 375 (—3.99), 318 (+6.15),
254sh (—3.49), 248 (—3.54), 220 (+1.69), 203 (—2.59); 'H and *C
NMR data, see Table 2; HRESIMS m/z 584.3361 [M + H]* (calcd
for C3;H,sNO;s, 584.3370).

Shearinine P (7): white, amorphous powder; [a]f’ —76 (¢ 0.20,
CHCL,); UV (MeOH, photodiode array) 4,,,x 309, 243 nm; ECD
(MeCN, A [nm] (Ag), ¢ 0.081 mM) 341 (—2.46), 294 (+9.42), 250
(—30.80), 231sh (—19.32), 213sh (+1.82); 'H and *C NMR data,
see Table 2; HRESIMS m/z 6183416 [M + H]" (caled for
CyHsNO,, 618.3425).

7-Methoxyshearinine P (8): white, amorphous powder; [a]} —19
(c 0.05, MeOH); UV (MeOH, photodiode array) A,,., 309, 224 nm;
ECD (MeCN, 4 [nm] (A¢), ¢ 0.077 mM) 367sh (—0.88), 340
(-1.12), 292 (+3.12), 256 (—8.17), 212 (—8.86); 'H and *C NMR
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data, see Table 2; HRESIMS m/z 648.3523 [M + H]* (caled for
CysHoNOg, 648.3531).

Shearinine Q (9): yellow, amorphous powder; [a]3 —33 (c 0.20,
CHCL,); UV (MeOH, photodiode array) A, 381, 306, 245 nm; 'H
and 3C NMR data, see Table 2; HRESIMS m/z 636.3530 [M + H]*
(caled for C4,HgoNOyg, 636.3531).

Cytotoxicity Assay. Cytotoxicity toward the murine lymphoma
cell line L5178Y was tested by the MTT method with kahalalide F as
positive control and media with 0.1% DMSO as negative control as
described earlier.®® The rate of cell survival of the ovarian cancer cell
line A2780 and of the human embryonic kidney cell line HEK-293
under the action of test substances was evaluated by an improved
MTT assay as previously described.”® The A2780 and HEK-293 cells
were seeded into 96-well plates (Sarstedt, Germany) and incubated
overnight. Then, cells were exposed to increasing concentrations of
compounds in phosphate-buffered saline (PBS) and positive control
cisplatin. After 72 h treatment, 25 uL of MTT solution (S mg/mL)
was added into each well and incubated for 15 min. The formazan
precipitate was dissolved in 75 uL of DMSO per well. Absorbance was
then measured at 544 and 690 nm using the BMG FLUOstar
microplate reader (BMG Labtechnologies Offenburg, Germany).

High Content Analysis Based Fluorescent Live/Dead Assay.
Live and dead cells were assayed by high content analysis (HCA).
Briefly, the urothelial bladder cancer cell line J82 was treated with
increasing concentrations of compounds in 96-well plates (Sarstedt,
Germany). After 72 h treatment, cells were stained with a mixture of
Hoechst 33342 (Sigma-Aldrich, St. Louis, MO, USA), calcein AM
(Merck Millipore, Germany), and propidium iodide (Santa Cruz
Biotechnology, Heidelberg) for cell nuclei and live and dead cells,
respectively. The staining solution was replaced by PBS after 20 min.
Images were acquired with the ArrayScan XTI Live High Content
Platform (Thermo Fisher Scientific Inc., USA) using excitation filters
of 386 nm (Hoechst 33342), 485 nm (calcein AM), and 560 nm
(propidium iodide), respectively. Results were analyzed using HCS
Studio: Cellomics Scan (Thermo Fisher Scientific Inc., USA).

Computational Section. Mixed torsional/low-frequency mode
conformational searches were carried out by means of the
Macromodel 10.8.011 software by using the MMFF with an implicit
solvent model for CHCL,.” Geometry reoptimizations were carried
out at the B3LYP/6-31+G(d,p) level in vacuo and CAM-B3LYP/
TZVP* levels with the PCM solvent model for MeCN with the
Gaussian 09 package.”® TDDFT-ECD calculations were run with
various functionals (B3LYP, BH&HLYP, CAM-B3LYP, and PBEO)
and the TZVP basis set with the same or no solvent model as in the
preceding DFT optimization step. ECD spectra were generated as
sums of Gaussians with 2400—3600 cm™ half-height widths using
dipole-velocity-computed rotational strength values.”” NMR shift
values were computed at the mPW1PW91/6-311+G(2d,p) and the
mPWI1PW91/6-311+G(2d,p) SMD/CHCI, levels. Computed *C
NMR data were corrected with I = 185.4855 and S = —1.0306 in the
gas phase and I 186.5242 and S = —1.0533 in the SMD
calculations.”””" Boltzmann distributions were estimated from the
B3LYP and the CAM-B3LYP energies. The MOLEKEL software
package was used for visualization of the results.””

X-ray Crystallographic Analysis of 1. Crystals were afforded by
slow evaporation from methanol solution. Data Collection:
Compound 1 was measured with a Bruker Kappa APEX2 CCD
diffractometer with a microfocus tube and Cu Ka radiation (4 =
0.710 73 A). For data collection APEX2, for cell refinement and data
reduction SAINT,”® and for experimental absorption correction
SADABS were used.”* The structure was solved by intrinsic phasing
using SHELXT,” and refinement was done by full-matrix least-
squares on F* using SHELXL-2016/6."° The hydrogen atoms were
positioned geometrically (with C—H = 0.95 A for aromatic CH, 1.00
A for aliphatic CH, 0.99 A for CH,, and 0.98 A for CH,) and refined
using riding models (AFIX 43, 13, 23, 137, respectively), with U, (H)
= 1A2Ueq(CH, CH,), and 1‘5Ueq(CH3). The hydrogen atoms in amine
groups were refined with Uy,(H) = L.5U,,

The absolute structure configuration of 1 was solved using
anomalous dispersion from Cu Ka, resulting in a Flack parameter
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of x = —0.01(7) using Parsons quotient method. All graphics were
drawn using DIAMOND.”” The structural data have been deposited
in the Cambridge Crystallographic Data Center (CCDC No.
1862565).
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Figure S1. HPLC chromatogram (A) and UV spectrum (B) of compound 1.
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 m/z 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, 3.4-3.5min #203-210
x1041
l 425.3625
1 414,2063
1.5
1.0
0.5
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Meas. m/z # lonFormula m/z err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
4142063 1 C27H28NO3 414.2064 0.1 10.3 1 100.00 145 even ok
4253625 1 C26H4904 425.3625 -0.0 5.6 1 100.00 25 even ok
2 C27H45N4 425.3639 31 8.1 2 48.83 7.5 even ok
436.1883 1 C27H27NNaO3 436.1883 0.1 293 1 100.00 145 even ok
4473449 1 C27H44N4Na 447.3458 21 27.3 1 79.45 7.5 even ok
2 (C26H48Na04 447 3445 -0.9 29.9 2 100.00 2.5 even ok

Figure S2. HRESIMS spectrum of compound 1.
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Figure S3. 'H NMR (600 MHz, CDCl;3) spectrum of compound 1.

.0 7.5

[e]

Ll

Ariantari.22.1.2rr
APS-LM-V3-C2/3-Prep 3
(= -]
° w

=
Bt

L 3
=
.o.
_ & -
é - @
&P -
85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 1.5 1.0
f2 (ppm)

Figure S4. 'H-'H COSY (600 MHz, CDCIs) spectrum of compound 1.
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Figure S5. HSQC (600 and 150 MHz, CDCI3) spectrum of compound 1.
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Figure S6. HMBC (600 and 150 MHz, CDCI5) spectrum of compound 1.
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Figure S7.
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ROESY (600 MHz, CDCI3) spectrum of compound 1.
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Figure S8.

HPLC chromatogram (A) and UV spectrum (B) of compound 2.
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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 m/z Set End Plate Offset  -500 V Set Dry Gas 4.0 lI/min
Scan End 1500 m/z Set Collision Cell RF  600.0 Vpp Set Divert Valve Source
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Figure S9. HRESIMS spectrum of compound 2.
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Figure S10. 'H NMR (600 MHz, DMSO-ds) spectrum of compound 2.
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Figure S11. '"H-'H COSY (600 MHz, DMSO-d) spectrum of compound 2.
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Figure S12. HSQC (600 and 150 MHz, DMSO-ds) spectrum of compound 2.
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Figure S13. HMBC (600 and 150 MHz, DMSO-ds) spectrum of compound 2.
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Figure S14. NOESY (600 MHz, DMSO-ds) spectrum of compound 2.
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Figure S15. HPLC chromatogram (A) and UV spectrum (B) of compound 3.
Acquisition Parameter
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Figure S16. HRESIMS spectrum of compound 3.
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Figure S17. 'H NMR (600 MHz, DMSO-ds) spectrum of compound 3.
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Figure S18. °C NMR (150 MHz, DMSO-ds) spectrum of compound 3.
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Figure S19. 'H-'H COSY (300 MHz, DMSO-dj) spectrum of compound 3.
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Figure S20. HSQC (600 and 150 MHz, DMSO-ds) spectrum of compound 3.
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Figure S21. HMBC (600 and 150 MHz, DMSO-ds) spectrum of compound 3.
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Figure S22. ROESY (600 MHz, DMSO-dp) spectrum of compound 3.
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Figure S23. HPLC chromatogram (A) and UV spectrum (B) of compound 4.
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 m/z Set End Plate Offset -500V . Set Dry Gas 4.0 I/min
Scan End 1500 m/z Set Collision Cell RF  600.0 Vpp Set Divert Valve Source
Intens. +MS, 4.0-4.3min #240-259
x104
34 434.2327
2_
] 466.2587
1 .
] 488.2408
e o ey | DL : 4582488
430 440 450 " 460 470 © o480 490 me
Meas. m/z # lon Formula m/z err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
4342327 1 C27H32NO4 434.2326 -0.3 6.2 1 100.00 125 even ok
466.2587 1 C28H36NO5 466.2588 0.3 4.4 1 100.00 115 even ok
488.2408 1 (C28H35NNaO5 488.2407 -0.1 10.3 1 100.00 115 even ok

Figure S24. HRESIMS spectrum of compound 4.
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Figure S25. 'H NMR (300 MHz, DMSO-ds) spectrum of compound 4.
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Figure S26. °C NMR (75 MHz, DMSO-ds) spectrum of compound 4.
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Figure S27. '"H-'H COSY (300 MHz, DMSO-dj) spectrum of compound 4.
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Figure S28. HSQC (300 and 75 MHz, DMSO-ds) spectrum of compound 4.
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Figure S29. HMBC (600 and 150 MHz, DMSO-ds) spectrum of compound 4.
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Figure S30. NOESY (600 MHz, DMSO-dp) spectrum of compound 4.
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Figure S31. HPLC chromatogram (A) and UV spectrum (B) of compound 5.

Acquisition Parameter

Saource Type ESI lon Polarity Positive Set Nebulizer 0.3 Bar
Focus Mot active Set Capillary 4000 vV Set Dry Heater 180 °C
Scan Begin 50 miz Set End Plate Offset  -500V Set Dry Gas 4.0 limin
Scan End 1500 m/z Set Collision Cell RF 600.0 Vpp Set Divert Valve Source
Intens. = +MS, 4.3-4.3min #253-257
x10%
1.5 616.3620
1.01
0.5-
584.3367
6383445
580 580 600 610 620 630 640 miz
Meas. m/z # lon Formula miz err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
584.3367 1 C3TH46NOS 584.3370 0.5 206 1 10000 155 even ok
615.3554 1 C38H49NDE 615.3554 0.1 3436 1 10000 150 odd ok
2 C35H41N11 615.3541 -2.1 3458 2 3980 21.0 odd ok
3 C23H45N1307 615.3559 0.9 4022 3 0.01 8.0 odd ak
4  C22H49N9011  615.3546 o 412.0 4 0.00 3.0 odd ok
5 C20H37N230 615.3546 -1.3 464.7 5 0.00 14.0 odd ok
6163620 1 C35H42N11 616.3619 -0.2 31.0 1 10000 20.5 even ok
2 C38HS0NOS 616.3633 20 39 2 5399 145 even ok

Figure S32. HRESIMS spectrum of compound 5.
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Figure S33. 'H NMR (600 MHz, DMSO-ds) spectrum of compound 5.
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Figure S34. °C NMR (150 MHz, DMSO-ds) spectrum of compound 5.
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Figure S35. 'H-'H COSY (300 MHz, DMSO-dj) spectrum of compound 5.
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Figure S36. HSQC (300 and 75 MHz, DMSO-ds) spectrum of compound 5.
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Figure S37. HMBC (600 and 150 MHz, DMSO-dg) spectrum of compound 5.
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Figure S38. NOESY (600 MHz, DMSO-ds) spectrum of compound 5.
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Figure S39. HPLC chromatogram (A) and UV spectrum (B) of compound 6.
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 m/z 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, 3.5-3.9min #212-232]
x104]
1 584.3361
5]
49 583.3293
3]
| 585.3398
2] 5.339
17
] k JLS 6.3430 588.3677
o . ?82.4573. . ' ' L ‘ 2 ' r .591"\582.1 .
580 582 584 586 590 592 miz
Meas. m/z # lon Formula m/z err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
584.3361 1 (C37H46NO5 584.3370 1.6 26.2 1 100.00 155 even ok

Figure S40. HRESIMS spectrum of compound 6.
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Figure S41. 'H NMR (300 MHz, DMSO-ds) spectrum of compound 6.
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Figure S42. °C NMR (75 MHz, DMSO-ds) spectrum of compound 6.
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Figure S43. '"H-'H COSY (300 MHz, DMSO-dj) spectrum of compound 6.
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Figure S44. HSQC (300 and 75 MHz, DMSO-ds) spectrum of compound 6.
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Figure S45. HMBC (600 and 150 MHz, DMSO-ds) spectrum of compound 6.
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Figure S46. NOESY (600 MHz, DMSO-ds) spectrum of compound 6.
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Figure S47. HPLC chromatogram (A) and UV spectrum (B) 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 m/z Set End Plate Offset  -500 V Set Dry Gas 4.0 I/min
Scan End 1500 m/z Set Collision Cell RF 600.0 Vpp Set Divert Valve Source
Intens. | +MS, 3.6-3.8min #215-226
x104
1 618.3416
1.0+
0.8
0.6+
] 619.3450
0.4
0.2+
J 620.3484
i 617.9318 )\ 6206311 621.3523
'617.0 617.5 6180 6185 6190 6195 6200 6205 6210 6215 miz
Meas. m/z # lon Formula m/z err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
618.3416 1 C37H48NO7 618.3425 1.5 3.9 1 80.93 145 even ok
2 C34H40N110 618.3412 -0.6 7.9 2 100.00 205 even ok

Figure S48. HRESIMS spectrum of compound 7.
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Figure S49. 'H NMR (600 MHz, DMSO-ds) spectrum of compound 7.
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Figure S50. '"H-'H COSY (600 MHz, DMSO-ds) spectrum of compound 7.
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Figure S51. HSQC (600 and 150 MHz, DMSO-ds) spectrum of compound 7.
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Figure S52. HMBC (600 and 150 MHz, DMSO-ds) spectrum of compound 7.
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Figure S53. NOESY (600 MHz, DMSO-ds) spectrum of compound 7.
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Figure S54. HPLC chromatogram (A) and UV spectrum (B) of compound 8.
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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 m/z Set End Plate Offset  -500 V Set Dry Gas 4.0 /min
Scan End 1500 m/z Set Collision Cell RF  600.0 Vpp Set Divert Valve Source
Intens. ] +MS, 4.2-4,5min #253-269
] 48.352
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20001
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A7 SN | N WO S - M ol =T
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Meas. m/z # lon Formula m/z err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
648.3523 1 C38H50NO8 648.3531 1.3 9.3 1 97.94 145 even ok
2 C35H42N1102 648.3517 -0.8 155 2 100.00 20.5 even ok
Figure S55. HRESIMS spectrum of compound 8.
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Figure S56. 'H NMR (600 MHz, DMSO-ds) spectrum of compound 8.
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Figure S57. '"H-'H COSY (600 MHz, DMSO-d) spectrum of compound 8.
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Figure S58. HSQC (600 and 150 MHz, DMSO-ds) spectrum of compound 8.
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Figure S59. HMBC (600 and 150 MHz, DMSO-ds) spectrum of compound 8.
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Figure S60. NOESY (600 MHz, DMSO-ds) spectrum of compound 8.
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Figure S61. HPLC chromatogram (A) and UV spectrum (B) of compound 9.
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Figure S62. HRESIMS spectrum of compound 9.
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Figure S63. 'H NMR (600 MHz, DMSO-ds) spectrum of compound 9.
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Figure S64. 'H-'H COSY (600 MHz, DMSO-ds) spectrum of compound 9.
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Figure S65. HSQC (600 and 150 MHz, DMSO-ds) spectrum of compound 9.
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Figure S66. HMBC (600 and 150 MHz, DMSO-ds) spectrum of compound 9.
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Figure S67. NOESY (600 MHz, DMSO-ds) spectrum of compound 9.

Figure S68. Structure of the single low-energy CAM-B3LYP/TZVP PCM/MeCN conformer
(99.7%) of (5S,8R,10S8,14R)-1.

Figure S69. Structure of the single CAM-B3LYP/TZVP PCM/MeCN conformer of
(55,85,10R,14R)-1.
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Table S70. Comparison of the computed '*C NMR data of (5S5,8R,10S,14R)-1 and
(55,8S,10R,14R)-1 [calculated at the mPW1PW91/6-311+G(2d,p) level for the mPW1PW91/6-
311+G(2d,p) conformers] with the experimental data. Corrected mean absolute error (CMAE)

values were computed for all carbon atoms. For better comparison Ao values > 2.5 are

highlighted with yellow and > 5 with red.

Numbering | Exp | (56S,8R,10S5,14R) | Ad@ssr 10s,14r) | (5S,8S,10R,14R) | Ad(5s,85,10r,14R)
c-2 139.79 138.06 1.73 138.01 1.78
c-3 107.79 106.06 1.73 106.91 0.88
C-4 147.60 143.97 3.63 148.80 1.20
C-5 35.88 43.19 40.27 4.39
Cc-6 34.49 35.99 1.50 35.35 0.86
c-7 27.73 31.28 3.55 28.71 0.98
c-8 103.88 103.95 0.07 104.37 0.49

C-10 88.05 87.21 0.84 88.55 0.50
Cc-11_ [ 197.52 193.74 3.78 195.40 2.12
c-12 [ 120.35 121.64 1.29 121.36 1.01
c-13 [ 171.02 171.00 0.02 174.97 3.95
C-14 43.25 47.76 4.51 44.15 0.90
Cc-15 19.85 21.33 1.48 20.57 0.72
C-16 29.45 31.66 2.21 31.07 1.62
C-17 | 12564 127.12 1.48 126.41 0.77
c-18 | 119.69 121.68 1.99 121.08 1.39
c-19 [ 122.18 122.68 0.50 122.34 0.16
Cc-20 | 123.06 123.41 0.35 124.17 1.11
c-21__ [ 120.19 120.75 0.56 120.75 0.56
c22 | 119.10 119.50 0.40 119.29 0.19
C23 | 125.79 125.94 0.15 125.86 0.07
C-24 | 110.74 108.44 2.30 108.20 2.54
C-25 | 140.11 139.06 1.05 139.02 1.09
C-26 30.81 22.97 | 784 | 29.70 1.11
c-27 78.66 82.84 4.18 81.14 2.48
C-28 22.75 21.44 1.31 22.10 0.65
C-29 28.65 27.49 1.16 27.53 1.12
CMAE 2.11 1.28
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Table S71. Comparison of the computed '*C NMR data of (5S5,8R,10S,14R)-1 and
(55,8S,10R,14R)-1 [calculated at the mPW1PW91/6-311+G(2d,p) SMD/CHCI;3 level for the
mPWI1PW91/6-311+G(2d,p) conformers] with the experimental data. Corrected mean absolute

error (CMAE) values were computed for all carbon atoms. For better comparison Ad values >

2.5 are highlighted with yellow and > 5 with red.

Numbering | Exp | (6S,8R,10S5,14R) | Ad@ssr.10s,14r) | (5S,8S,10R,14R) | Ad(5s,85,10r,14R)
c-2 139.79 136.31 3.48 136.19 3.60
c-3 107.79 105.63 2.16 106.60 1.19
C-4 147.60 143.18 4.42 147.67 0.07
C-5 35.88 43.74 40.57 4.69
Cc-6 34.49 35.57 1.08 35.32 0.83
c-7 27.73 31.52 3.79 28.76 1.03
c-8 103.88 102.84 1.04 103.26 0.62

C-10 88.05 86.26 1.79 87.66 0.39
Cc-11_ [ 197.52 193.47 4.05 195.02 2.50
c-12 [ 120.35 119.64 0.71 119.39 0.96
c-13 [ 171.02 171.95 0.93 175.98 4.96
C-14 43.25 48.20 4.95 44.47 1.22
Cc-15 19.85 21.42 1.57 20.65 0.80
C-16 29.45 31.52 2.07 30.93 1.48
C-17 | 12564 126.36 0.72 125.68 0.04
c-18 | 119.69 119.73 0.04 119.13 0.56
c-19 [ 122.18 120.00 2.18 119.70 2.48
Cc-20 | 123.06 121.27 1.79 121.97 1.09
c-21__ [ 120.19 119.17 1.02 119.20 0.99
c22 | 119.10 117.22 1.88 117.06 2.04
C23 | 125.79 124.17 1.62 124.13 1.66
C-24 | 110.74 107.99 2.75 107.82 2.92
C-25 | 140.11 137.51 2.60 137.48 2.63
C-26 30.81 22.94 | 787 | 29.52 1.29
c-27 78.66 82.43 3.77 80.64 1.98
C-28 22.75 21.21 1.54 21.85 0.90
C-29 28.65 27.38 1.27 27.45 1.20
CMAE 255 1.63
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3.3%

Figure S72. Structure and population of the low-energy CAM-B3LYP/TZVP PCM/MeCN
conformers (> 1%) of (35,4S,7S,9R,16S5)-3.
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Figure S73. Experimental ECD spectrum of 7 in MeCN compared with the Boltzmann-
averaged PBEO/TZVP PCM/MeCN and the BH&HLYP/TZVP PCM/MeCN ECD spectra of
(3S,4R,7S,9R,135,16S5)-7 computed for the low-energy (> 1%) CAM-B3LYP/TZVP

PCM/MeCN conformers. Bars represent the rotational strength values of conformer A.

76



Publication 1

@O
©N
(H
¢cC

Figure S74. Molecular structures of the two independent molecules in the asymmetric unit of
1, showing their intermolecular interaction through an N1-H1---O3' bond as dashed orange
lines. Hydrogen bond details (A, °): N1-H1 0.88(2), H1---03' 2.18(2), N1:--03' 3.057(2), N1—-
H1---03' 172(2); not shown N1'-H1' 0.87(2), H1"---O3! 2.23(2), N1'---03! 3.090(2), N1'-
H1'---03' 170(2); symmetry transformation i = x, y, z-1.
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Table S75. Crystal data for compound 1.

Data set Cu TOK Proksch AA102 2 Om a
CCDC number 1862565
Empirical formula Co7H27NO3

M [g mol ] 413.49
Crystal size [mm?] 03x03x0.3
Temperature [K] 140

0 range [°] (completeness) 3.7-65.7(0.99)
h; k; 1 range +13; £8 ;28
Crystal system Monoclinic
Space group P2,

a[A] 11.8611(5)

b [A] 7.1874(3)
c[A] 24.2244(10)
B1°] 94.496(1)

V [A?] 2058.79(15)
Z 4

Dealc [g cm ] 1.334

i (Cu Ka)[mm™!] 0.69

F(000) 880
Max./min. transmission 0.772/ 0.864
Reflections collected 26702
Independent reflect. (Rint) 7034
Data/restraints/parameters 7034/ 1/ 572
Max./min. Ap [e A]? 0.17/-0.14
Ri/WRz [I>26(I)] 0.028/0.075
Goodness-of-fit on F? 1.03

Flack parameter ° -0.01(7)

@ Largest difference peak and hole, ® Absolute structure parameter.
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Table S76. Fractional atomic coordinates and isotropic or equivalent isotropic displacement

parameters (A?) for compound 1.

X y z Uiso®/Ueq
ol 0.01172 (10) |0.52536 (18) |0.84088 (5)  |0.0212 (3)
02 0.05671 (10) [0.28180 (18) ]0.89714 (5) 0.0235 (3)
03 0.14205 (11)  |0.5885 (2) 1.00498 (5)  0.0293 (3)
N1 0.36876 (13) [0.4473 (2) 0.57614 (6) 0.0243 (3)
H1 0.305 (2) 0.447 (4) 0.5551(9)  |0.037*
C2 038243 (14) |0.4808 (3)  |0.63254(7)  |0.0205 (4)
C3 0.30175 (14) ]0.4841 (3) 0.67120 (7) 0.0206 (4)
H3 0.223634 0.474706 0.659469 0.025%*
C4 0.33648 (14) [0.5016 (2) 0.72747 (7) 0.0180 (4)
C5 0.24540 (14)  [0.5062 (3)  [0.76923 (7)  |0.0179 (4)
Cé6 0.14953 (14) [0.3625 (3) 0.75297 (7) 0.0217 (4)
H6A 0.086741 0.428490 0.731912 0.026%*
H6B 0.179312 0.268786 0.727931 0.026*
C7 0.10155 (14) (02601 (3)  [0.80181 (7)  |0.0219 (4)
H7A 0.024928 0.213289 0.789988 0.026*
H7B 0.150024 0.151331 0.811986 0.026*
C8 0.09489 (14) [0.3822(3)  [0.85181 (7)  |0.0201 (4)
C10 0.02837 (15) ]0.4301 (3) 0.93321 (7) 0.0236 (4)
H10 -0.018983 0.384146 0.962761 0.028*
Cl1 0.13557 (15)  ]0.5230 (3) 0.95797 (7) 0.0229 (4)
C12 022731 (15) [0.5328 (3)  |0.92115(7)  |0.0229 (4)
H12 0.298187 0.585331 0.933785 0.027*
Cl13 021052 (14) [0.4671(2)  |0.86948 (7)  |0.0188 (4)
Cl4 0.29863 (13) [0.4569 (3) 0.82798 (7) 0.0179 (3)
H14 0.321942 0.323376 0.826471 0.021*
Cl15 0.40592 (14) [0.5668 (3) 0.84483 (7) 0.0197 (4)
HI15A 0.435146 0.529938 0.882657 0.024*
H15B 0.387961 0.701289 0.845350 0.024*
Cl16 0.49650 (14) [0.5315(3)  |0.80463 (7)  |0.0191 (4)
H16A 0.553313 0.632448 0.808912 0.023*
H16B 0.535468 0.413340 0.814993 0.023*
C17 0.45269 (14) [0.5206 (2) 0.74440 (7) 0.0174 (3)
C18 0.53153 (14) ]0.5216 (2) 0.70479 (7) 0.0182 (4)
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H18 0.609546 0.534923 0.716271 0.022%
C19 0.49832 (14) |0.5034 (2) 0.64875(7)  |0.0185 (4)
C20 0.55752 (14) |0.4870 (3) 0.59868 (7)  |0.0198 (4)
C21 0.67136 (15) |0.4948 (3) 0.58723 (7)  |0.0227 (4)
H21 0.728442 0.521751 0.615829 0.027*
22 0.69957 (15) |0.4627 (3) 0.53366 (7)  |0.0279 (4)
H22 0.776231 0.472202 0.525214 0.033*
C23 0.61596 (16) 0.4162 (3) 049176 (7)  |0.0287 (4)
H23 0.637419 0.390496 0.455565 0.034*
24 0.50318 (17) |0.4070 (3) 0.50193 (8)  |0.0259 (4)
H24 0.447056 0.374046 0.473480 0.031*
C25 0.47429 (14) |0.4477 (3) 0.55532(7)  |0.0213 (4)
C26 0.19661 (14) |0.7056 (3) 0.76850 (7)  |0.0208 (4)
H26A 0.137010 0.713266 0.794237 0.031*
H26B 0.164899 0.735931 0.731013 0.031*
H26C 0.256969 0.793954 0.779804 0.031*
27 -0.04025 (15) |0.5619 (3) 0.89229 (7)  |0.0245 (4)
C28 -0.03063 (19) |0.7674 (3) 0.90579 (8)  |0.0342 (5)
H28A -0.062755 0.791537 0.941157 0.051*
H28B -0.072085 0.839439 0.876444 0.051*
H28C 0.049177 0.804177 0.908507 0.051*
C29 -0.16262 (15) |0.4977 (4) 0.88487 (8)  |0.0341 (5)
H29A -0.199180 0.519363 0.919202 0.051*
H29B -0.165032 0.364672 0.876016 0.051*
H29C -0.202539 0.567749 0.854609 0.051*
ol' 0.01754 (10) |0.48928 (19) [0.33598 (5)  {0.0225 (3)
02’ 0.06470 (10) [0.23197 (19) [0.38549 (5)  |0.0261 (3)
03' 0.14797 (11)  |0.4909 (2) 0.50334 (5)  |0.0350 (4)
NI' 0.37079 (12) |0.6233 (2) 0.07457 (6)  |0.0216 (3)
HI' 0.3062 (19)  |0.628 (4) 0.0547 (9) 0.032%
C2' 0.38481 (14) |0.5764 (3) 0.13030 (7)  |0.0189 (4)
C3' 0.30568 (14) |0.5579 (3) 0.16919 (7)  |0.0197 (4)
H3' 0.227188 0.565343 0.158108 0.024*
c4' 0.34213 (14) |0.5282 (2) 0.22488 (7)  |0.0178 (4)
cs' 0.25174 (14) |0.5137 (3) 0.26665 (7)  |0.0176 (4)
C6' 0.15716 (14) |0.3738 (3) 0.24526 (7)  |0.0208 (4)
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H6C 0.092790 0.445518 0.227623 0.025*
H6D 0.187042 0.294584 0.216317 0.025*
c7' 0.11261 (14) [0.2464 (3) 0.28994 (7)  [0.0215 (4)
H7C 0.037435 0.197266 0.276504 0.026*
H7D 0.164502 0.139361 0.296455 0.026*
Cs' 0.10293 (14) 0.3484 (3) 0.34352(7)  |0.0202 (4)
C10' 0.03457 (15) |0.3673 (3) 042553 (7)  |0.0275 (4)
H10' -0.013979 0.311017 0.453047 0.033*
Clr 0.14120 (15)  [0.4518 (3) 045396 (7)  [0.0254 (4)
C12' 0.23212 (14) |0.4849 (3) 041762 (7)  |0.0221 (4)
HI2' 0.300816 0.541794 0.431606 0.026*
C13' 0.21706 (14) |0.4340 (2) 0.36448 (7)  |0.0190 (4)
cl4' 0.30526 (13)  [0.4405 (3) 0.32296 (6)  |0.0176 (3)
H14 0.326932 0.308296 0.316449 0.021%
Cl1s' 0.41434 (14) 0.5409 (3) 0.34247(7)  |0.0197 (4)
H15C 0.442326 0.494097 0.379473 0.024*
H15D 0.399512 0.675854 0.345634 0.024*
Cl6' 0.50390 (14) |0.5085 (3) 0.30144 (7)  [0.0183 (4)
H16C 0.565118 0.601088 0.308578 0.022%
H16D 0.537269 0.383480 0.308087 0.022%
C17 0.45901 (14) 0.5223 (2) 024134 (7)  |0.0173 (3)
C18' 0.53671 (14)  [0.5304 (2) 020126 (7)  [0.0183 (4)
H18' 0.615171 0.520075 0.212122 0.022%
C19' 0.50145 (14)  [0.5533 (2) 0.14556 (7)  |0.0177 (4)
C20' 0.55933 (14) |0.5762 (3) 0.09538 (7)  |0.0187 (4)
c2r 0.67179 (15) |0.5571 (3) 0.08281 (7)  |0.0225 (4)
H21' 0.728362 0.518927 0.110419 0.027*
C22' 0.69938 (15) 0.5948 (3) 0.02934 (7)  |0.0259 (4)
H22! 0.775158 0.579727 0.020022 0.031*
C23' 0.61652 (16) 0.6549 (3) -0.01089 (7)  |0.0262 (4)
H23' 0.637717 0.684509 -0.046869 0.031*
c24' 0.50433 (17) |0.6724 (3) 0.00030 (8)  |0.0236 (4)
H24' 0.448700 0.714852 -0.027167 0.028*
C25' 0.47583 (14)  [0.6254 (3) 0.05331(7)  [0.0202 (4)
C26' 0.20182 (15)  [0.7100 (3) 0.27381(7)  |0.0209 (4)
H26D 0.138611 0.702601 0.297464 0.031*
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H26E 0.174787 0.759735 0.237492 0.031*
H26F 0.260386 0.792255 0.291031 0.031*
27" -0.03258 (15) |0.5134 (3) 0.38839 (7)  |0.0275 (4)
C28' -0.01789 (19) |0.7154 (4) 0.40664 (9)  |0.0383 (5)
H28D -0.048418 0.731978 0.442752 0.057*
H28E -0.058466 0.796656 0.379343 0.057*
H28F 0.062675 0.747361 0.409561 0.057*
29’ -0.15653 (16) |0.4597 (4) 0.38012 (8)  |0.0407 (6)
H29D -0.193339 0.484527 0.414198 0.061*
H29E -0.162835 0.326948 0.371135 0.061*
H29F -0.193419 0.532822 0.349705 0.061*
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Table S77. Atomic displacement parameters (A?) for compound 1.

Ull U22 U33 U12 U13 U23
01 0.0185 (6) |0.0286 (7) [0.0169 (6) [0.0021 (5) |0.0030 (5) |0.0004 (5)
02 0.0239 (6) [0.0255 (7) [0.0217 (6) |-0.0038  |0.0052 (5) |0.0025 (5)
(5)
03 0.0288 (7) [0.0435 (9) [0.0157 (6) |0.0004 (6) |0.0017 (5) |-0.0022
(6)
N1 0.0205 (7) [0.0356 (9) [0.0169 (7) |-0.0001  |0.0008 (6) |0.0008 (7)
(7)
C2 0.0224 (8) [0.0211 (9) [0.0178 (8) |0.0008 (8) |0.0014 (6) |-0.0004
(7)
C3 0.0160 (8) [0.0260  [0.0197 (8) [0.0010 (7) |0.0001 (6) |0.0012 (7)
(10)
C4 0.0185 (8) [0.0167 (8) [0.0187 (8) |0.0005 (7) |0.0019 (6) |0.0012 (7)
Cs 0.0161 (8)|0.0211 (9) |0.0163 (8) [-0.0011  |0.0001 (6) |-0.0014
(7) (7)
C6 0.0207 (8) |0.0249 (9) |0.0196 (8) [-0.0031  [0.0013 (7) |-0.0033
(7) (8)
C7 0.0194 (8) [0.0228 (9) [0.0234 (9) |-0.0054  |0.0012 (7) |-0.0029
(7) (7)
C8 0.0183 (8) [0.0232 (9) [0.0190 (8) [-0.0011  |0.0026 (6) |0.0033 (7)
(7)
C10 0.0221 (8) [0.0314  [0.0180 (8) [-0.0004  |0.0053 (7) |0.0015 (8)
(10) (8)
Cl1 0.0240 (9) [0.0279  [0.0165 (8) |0.0023 (7) |-0.0002  |0.0036 (7)
(10) (7)
C12 0.0178 (8) [0.0309  [0.0199 (8) [-0.0023  |0.0005 (7) |0.0000 (8)
(10) (7)
C13 0.0188 (8) [0.0184 (9) [0.0191 (8) |0.0007 (7) |0.0011 (6) |0.0024 (7)
Cl4 0.0176 (8) |0.0186 (8) [0.0174 (8) [-0.0005  |0.0009 (6) |0.0004 (7)
(7)
Cl15 0.0189 (8)[0.0237  |0.0163 (8) [-0.0016  [0.0007 (6) |-0.0002
(10) (7) (7)
C16 0.0163 (8) |0.0213 (9) [0.0193 (8) [-0.0014  |-0.0006  |0.0007 (7)
(7) (6)
C17 0.0195 (8) |0.0149 (8) [0.0177 (8) [0.0007 (7) |0.0012 (6) |0.0014 (7)
C18 0.0163 (8) |0.0168 (9) [0.0211 (8) [0.0007 (7) |-0.0004  {0.0012 (7)
(6)
C19 0.0200 (8) |0.0158 (9) 0.0200 (8) [0.0020 (7) |0.0043 (6) |0.0024 (7)
C20 0.0230 (8) |0.0168 (8) [0.0199 (8) [0.0009 (7) |0.0035 (7) |0.0021 (7)
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C21 0.0222 (8) [0.0225 (9) [0.0239 (9) |0.0010 (7) |0.0044 (7) |0.0023 (8)
C22 0.0251 (9)0.0325  [0.0272 (9) [0.0012 (8) |0.0093 (7) |0.0024 (9)
(11)
C23 0.0319 (9) [0.0337  [0.0217 (8) |0.0029 (9) |0.0095 (7) |0.0008 (8)
(11)
C24 0.0292 (9) [0.0292  [0.0195 (8) |0.0009 (8) |0.0029 (6) |0.0014 (8)
(10)
C25 0.0226 (8) [0.0213 (9) [0.0204 (8) |0.0021 (7) |0.0043 (6) |0.0033 (7)
C26 0.0198 (8) |0.0216 (9) |0.0214 (8) [0.0005 (7) |0.0029 (6) |0.0012 (7)
C27 0.0211 (9) [0.0360  [0.0166 (8) |0.0034 (8) |0.0036 (7) |-0.0022
(11) ()
C28 0.0406  [0.0373  [0.0237 (9) [0.0118  |-0.0034  |-0.0054
(11) (12) (10) (8) )
C29 0.0214 (9) [0.0590  [0.0221 (9) |0.0012  |0.0040 (7) |-0.0007
(15) (10) )
o1’ 0.0183 (6) [0.0308 (7) [0.0187 (6) |0.0035 (5) |0.0038 (4) |0.0000 (5)
02’ 0.0254 (6) |0.0296 (7) [0.0237 (6) [-0.0062  |0.0045 (5) |0.0036 (6)
(6)
03’ 0.0300 (7) [0.0589  [0.0161 (6) [-0.0051  |0.0027 (5) |-0.0008
(10) (7) (6)
NI’ 0.0184 (7) [0.0300 (9) [0.0161 (7) |-0.0003  |-0.0004  |0.0006 (6)
(6) )
c2 0.0202 (8) [0.0193 (9) [0.0172 (8) |-0.0007  |0.0012 (6) |-0.0023
(7) (7)
c3 0.0161 (8) [0.0227 (9) [0.0198 (8) |0.0015 (7) |-0.0006  |-0.0007
(6) (7)
ca 0.0191 (8) [0.0160 (8) [0.0185 (8) [0.0001 (7) |0.0022 (6) |-0.0014
(7)
cs’ 0.0166 (8) [0.0191 (9) [0.0166 (8) |0.0001 (7) |-0.0004  |-0.0016
(6) (7)
ce6’ 0.0195 (8) [0.0248 (9) [0.0179 (8) |-0.0012  |0.0004 (6) |-0.0023
(7) (7)
c7 0.0185 (8) [0.0222 (9) [0.0237 (9) |-0.0035  |0.0012 (6) |-0.0022
(7) (7)
Cs’ 0.0191 (8) |0.0224 (9) [0.0196 (8) [-0.0010  |0.0034 (6) |0.0032 (7)
(7)
Cl0° 0.0235 (9) [0.0405  [0.0194 (8) [-0.0057  |0.0065 (7) |0.0008 (8)
(11) )
clr 0.0242 (9) [0.0332  [0.0187 (8) |0.0008 (8) |0.0012 (7) |0.0030 (8)
(11)
c12’ 0.0187 (8)0.0282  [0.0191 (8) [-0.0013  |-0.0002  {0.0021 (8)
(10) () (6)
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C13 0.0184 (8 |0.0178 (8) [0.0207 (8) [0.0020 (7) |0.0016 (6) |0.0035 (7)
cl4 0.0177 (8) [0.0186 (8) |0.0165 (8) |0.0007 (7) [0.0006 (6) |0.0004 (7)
C1s’ 0.0188 (8) [0.0234 (9) |0.0169 (8) |-0.0018  [0.0008 (6) |-0.0005
(7) (7)
Cl6’ 0.0167 (8) [0.0197 (9) |0.0180 (8) |-0.0016  [-0.0019  |0.0001 (7)
(7) (6)
C17’ 0.0200 (8) |0.0146 (8) [0.0175 (8) [0.0001 (7) |0.0019 (6) |-0.0004
(7)
C18’ 0.0170 (8) [0.0171 (9) |0.0206 (8) |0.0013 (7) [0.0002 (6) |-0.0009
(7)
Cl19’ 0.0196 (8) [0.0156 (9) |0.0181 (8) |0.0003 (7) [0.0030 (6) |-0.0011
(7)
20’ 0.0217 (8) [0.0163 (8) |0.0184 (8) |-0.0007  [0.0030 (6) |-0.0027
(7) (7
21’ 0.0211 (8)0.0247  |0.0218 (8) [-0.0004  [0.0019 (7) |-0.0040
(10) (7) 3
22’ 0.0228 (9)0.0317  [0.0242 (9) [-0.0033  [0.0077 (7) |-0.0049
(11) (8) ()
23’ 0.0307 (9)[0.0292  |0.0196 (8) [-0.0051  [0.0073 (7) |-0.0029
(10) (8) ()
24’ 0.0267 (8) [0.0251 (9) |0.0189 (8) [-0.0026  [0.0006 (6) |-0.0006
(8) (7)
25° 0.0215 (8) |0.0198 (9) |0.0195 (8) [-0.0008  [0.0027 (6) |-0.0033
(7) (7)
26’ 0.0208 (8) [0.0210 (9) [0.0212 (8) [0.0015 (7) [0.0037 (6) |0.0009 (7)
27 0.0210 (9) [0.0436  |0.0184 (8) |0.0033 (8) [0.0047 (7) |-0.0039
(12) 3
28’ 0.0383  [0.0467  |0.0293  [0.0143  [-0.0004 |-0.0121
(11) (14) (10) (10) (8) (10)
29’ 0.0203 (9) [0.0778  |0.0246 (9) |-0.0026  [0.0058 (7) |-0.0023
(18) (11) (11)
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Table S78. Geometric parameters (A, °) for compound 1.

01—C8 1.436 (2) 01’—C8’ 1.434 (2)
01—C27 1.456 (2) 01'—C27’ 1.454 (2)
02—C8 1.418 (2) 02’—C8’ 1.419 (2)
02—C10 1.435 (2) 02—C10’ 1.439 (2)
03—Cl1 1.229 (2) 03’—CI11’ 1.225 (2)
N1—C2 1.384 (2) NI’—C25° 1.385 (2)
N1—C25 1.386 (2) NI’—C2’ 1.389 (2)
N1—HI 0.88 (2) NI'—HI’ 0.87 (2)
C2—C3 1.391 (2) C2’—C3’ 1.387 (2)
C2—Cl19 1.409 (2) c2’—C19’ 1.414 (2)
C3—C4 1.398 (2) C3’—C4’ 1.400 (2)
C3—H3 0.9500 C3’—H3 0.9500
C4—C17 1.414 (2) C4—C17° 1.413 (2)
C4—C5 1.537 (2) C4—C5’ 1.534 (2)
C5—C26 1.545 (2) C5—C26° 1.545 (2)
C5—Cl4 1.552 (2) C5’—Cl14° 1.551 (2)
C5—C6 1.563 (2) C5'—C6’ 1.564 (2)
C6—C7 1.540 (2) C6’—C7’ 1.542 (2)
C6—H6A 0.9900 C6>—H6C 0.9900
C6—H6B 0.9900 C6>—H6D 0.9900
C7—C8 1.503 (2) C7—C8’ 1.503 (2)
C7—H7A 0.9900 C7—H7C 0.9900
C7—H7B 0.9900 C7—H7D 0.9900
C8—CI13 1.531 (2) Cc8—Cl13’ 1.537 (2)
C10—Cl11 1.518 (3) Cl10—CI1D’ 1.518 (3)
C10—C27 1.555 (3) C10°—C27’ 1.560 (3)
C10—H]10 1.0000 C10—H10’ 1.0000
Cl1—CI2 1.462 (2) Cl1’—C12’ 1.464 (2)
Cl12—C13 1.338 (2) C12—C13’ 1.337 (2)
CI12—HI2 0.9500 Cl12’—HI12’ 0.9500
C13—C14 1.508 (2) C13’—C14’ 1.508 (2)
Cl4—C15 1.526 (2) Cl4—Cl15 1.524 (2)
Cl4—H14 1.0000 Cl4—HI14’ 1.0000
C15—C16 1.527 (2) C15°—C16’ 1.528 (2)
C15—HIS5A 0.9900 C15°—HI15C 0.9900

86




Publication 1

C15—H15B 0.9900 C15°—HI5D 0.9900
Cl16—C17 1.512 (2) Cl6—CI17’ 1.514 (2)
Cl16—HI6A 0.9900 C16—H16C 0.9900
Cl16—H16B 0.9900 C16>—H16D 0.9900
C17—C18 1.391 (2) C17—C18’ 1.391 (2)
C18—C19 1.390 (2) C18°—C19’ 1.391 (2)
C18—HIS 0.9500 C18’—HI18’ 0.9500
C19—C20 1.453 (2) C19°—C20° 1.452 (2)
C20—C21 1.401 (2) C20—C21° 1.398 (2)
C20—C25 1.412 (2) C20°—C25° 1.409 (2)
C21—C22 1.385(2) C21—C22’ 1.387 (2)
C21—H21 0.9500 C21—H21’ 0.9500
C22—C23 1.403 (3) C22°—(C23° 1.397 (3)
C22—H22 0.9500 C22°—H22’ 0.9500
C23—C24 1.381 (3) 23— C24° 1.384 (3)
C23—H23 0.9500 C23’—H23 0.9500
C24—C25 1.395 (3) C24’—(C25° 1.395 (3)
C24—H24 0.9500 C24’—H24° 0.9500
C26—H26A 0.9800 C26—H26D 0.9800
C26—H26B 0.9800 C26’—H26E 0.9800
C26—H26C 0.9800 C26’—H26F 0.9800
C27—C28 1.515 (3) C27—C29’ 1.518 (3)
C27—C29 1.520 (3) C27—C28’ 1.523 (3)
C28—H28A 0.9800 C28’—H28D 0.9800
C28—H28B 0.9800 C28’—H28E 0.9800
C28—H28C 0.9800 C28°—H28F 0.9800
C29—H29A 0.9800 C29—H29D 0.9800
C29—H29B 0.9800 C29°—H29E 0.9800
C29—H29C 0.9800 C29’—H29F 0.9800
C8—01—C27  |107.61(13) C8—01’—C27° |107.84 (13)
C8—02—Cl10  |101.43 (13) C8—02—C10° |101.21 (14)
C2—N1—C25  |108.64 (14) C25—NI'—C2’> |108.75 (14)
C2—NI—HI 126.8 (15) C25°—NI—HI> |124.8 (14)
C25—N1—H1  |123.5(14) C2O—NI'—HI’ |125.4 (14)
N1—C2—C3 129.36 (16) C3’—C2’—NI’  |130.36 (16)
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NI—C2—C19  [109.36 (15) C3’—C2—C19°  |120.77 (15)
C3—C2—C19  |121.20(15) NI’—C2°—C19> [108.84 (14)
C2—C3—C4 119.50 (15) C2’—C3—C4  |119.64 (15)
C2—C3—H3 120.3 C2’—C3—H3  [120.2
C4—C3—H3 120.3 C4—C3—H3"  |120.2
C3—C4—C17  |119.83 (15) C3’—C4—C17° |119.91 (15)
C3—C4—C5 118.36 (15) C3’—C4—C5  |117.82(15)
C17—C4—C5 121.78 (15) Cl17—C4—C5 |122.18 (15)
C4—C5—C26  |107.12 (14) C4—C5—C26° |107.81 (14)
C4—C5—Cl4  |110.01 (13) C4—C5—C14> |110.13 (13)
C26—C5—Cl4  |110.32 (14) C26—C5—C14° |110.19 (14)
C4—C5—C6 110.77 (14) C4—C5—C6> |110.19 (13)
C26—C5—C6  |110.20 (13) C26—C5—C6*  |110.67 (14)
Cl4—C5—C6  |108.41(14) Cl4—C5—C6* |107.87 (14)
C7—C6—C5 115.31 (14) C7—C6'—C5>  |115.17 (13)
C7—C6—H6A  |108.4 C7—C6—H6C  |108.5
C5—C6—H6A  |108.4 C5’—C6'—H6C  |108.5
C7—C6—H6B  |108.4 C7—C6—H6D  |108.5
C5—C6—H6B  |108.4 C5’—C6’—H6D  |108.5
H6A—C6—H6B  [107.5 H6C—C6—H6D |107.5
C8—C7—C6 112.70 (15) C8—C7—C6>  |111.70 (15)
C8—C7—H7A  [109.1 C8—C7—H7C  |109.3
C6—C7T—H7A  [109.1 C6’—C7—H7C  |109.3
C8—C7—H7B  [109.1 C8—C7—H7D |109.3
C6—C7—H7B  [109.1 C6>—C7—H7D  |109.3
H7A—C7—H7B  |107.8 H7C—C7—H7D [107.9
02—C8—01 104.54 (13) 02—C8—O01’  |104.21 (13)
02—C8—C7 111.56 (15) 02’—C8—C7° |112.41 (15)
01—C8—C7 110.41 (14) 01'—C8—C7°  |109.62 (14)
02—C8—C13  |108.65(13) 02’—C8—C13° |108.80 (13)
01—C8—CI13  |110.67 (15) 01'—C8—C13° |110.77 (14)
C7—C8—C13 110.84 (14) C7—C8—C13* |110.85 (14)
02—C10—C11  |109.80 (14) 02—C10’—CI11” |109.51 (15)
02—C10—C27  |101.57 (13) 02—C10°—C27’ |102.06 (14)
C11—C10—C27 |111.36 (16) CII’—C10—  |111.23(17)
27’
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02—C10—H10 [111.2 02—C10°—H10* |111.2

Cl11—C10—H10 |[111.2 Cl'—Cl10—  |111.2
H10’

C27—C10—H10 |[111.2 C27—C10—  |111.2
H10’

03—C11—CI12  |123.47(17) 03’—C11’—C12’ |123.68 (17)

03—C11—C10  |121.63 (16) 03’—C11I’—C10’ |121.54 (16)

C12—C11—C10 |114.87 (15) C12—Cl1I'—  |114.77 (15)
Cl0’

C13—C12—C11 |119.37 (16) C13—C12’—  |119.03 (16)
Clr’

C13—C12—HI12 |[120.3 C13—C12’—  |120.5
H12’

Cl1—C12—HI12 |[120.3 Cl'—C12’—  |120.5
H12’

C12—C13—Cl4 |125.51(15) C12—Cl13—  |125.93(16)
cl4

C12—C13—C8  |117.82(15) C12—C13°—C8’ |118.40 (15)

Cl4—C13—C8 |116.52(14) Cl14—C13°—C8’ |115.54 (14)

C13—C14—C15 |113.79 (14) C13—Cl4—  |115.10 (14)
C15°

C13—C14—C5 |110.29 (13) C13’—C14°—C5° |109.85 (13)

C15—C14—C5 |113.45(14) C15—C14—C5° |113.03 (14)

C13—Cl14—H14 |[106.2 C13—Cl4—  |106.0
H14’

Cl15—Cl4—H14 |106.2 C15—Cl4—  |106.0
H14’

C5—Cl4—H14  |106.2 C5—Cl14—H14’ |106.0

Cl14—C15—C16 |110.91 (14) Cl4—C15°—  |110.04 (14)
Cl6’

C14—C15—H15A [109.5 Cl4—C15—  |109.7
H15C

C16—C15—H15A [109.5 Cl6—Cl15—  |109.7
H15C

C14—C15—H15B |109.5 Cl4—C15—  |109.7
H15D

C16—C15—H15B |109.5 Cl6—C15°—  |109.7
H15D

HI5A—CI5—  [108.0 HI5C—C15—  |108.2

H15B H15D

C17—C16—C15 |114.74 (14) C17—Cl16'—  |113.92(14)
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Cl15’

C17—C16—HI16A |108.6 Cl7—Cl6—  |108.8
H16C

C15—C16—HI16A |108.6 C15°—C16>—  |108.8
H16C

C17—C16—HI16B |108.6 Cl17—C16>—  |108.8
H16D

C15—C16—HI16B |108.6 C15—C16>—  |108.8
H16D

HI6A—Cl16—  [107.6 H16C—Cl6'—  [107.7

H16B H16D

C18—C17—C4  [119.55(15) C18'—C17—C4’ [119.39 (15)

C18—Cl17—Cl16 |117.81 (15) Cl18—C17—  |118.14 (15)
Cl16’

C4—C17—Cl6  |122.58 (15) C4—C17"—C16° |122.47 (14)

C19—C18—C17 |121.25(15) Cl9—C18—  |121.11 (15)
C17’

C19—C18—HI8 |119.4 Cl—CI8—  |119.4
H18’

C17—C18—HI8 |119.4 Cl7—CI18—  |119.4
H18’

C18—C19—C2  |118.61 (15) C18°'—C19—C2’ |118.77 (15)

C18—C19—C20 |134.78 (16) C18—C19—  |134.43 (16)
C20°

C2—C19—C20  |106.42 (15) C2’—C19°—C20° |106.56 (14)

C21—C20—C25 |119.28 (16) C21'—C20°—  |119.71 (16)
C25°

C21—C20—C19 |134.31 (16) C21'—C20°—  |133.87 (16)
C19’

C25—C20—C19 |106.35 (14) C25°—C20°—  |106.41 (15)
C19’

C22—C21—C20 [119.11 (17) C22°—C21'—  |118.88 (17)
C20°

C22—C21—H21 |120.4 C22°—C2I'—  |120.6
H21’

C20—C21—H21 |120.4 C20—C21'—  |120.6
H21’

C21—C22—C23  [120.59 (17) C2I'—C22—  |120.48 (16)
C23°

C21—C22—H22 |119.7 C21'—C22—  |119.8
H22’
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C23—C22—H22 |119.7 C23°—C22’—  |119.8
H22’

C24—C23—C22 |121.47 (17) C24—C23°— 12172 (17)
C22°

C24—C23—H23 1193 C24—C23—  |119.1
H23’

C22—C23—H23 1193 C22—C23—  |119.1
H23’

C23—C24—C25 |117.87 (18) C23°—C24'—  |117.67 (18)
C25°

C23—C24—H24 |121.1 C23—C24—  |1212
H24°

C25—C24—H24 |121.1 C25—C24—  |121.2
H24°

N1—C25—C24  [129.17 (17) NI’—(C25—C24> [129.42 (17)

N1—C25—C20  [109.18 (15) N1’—C25°—C20° [109.27 (15)

C24—C25—C20 |121.55(16) C24—C25—  |121.28(16)
C20°

C5—C26—H26A [109.5 C5—C26"— 109.5
H26D

C5—C26—H26B |109.5 C5°'—C26’—H26E |109.5

H26A—C26—  [109.5 H26D—C26'—  [109.5

H26B H26E

C5—C26—H26C [109.5 C5°'—C26'—H26F |109.5

H26A—C26—  |109.5 H26D—C26'—  |109.5

H26C H26F

H26B—C26—  |109.5 H26E—C26'—  |109.5

H26C H26F

01—C27—C28  |109.32(16) 01’—C27°—C29’ |108.21 (15)

01—C27—C29  |107.95 (14) 01’'—C27—C28’ |108.78 (17)

C28—C27—C29 |112.12(18) C29°—C27—  |111.62 (18)
C28°

01—C27—C10  |101.52 (13) O1’—C27—C10> |101.42 (14)

C28—C27—C10 |115.46 (16) C29°—C27—  |110.49 (18)
c10’

C29—C27—C10 |109.73 (17) C28°—C27—  |115.61 (16)
c10’

C27—C28—H28A [109.5 C27—C28'—  |109.5
H28D

C27—C28—H28B [109.5 C27—C28'—  |109.5
H28E
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H28A—C28— 109.5 H28D—C28— 109.5

H28B H28E

C27—C28—H28C |109.5 C27—C28— 109.5
H28F

H28A—C28— 109.5 H28D—C28— 109.5

H28C H28F

H28B—C28— 109.5 H28E—C28— 109.5

H28C H28F

C27—C29—H29A |109.5 C27—C29— 109.5
H29D

C27—C29—H29B |109.5 C27—C29°— 109.5
H29E

H29A—C29— 109.5 H29D—C29°— 109.5

H29B H29E

C27—C29—H29C |109.5 C27—C29°— 109.5
H29F

H29A—C29— 109.5 H29D—C29°— 109.5

H29C H29F

H29B—C29— 109.5 H29E—C29"— 109.5

H29C H29F

Table S79. Hydrogen-bond geometry (A, °) for compound 1.

NI'— 0.87 (2) 2.23(2) 3.090 (2) 170 (2)

H1'---03'

NI1—H1---03" [0.88 (2) 2.18 (2) 3.057 (2) 172 (2)

C28'— ~10.98 2.61 3.404 (2) 138

H28D---O3™

Symmetry codes: (i) x, y, z-1; (ii) -x, y+1/2, -z+1.

92




Publication 1

emindole SB (10) /\)\
=
shearinine F (11): R1=0OH, Ry=R3=

paspalicine (12): R1=R,=R3=H
paspalinine (16): R{=OH, Ry=R3=H

_
paspalitrem A (22): R;=OH, Ry= /\)\ , Rg=H

isopentenylpaxilline (13): R1=H, R,=OH, R3 =
paxilline (14): R4=H, R,=0OH, R3=H

PPN
dehydroxypaxilline (15): Ry=H, Ro=H, R3=H

7-hydroxy-13-dehydroxypaxilline (19): R4=0OH, R,=H, R3=H

paspaline (18) 108-hydroxy-13-desoxypaxilline (20)

pyrapaxilline (21)
Figure S80. Structures of known compounds isolated from Penicillium sp.
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Figure S81. Proposed biosynthesis of the compound 1.
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Figure S82. Cell viability assay of 1 in urothelial bladder cancer cell line J82.

(A) Percentage of control cell counts of J82 after 72 h treatment with 1 using High Content
Analysis-based fluorescent live/dead assay. (B) Staining of live (calcein-AM, green) and dead
(PI, red) J82 cells after 72 h treatment with different concentrations of 1. Data shown in A are

mean +/- SEM from 2 independent experiments each with 3 replicates.
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Figure S83. Cell viability assay of 2 in urothelial bladder cancer cell line J82.

(A) Percentage of control cell counts of J82 after 72 h treatment with 2 using High Content
Analysis-based fluorescent live/dead assay. (B) Staining of live (calcein-AM, green) and dead
(PL, red) J82 cells after 72 h treatment with different concentrations of 2. Data shown in A are

mean +/- SEM from 2 independent experiments each with 3 replicates.
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Figure S84. Cell viability assay of 4 in urothelial bladder cancer cell line J82.

(A) Percentage of control cell counts of J82 after 72 h treatment with 4 using High Content
Analysis-based fluorescent live/dead assay. (B) Staining of live (calcein-AM, green) and dead
(PI, red) J82 cells after 72 h treatment with different concentrations of 4. Data shown in A and

B are mean +/- SEM from 2 independent experiments each with 3 replicates.
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Figure S85. Cell viability assay of 5 in urothelial bladder cancer cell line J82.

(A) Percentage of control cell counts of J82 after 72 h treatment with 5 using High Content
Analysis-based fluorescent live/dead assay. (B) Staining of live (calcein-AM, green) and dead
(PI, red) J82 cells after 72 h treatment with different concentrations of 5. Data shown in A are

mean +/- SEM from 2 independent experiments each with 3 replicates.
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Figure S86. Cell viability assay of 6 in urothelial bladder cancer cell line J82. Percentage of

control cell counts of J82 after 72 h treatment with 6 using High Content Analysis-based
fluorescent live/dead assay. Staining of live (calcein-AM, green) and dead (PI, red) J82 cells

after 72 h treatment with different concentrations of 6. Data shown in A are mean +/- SEM from

2 independent experiments each with 3 replicates.
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Figure S87. Cell viability assay of 7 in urothelial bladder cancer cell line J82. Percentage of
control cell counts of J82 after 72 h treatment with 7 using High Content Analysis-based
fluorescent live/dead assay. Staining of live (calcein-AM, green) and dead (PI, red) J82 cells

after 72 h treatment with different concentrations of 7. Data shown in A are mean +/- SEM from

2 independent experiments each with 3 replicates.
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Figure S88. Cell viability assay of 8 in urothelial bladder cancer cell line J82.

(A) Percentage of control cell counts of J82 after 72 h treatment with 8 using High Content
Analysis-based fluorescent live/dead assay. (B) Staining of live (calcein-AM, green) and dead
(PI, red) J82 cells after 72 h treatment with different concentrations of 8. Data shown in A are

mean +/- SEM from 2 independent experiments each with 3 replicates.
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Figure S89. Cell viability assay of 9 in urothelial bladder cancer cell line J82.

Shearinine Q

(9)

(A) Percentage of control cell counts of J82 after 72 h treatment with 9 using High Content
Analysis-based fluorescent live/dead assay. (B) Staining of live (calcein-AM, green) and dead
(PI, red) J82 cells after 72 h treatment with different concentrations of 9. Data shown in A are

mean +/- SEM from 2 independent experiments each with 3 replicates.
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Ni P. Ariantari, (3 Georgios Daletos, 2 12 Attila Ma’ndi,Tibor Kurtan, ¢
Werner E. G. Miller, ¢ Wenhan Lin, 2¢ Elena Ancheeva®*? and Peter Proksch*?

An endophytic fungus Bulgaria inquinans (isolate MSp3-1), isolated from mistletoe (Viscum album), was
subjected to fermentation on solid Czapek medium. Chromatographic workup of the crude EtOAc
extract yielded five new natural products (1-5). Subsequent application of the "One Strain, MAny
Compounds” (OSMAC) strategy on this strain by the addition of a mixture of salts (MgSO,4, NaNOs and
NaCl) to solid Czapek medium induced the accumulation of nine additional new secondary metabolites
(6-13, 16), with most of them (8, 10-12) not detectable in cultures lacking the salt mixture. The
structures of the new compounds were established on the basis of the 1D/2D NMR and HRESIMS data.
The TDDFT-ECD method was applied to determine the absolute configurations of the new compounds
1, 4 and 6 as well as of the previously reported bulgarialactone B (14), for which the absolute
configuration was unknown so far. The modified Mosher's method was performed to assign the absolute
configurations of 12 and 13. TDDFT-ECD analysis also allowed determining the absolute configuration of
(+)-epicocconone, which had an enantiomeric absolute configuration in the tricyclic moiety compared
to that of bulgarialactone B (14). All the isolated metabolites were evaluated for their cytotoxic activity.
Compound 2 was found to possess strong cytotoxic activity against the murine lymphoma cell line
L5178Y with an ICsq value of 1.8 uM, while the remaining metabolites were shown to be inactive.
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Introduction

Fungi are well-known producers of novel drug leads, as exem-
plified by the fascinating discovery of beta-lactam antibiotics,
cyclosporin A, caspofungin, lovastatin and fingolimod." In
particular, endophytic fungi, which live asymptomatically
within plant tissues, have been recognized for their capability to
produce therapeutically interesting natural products.*
Remarkable examples include the antimycotic natural products
cryptocandin® and cryptocin,® the insecticidal compound nod-
ulisporic acid A,” the mitochondrial toxin phomoxanthone A*®
as well as the immunosuppressant diterpene pyrones sub-
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glutinols A and B,'” among others. Interestingly, isolation of the
important anticancer agents, paclitaxel from Taxomyces
andreanae, an endophyte of Taxus brevifolia,"* and camptothe-
cin produced by Entrophospora infrequens, a fungus associated
with Nothapodytes foetida,"> as well as the identification of
lycopodine-type alkaloids recently detected in an UV-irradiated
strain of Paraboeremia, a fungal endophyte of Lycopodium ser-
ratum var. longipetiolatum," highlights the special importance
of endophytes as a reservoir of metabolites previously known
only from the host plant.'***

RSC Adv., 2019, 9, 25119-25132 | 25119
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Gene clusters involved in the biosynthesis of fungal secondary
metabolites often remain silent under standard laboratory culture
conditions, leading to a frequent rediscovery of known metabo-
lites.’*” To overcome this problem, several strategies for enhancing
the biosynthetic potential of fungi can be applied. One of them is the
OSMAC (One Strain, MAny Compounds) approach,”® a powerful
experimental method used to enhance the chemical diversity of
microorganisms using the selective modification of the fermenta-
tion parameters, such as the media type and composition, the
physical parameters (pH value, temperature, aeration conditions),
the addition of enzyme inducers/inhibitors and chemical elici-
tors."™ Even a difference in water quality in preparing the culture
media, such as exchanging tap water for distilled water, was re-
ported to influence the pattern of the main metabolites of Para-
phaeosphaeria quadriseptata, due to the presence of traces of metal
ions (Cu®*, Cd** and Cr*") in tap water.* Successful application of
the OSMAC approach on the fungal endophyte, Dothideomycete sp.
CRI7 by changing the medium type (PDB vs. Czapek malt medium)
as well as by using different nutrient sources (potato for PDB
medium and malt extract for Czapek malt medium) resulted in
distinct secondary metabolite production of this fungus.*** Inter-
estingly, a series of studies have reported the isolation of haloge-
nated natural products from fungal cultures grown on media to
which different halide salts had been added, thus highlighting the
fungal capability to utilize different halogen sources when present in
the media.*?® In addition, supplementing media with trace
elements, e.g. the addition of CuCl, to cultures of Pestalotiopsis sp.
7233 or the addition of ZnSO, to cultures of Aspergillus clavatus,
induced the production of new sesquiterpenes possessing tyrosi-
nase inhibitory activity,” and the production of a new metabolite,
clavatustide C,”® respectively.

As part of our ongoing studies aimed at influencing the biosyn-
thetic capacity of endophytic fungi utilizing the OSMAC approach, we
investigated the metabolic profiles of Bulgaria inquinans (isolate
MSp3-1), an ascomycete fungus isolated from sprouts of common
mistletoe (Viscum album). Previous chemical investigations of this
fungus resulted in the isolation of azaphilone pigments, namely
bulgarialactones A-D,*** of which bulgarialactones A and B exhibited
antimicrobial, cytotoxic and nematocidal activities.*® Moreover,
quinones containing a benzofluoranthenequinone nucleus, bulgar-
hodin and bulgarein® as well as cytotoxic anthraquinone dimers,
bulgareones A and B,* were isolated from this fungus.

In the present study, we report the isolation and structure
elucidation of 14 new natural products, including five new natural
products (1-5) derived from B. inquinans cultured on solid Czapek
medium and nine new compounds (6-13, 16) isolated from this
fungus when grown on solid Czapek medium with the addition of
a salt mixture (MgSO,, NaNO; and NaCl). Furthermore, determi-
nation of the absolute configurations of the new compounds and of
the known derivative, bulgarialactone B (14), is described herein.
The cytotoxicity assay results of the isolated natural products are
briefly discussed.

Results and discussion

Chemical investigation of B. inquinans grown on solid Czapek
medium resulted in the isolation of five new natural products,

25120 | RSC Adv., 2019, 9, 25119-25132
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namely butyrolactones (1-3, 5) and a new metabolite bearing
a diol moiety (4) together with known compounds, such as the
azaphilone pigment bulgarialactone B (14)* as well as phenyl-
butyrolactone IIa (15)**#* and xenofuranone B (17)** (Fig. 1). After
this fermentation, we studied the chemical profiles of the fungus
when grown in the presence of different salts that had been
added to solid Czapek medium. B. inquinans was cultured on
solid Czapek medium following the addition of either NacCl,
NaBr, Nal, NaNO3, or (NH,),SO, (3.5 g of each) or following the
addition of salt mixtures: (a) MgSO,-7H,0, NaNO; and NaCl
(2.5 g each), (b) FeSO,-7H,0, NaNO; and NacCl (2.5 g each) or (c)
ZnS0,-7H,0, NaNO; and NacCl (2.5 g each), as described in the
Experimental section. B. inquinans failed to grow on media con-
taining either (NH,),SO,, or mixtures (b) and (c). No changes in
the chromatographic profiles were observed following the addi-
tion of either NaCl, NaBr, Nal or NaNOj; to solid Czapek medium
when compared to chromatograms of the fungus grown on the
medium without salts. However, the presence of a mixture of
MgS0,, NaNO; and NaCl in the medium resulted in a significant
change in the metabolite profile of B. inquinans, as indicated by
HPLC-DAD analysis (Fig. S1, ESIf). Chromatographic workup of
this fungal extract led to the isolation of nine new secondary
metabolites (6-13, 16), including a butyrolactone derivative 6, two
unusual 1,3-oxazine containing natural products (7 and 8), five
new o-pyrones (9-13) and (—)-(S)-flavipesin B (16), together with
the known compound bulgarialactone D (18)* (Fig. 1).
Compounds 9, 13 and 18 were subsequently also detected (albeit
in minor amounts) in HPLC chromatograms of the fungus
following cultivation on solid Czapek medium without the
addition of salts. The OSMAC approach nevertheless enhanced
their production, enabling isolation and structural characteriza-
tion of these compounds. Moreover, the accumulation of
compounds 8 and 10-12 was only induced in the presence of the
salt mixture, whereas these latter compounds were not detected
in fungal cultures lacking salts.

Compound 1 was obtained as a yellow solid. Its UV spectrum
displayed a maximum absorption at 288 nm, which was char-
acteristic for butyrolactone-type metabolites.*®* The HRESIMS
spectrum exhibited a prominent pseudomolecular ion peak at
m/z 253.0600 [M + H]', attributed to the molecular formula
C1,H;40s, indicating 8 degrees of unsaturation. The "H NMR
data of 1 (Table 1) revealed signals of one methyl at 6 1.74 (Hj-
12) and five aromatic protons resonating at éy; 7.74 (H-7/H-11),
7.41 (H-8/H-10) and 7.34 (H-9), implying the presence of
a mono-substituted benzene ring. Moreover, the *C NMR data
of 1 (Table 1) displayed signals of a carbonyl carbon at d¢ 170.3
(C-2), two sp” carbons at d 140.6 (C-3) and 131.2 (C-4), and one
oxygenated sp’ carbon at d¢ 85.2 (C-5), attributed to a conju-
gated five-membered lactone ring. The HMBC correlations
observed from H-7/H-11 to C-4 and from H;-12 to C-4, C-5 and
C-1' (Fig. 2) provided the connections of the aromatic ring and
of the methyl group to the butyrolactone ring as well as the
attachment of the carboxylic acid group to C-5.

In order to elucidate the absolute configuration of 1, the TDDFT-
ECD protocol was performed on the arbitrarily chosen (S) stereo-
isomer. B3LYP/6-31+G(d,p) and CAM-B3LYP/TZVP PCM/MeCN
reoptimization of the initial 13 MMF conformers resulted in three

This journal is © The Royal Society of Chemistry 2019
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11: R = 0OAc
12: R=0H

Fig. 1 Structures of compounds 1-18 isolated from B. inquinans.

View Article Online
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and eight low-energy conformers over a 1% Boltzmann-population, of 1 (Fig. 3), allowing the elucidation of the absolute configuration as
respectively. ECD spectra computed at various levels for both sets of ~ (S). Accordingly, the structure of 1 was established as a new natural
conformers effectively reproduced the experimental ECD spectrum  product, for which the name bulgariline A is proposed (Fig. 1).

This journal is © The Royal Society of Chemistry 2019
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Table 1 'H and *C NMR data (MeOH-d,)® for compounds 1-3 and 5-6
1 2 3 5 6
Position d¢, type 0y (Jin Hz) 6, type Oy (J in Hz) ¢, type 6y (J in Hz) ¢, type Oy (Jin Hz)  dc, type Oy (J in Hz)
2 170.3, C 168.9, C 168.1, C 166.6, C 169.9, C
3 140.6, C 141.4,C 143.0, C 141.4, C 140.8, C
4 131.2,C 127.3,C 123.9, C 126.5, C 130.6, C
5 85.2, C 107.4, C 110.4, C 148.1, C 84.9,C
131.4, C 132.3,C 131.8, C 130.5, C 131.2, C
7/11 128.7, 7.74,br 129.4, 8.00, br d (7.5) 128.8, 7.94, brd (7.4) 130.4, 7.57,br 128.6, 7.66, br
CH d (7.5) CH CH CH d (7.5) CH d (7.3)
8/10 129.6, 7.41,brt(7.5) 129.5, 7.46, brt (7.5) 129.8, 7.48, brd (7.4) 129.8, 7.51,brt(7.5) 129.8, 7.42,brt(7.3)
CH CH CH CH CH
9 129.7, 7.34,tt (7.5, 129.4, 7.37,tt (7.5, 1.6) 129.8, 7.39, tt (7.4, 1.1) 128.9, 7.45,tt (7.5, 129.8, 7.35,tt (7.3,
CH 1.2) CH CH CH 1.3) CH 1.2)
12 22.1, 1.76,s 44.9,  3.39,d (13.8); 3.34, 44.6,  3.37,d (13.8); 3.34, 109.6, 5.97,s 22.2, 1.79,s
CH, CH, d(13.8) CH, d (13.8) CH CH;,
13 135.7, C 135.2,C 135.3,C
14/18 131.4, 6.85,brd (6.9) 131.5, 6.85, brd (6.9) 130.9, 7.68, br
CH CH CH d(7.4)
15/17 128.8, 7.10, br t (6.9) 128.8, 7.10, br t (6.9) 129.6, 7.35,brt(7.4)
CH CH CH
16 127.9, 7.12, tt (6.9, 1.6) 128.0, 7.12, tt (6.9, 1.5) 128.8, 7.25,tt (7.4,
CH CH CH 1.1)
5-OMe 50.9, 3.24,s
CH,
1 172.4,C 171.4, C
1-OMe 53.9, 3.76,s
CH;,

“ Recorded at 600 MHz (*H) and 150 MHz (**C).

The molecular formulae of 2 and 3 were assigned as
C;7H1,0,4 and C;3H;60,, respectively, based on their prominent
pseudomolecular ion peaks in the HRESIMS spectra. The 'H
and "*C NMR data of 2 (Table 1) were almost identical to those
of phenylbutyrolactone IIa (15), except for the replacement of
the carboxylic acid functionality with a hydroxyl group, as
indicated by the absence of a carbonyl signal in the >C NMR
spectrum, as well as a 28 amu difference in the molecular
weight of 2 compared with that of phenylbutyrolactone IIa (15).
The NMR data of 3 (Table 1) were in good agreement with those
of 2, apart from the presence of a methoxy signal at dy 3.24 (6¢

- COSY

~* HMBC

Fig. 2 COSY and selected HMBC correlations of 1, 7 and 9.

25122 | RSC Adv., 2019, 9, 25119-25132

50.9). Accordingly, a methoxy substituent was assigned to C-5
instead of a hydroxyl group as in 2, based on the evident
HMBC correlation from 5-OMe to C-5. Thus, 2 and 3 were
elucidated as new butyrolactone derivatives and were named as
bulgarilines B and C, respectively. The zero value of their
specific rotations indicated that 2 and 3 were obtained as
racemic mixtures.

The molecular formula of 4 was determined as C;5H;60;
based on its HRESIMS data, implying 8 degrees of unsaturation.
Investigation of its '"H NMR data (Table 2) revealed typical
signals of phenyl and p-hydroxy phenyl moieties in the structure

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Experimental ECD spectrum (black) of 1 in MeCN compared
with the Boltzmann-weighted PBEO/TZVP PCM/MeCN ECD spectrum
(purple) of (S)-1 computed for the eight low-energy CAM-B3LYP/TZVP
PCM/MeCN conformers. The bars represent the rotational strength of
the lowest-energy conformer.

of 4. In addition, consecutive COSY correlations were observed
between a set of methylene protons resonating at 0y 2.51/2.84
(H,-7) and two O-methine protons at dy 3.87 and 4.53 (H-8
and H-9), which permitted the assignment of a 1,2-propane-
diol moiety. The HMBC correlations from H,-7 to C-3, C-4, C-5,
C-8 and C-9 and in turn from H-9 to C-10, C-11 and C-15
established the connectivity of the partial structures. The rela-
tive configuration of 4 was deduced to be erythro, based on the
large coupling constant value between the two vicinal methines
at positions 8 and 9 (5.8 Hz), while a smaller value (J = 2.5 Hz) is
suggested for threo, as previously reported for related vicinal
diols.?”*® Hence, the structure of 4 was elucidated and the trivial
name bulgariol is suggested for this compound.

DFT reoptimization of the initial 41 MMFF conformers of
(8R,95)-4 resulted in 15 and 22 low-energy conformers over a 1%
Boltzmann-population. Despite the flexibility of the molecule

Table 2 'H and *C NMR data (MeOH-d.) for compound 4

49

Position ¢, type Oy (J in Hz)

1 156.6, C

2/6 115.9, CH 6.68, br d (8.5)

3/5 131.4, CH 7.02, br d (8.5)

4 131.6, C

7 38.9, CH, 2.51, dd (14.2, 9.2)
2.84, dd (14.2, 3.1)

8 77.8, CH 3.87,ddd (9.2, 5.8, 3.1)

9 78.2, CH 4.53,d (5.8)

10 143.5, C

11/15 128.4, CH 7.41, br d (7.0)

12/14 129.0, CH 7.33, br t (7.0)

13 128.3, CH 7.26, tt (7.0, 1.5)

“ Recorded at 600 MHz (*H) and 150 MHz (**C).

This journal is © The Royal Society of Chemistry 2019
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and the substantially different ECD spectra of the individual
low-energy conformers, the Boltzmann-averaged ECD spectra
computed at various levels for both sets of conformers gave
moderate to good mirror-image agreement with the experi-
mental ECD spectrum (Fig. 4). Furthermore, the sign of the
highest-wavelength ECD transition was the same for all the
conformers over a 1.2% Boltzmann-population, allowing eluci-
dation of the absolute configuration as (8S,9R).

Compound 5 had the molecular formula C;,H;,0;, requiring
12 degrees of unsaturation. The 'H and '*C NMR data of 5
(Table 1) were similar to those of 2 and 3. However, an addi-
tional olefinic signal appeared at 6y 5.97 (H-12), which provided
HMBC correlations to C-4, C-5, C-13, C-14/C-18, along with
a long-range correlation to C-2. Thus, the position of the double
bond was deduced at A°?, contributing to one additional
degree of unsaturation of 5 compared to 2 and 3. The geometry
of the exocyclic double bond C-5/C-12 in 5 was determined
based on the NOESY spectrum. The NOE correlations observed
between H-12 with H-7/H-11 implied the close proximity of H-12
to the aromatic ring, thus confirming the Z configuration of the
double bond.**** Compound 5, (5Z)-3-hydroxy-4-phenyl-5-(phe-
nylmethylene)-2(5H)-furanone, was reported previously only as
a synthetic product.** In the present study, we report 5 for the
first time as a natural product and provide its complete NMR
data (Table 1).

The molecular ion of 6 was 14 amu larger than that of 1, as
indicated by the HRESIMS spectrum, corresponding to the
molecular formula C;3;H;,05. The "H and *C NMR data of 6
(Table 1) were in perfect agreement with those of 1, except for
the additional methoxy group signal at oy 3.76/0¢ 53.9, which
showed the respective HMBC correlation to C-1/, hinting at
a substitution of the carboxylic acid group with a carbomethoxy
attached to C-5 in the structure of 6. Finally, 6 was elucidated as
a methyl ester of bulgariline A to which the trivial name bul-
gariline D is given.

3
w
()]
(]
3
: 0 LA
=) |
*
14
ke 3 —— measured ECD
S —— As (PBEO/TZVP)
— = R (PBEQ/TZVP) /2
=
‘TU 61
=
w
4
-9 T r T
200 240 280 320

wavelength (nm)

Fig. 4 Experimental ECD spectrum (black) of 4 in MeCN compared
with the Boltzmann-weighted PBEO/TZVP PCM/MeCN ECD spectrum
(purple) of (8R,95)-4 computed for the 22 low-energy CAM-B3LYP/
TZVP PCM/MeCN conformers. The bars represent the rotational
strength of the lowest-energy conformer.
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The absolute configuration of 6 was concluded to be the
same as that of 1 on the basis of biogenetic considerations,
similar positive values of their specific rotation, [«]3 +16 for 1
and [a]3’ +26 for 6, as well as the identical ECD spectra of 1 and
6. Furthermore, TDDFT-ECD calculations performed on the
arbitrarily chosen (R) enantiomer gave mirror-image agreement
(Fig. S106, ESIt), verifying the (S) absolute configuration of 6. It
is interesting to compare the ECD spectra of 1 and 6 with those
of the related compounds chaetobutenolide C, WF-3681 and
WF-3681 methyl ester described by some of us in 2017 and
where the carboxylic acid/ester group is attached through two
carbons to the central unit.*® The positive transition at ca. 260—
280 nm, which is stronger in two recent cases, and the negative
one around 220 nm, belonging to the homochiral derivatives,
becomes more complex in 1 and 6, but they are still in accor-
dance with the two characteristic bands. Moreover, 6 was
proven to be a true natural product, by incubating 1.0 mg of 1 in
1.0 mL MeOH containing 0.1% formic acid at room temperature
for 1 week, which did not result in methylation, as indicated by
HPLC analysis.

Nitrogen-containing metabolites (7 and 8) were obtained as
yellow solids. The HRESIMS spectra exhibited prominent
pseudomolecular ion peaks at m/z 248.0919 [M + H]" and m/z
234.0760 [M + H]', consistent with the molecular formula
C13H13NO, and Cq,H;;NOy, respectively, both corresponding
to 8 degrees of unsaturation. Inspection of the "H NMR spec-
trum of 7 (Table 3) revealed the resonances of four aromatic
protons, three sets of methylenes and one methoxy group. The
COSY correlations of the aromatic protons from H-9 until H-12
suggested a 1,2-disubstituted aromatic ring for 7, as corrobo-
rated by HMBC correlations from H-9 to C-11 and C-13 as well
as from H-12 to C-8 and C-10. The last spin system observed in
the COSY spectrum between 6y 2.60/2.67 (H,-3) and 2.30/2.54
(H,-4) afforded HMBC correlations from H,-3 to C-2 and C-5
and from H,-4 to C-5 and C-1/, respectively. Additionally, the

Table 3 H and *C NMR data (MeOH-d,) for compounds 7 and 8
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HMBC correlation from 1-OMe to C-1' established the
substructure of an oxoproline residue bearing a 5-carbome-
thoxy group (Fig. 2). Further HMBC correlations from the
methylene at 6y 4.96/5.10 (H,-7) to C-5, C-8, C-9 and C-13
established the linkage between these two substructures,
which accounted for the last degree of unsaturation in 7. The
"H and "C NMR data of 8 were in a good agreement with those
of 7, apart from the absence of an OMe signal, which is in
accordance with the 14 amu difference in the molecular weight
of 8 compared to 7, thus indicating a carboxylic acid group
attached at C-5, instead of a carbomethoxy function. Accord-
ingly, 7 and 8 possess unusual heterocyclic structures con-
taining a 1,3-oxazine nucleus, which rarely occurs in natural
products. A few examples of natural 1,3-oxazines include the
antimycobacterial oxazinin A, isolated from the Eurotiomycetes
strain 110162,*> as well as salinazinones A and B from the
bacterial strain Streptomyces sp. KMF-004.** The latter two
compounds have been also reported from the marine-derived
bacterium Streptomyces spinoverrucosus as spinoxazines A and
B.** However, compared to the aforementioned natural prod-
ucts, the structures of 7 and 8 lack a keto function in the 1,3-
oxazine core, which is mostly attributed to synthetic
compounds.**® The trivial names bulgarixines A (7) and B (8)
were assigned to these compounds. Considering the possi-
bility that 7 might arise as an artifact of its non-methoxylated
analogue (8) during the isolation process, an experiment was
carried out by incubating 0.5 mg of 8 in 0.5 mL MeOH con-
taining 0.1% formic acid for 1 week at room temperature.
HPLC analysis showed that no methylated product was present
in the chromatogram, thus indicating that 7 is a natural
product. The baseline ECD curves of both 7 and 8 indicated
that both of them were isolated as a racemate.

Compound 9 was afforded as a brown solid. Its molecular
formula was determined as C;7H,305 on the basis of its HRE-
SIMS spectrum, requiring 4 degrees of unsaturation. Its UV

7¢ 8¢

Position dc, type 0y (J in Hz) bc, type” 6y (7 in Hz)

2 174.3,C 174.3, C

3 30.6, CH, 2.60, ddd (17.2, 10.1, 2.3) 30.5, CH, 2.59, ddd (17.2, 10.1, 2.2)
2.67, dt (17.2, 9.6) 2.70, dt (17.2, 9.7)

4 31.4, CH, 2.30, dt (13.5, 10.1) 31.3, CH, 2.28, dt (13.5, 10.1)
2.54, ddd (13.5, 9.6, 2.3) 2.54, ddd (13.5, 9.7, 2.2)

5 92.6, C 92.6, C

7 66.1, CH, 4.96, d (15.8); 65.7, CH, 4.93,d (15.7)
5.10, d (15.8) 5.19, d (15.7)

8 124.4,C 124.6, C

9 125.5, CH 7.10, br d (8.0) 125.2, CH 7.10, br d (8.0)

10 125.9, CH 7.14, td (8.0, 1.2) 125.3, CH 7.13,td (8.0, 1.2)

11 128.5, CH 7.27, br t (8.0) 128.0, CH 7.26, br t (8.0)

12 120.4, CH 8.27, br d (8.0) 120.3, CH 8.29, br d (8.0)

13 134.0, C 133.8,C

1 1714, C 172.6, C

1-OMe 53.7, CH, 3.73,s

“ Recorded at 600 MHz (*H) and 150 MHz (**C). ? Chemical shifts extracted from HSQC and HMBC spectra.
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spectrum displayed a maximum absorption at around 299 nm,
suggesting a pyrone nucleus.*”* Detailed analysis of the 'H and
13C NMR data of 9 (Table 4) indicated signals of an isolated
olefinic proton at dy 6.65 (H-5), an oxygenated methine at 0y
4.40 (H-1') and an isolated methylene at 6 4.31 (H,-1"), in
addition to seven aliphatic methylenes observed at y; 1.31-1.82
(H,-2'-H,-8'), two methoxy groups at dy 4.00 and 3.32, one
methyl group at 6y 0.90 (H;-9'), along with signals for a carbonyl
at d¢ 166.7 (C-2) and sp> carbons at d¢ 101.8 (C-3), 171.7 (C-4)
and 171.4 (C-5). COSY correlations observed from H-1' to Hj-
9’ allowed the assignment of a 1-nonanol side-chain (Fig. 2). The
HMBC correlations from H-5 to C-3, C-4 and C-6, as well as from
H,-1” to C-2, C-3 and C-4, confirmed the presence of a conju-
gated a-pyrone nucleus in the structure of 9. Additionally, the
position of two methoxy groups (4-OMe and 1”-OMe) as
substituents of the a-pyrone ring was deduced based on their
respective HMBC correlations. Finally, the presence of HMBC
correlations from H-5 to C-1" and in turn from H-1’ to C-5 and C-
6, indicated the connection of the 1-nonanol side-chain with the
a-pyrone nucleus at C-6 (Fig. 2). The structure of 9 is closely
related to dothideopyrone B, which was isolated from the
endophyte Dothideomycete sp. LRUB20,* and with dothideo-
pyrone F, a recently reported o-pyrone from the endolichenic
fungus Dothideomycetes sp. EL003334.*” However, 9 features two
extra methylene protons in the saturated aliphatic chain in

Table 4 'H and **C NMR data (MeOH-d,) for compounds 9-13
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comparison with dothideopyrone B,* and an additional OMe at
C-1" in comparison with dothideopyrone F.*” Therefore,
compound 9 was elucidated as a new a-pyrone derivative, for
which the trivial name bulgariapyrone A is suggested.
Compounds 10-12 exhibited similar UV spectra as 9, indic-
ative of pyrone derivatives (see ESIT). Their molecular formulae
were determined as C;gH,30,, CioH300; and C,;7H,50,
respectively, as indicated by their HRESIMS spectra. The 'H and
3C NMR data of 10-12 (Table 4) were similar to those of 9 and
indicated that 10-12 retained the same a-pyrone core structure
as 9, differing from the latter only in the nature of their aliphatic
side-chains. The molecular weight of 10 was 44 amu larger than
that of 9, which together with an additional methoxy signal at
0y 3.65/0c 51.9 and an additional carbonyl resonating at d¢
176.0 (C-9'), implied that the aliphatic chain of 10 is terminated
by a carbomethoxy group instead of a methyl group. This
deduction was corroborated by the observed HMBC correlation
from H,-7//H,-8' to C-9', in addition to a further degree of
unsaturation of 10 in comparison with 9. The "H NMR data of
11 (Table 4) displayed an additional oxygenated methylene at oy
4.05 (H»-9') and a signal of a downfield shifted methyl group at
05 2.02 (H;3-12'), which along with the observed HMBC corre-
lations from H,-9’ to C-7/, C-8' and C-11/, as well as from Hj;-12’
to C-11, hinted at the presence of an acetoxy group at the
terminus of the aliphatic side-chain in 11. The molecular weight

9° 10° 11° 12¢ 132

Position d¢, type® dy (J in Hz) dc,type 0y (Jin Hz)  dc, type® 0y (J in Hz) ¢, type 0y (J in Hz) ¢, type 0y (J in Hz)

2 166.7, C 166.8, C 166.7, C 166.8, C 166.7, C

3 101.8, C 101.8, C 101.8, C 101.8, C 101.9, C

4 171.7,C 171.7,C 171.7,C 171.7,C 171.7,C

5 94.4,CH 6.65, s 94.4,CH 6.65, s 94.4,CH 6.65, s 94.4,CH 6.65, s 94.5,CH 6.65, br s

6 171.4,C 171.3,C 171.3,C 171.3,C 171.3,C

1 71.5,CH 4.40,dd (7.9, 71.5,CH 4.40, m 71.5,CH 4.40,dd (7.9, 71.5,CH 4.40,dd (8.0, 71.5, CH 4.40, br dd (7.9,

4.5) 4.5) 4.5) 4.4)
2 36.3, CH, 1.68, m; 1.82, m 36.2, CH, 1.68, m; 1.83, 36.2, CH, 1.69, m; 1.82, m 36.2, CH, 1.68, m; 1.82, m 36.3, CH, 1.68, m; 1.82, m
m

3 26.2, CH, 1.42, m 26.1, CH, 1.43, m 26.1, CH, 1.44, m 26.1, CH, 1.44, m 26.1, CH, 1.44, m; 1.41 m

a4 30.4,° 1.27-1.37, 0V 30.2,° 1.31-1.38,0v  30.2,° 1.31-1.39,0v  30.4,°  1.31-1.39,0ov  30.4,°  1.30-1.37, ov
CH, CH, CH, CH, CH,

5/ 30.5°  1.27-1.37,0ov  30.1,°  1.31-1.38,ov 30.3,°  1.31-1.39,0v  30.5°  1.31-1.39,0ov  30.5°  1.30-1.37, ov
CH, CH, CH, CH, CH,

6 30.6,°  1.27-1.37,0v  30.2,°  1.31-1.38,ov 30.4,°  1.31-1.39,0v  30.6,°  1.31-1.39,0ov  30.6°  1.30-1.37, ov
CH, CH, CH, CH, CH,

7 33.0, CH, 1.27-1.37, 0v  26.0,CH, 1.61, p (7.4)  27.0,CH, 1.36, ov 26.9, CH, 1.34, ov 27.1, CH, 1.34, ov

-4 23.7,CH, 1.31, ov 34.8,CH, 2.31,t(7.4)  29.7,CH, 1.62, p (6.7) 33.6, CH, 1.52, p (6.7) 30.6, CH, 1.54, m

9 14.4, CH; 0.90, t (7.0) 176.0, C 65.7, CH, 4.05, t (6.7) 63.0, CH, 3.53, t (6.7) 71.6, CH, 3.46, t (6.6)

11’ 173.1,C

12/ 20.8, CH; 2.02, s

1 64.1, CH, 4.31, s 64.1, CH, 4.30, s 64.1, CH, 4.31, s 64.1, CH, 4.30, s 64.1, CH, 4.30, s

4-OMe 57.7,CH; 4.00, s 57.7, CH; 4.00, s 57.7, CH; 4.00, s 57.7, CH; 4.00, s 57.7, CH; 4.00, s

9-OMe 51.9, CH; 3.65, s

1"-OMe 58.3, CH; 3.32, s

58.3, CH; 3.32, s

58.3,CH; 3.32, s

58.3, CH; 3.32, s

58.3, CH; 3.32, s

“ Recorded at 600 MHz (*H) and 150 MHz (**C). ® Recorded at 600 MHz ("H) and 125 MHz (**C). © Chemical shifts extracted from the HSQC and
HMBC spectra. ¢ Signals for another monomeric unit are identical, except for é¢ 166.8 (C, C-2"), 102.3 (C, C-3"), 171.5 (C, C-4""), 94.4 (CH, C-5""),
171.1 (C, C-6"), 26.9 (CH,, C-7""), as well as signals at d¢ 33.6 (CH,, C-8"")/6y 1.52 (2H, m, H-8"""), 6¢ 63.0 (CH,, C-9"")/6y4 3.53 (2H, t, ] = 6.7 Hz, H-
9"") and ¢ 62.3 (CH,, C-1"")/6y 4.34 (2H, s, H-1"""). © Signals can be interchangeable. ov stands for overlapped signals.

This journal is © The Royal Society of Chemistry 2019
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of compound 12 was 16 amu larger than that of 9. Moreover, the
"H NMR data of 12 (Table 4) displayed an extra oxygenated
methylene (6 3.53) split into a triplet, which revealed a COSY
correlation to dy 1.52 (H-8'), suggesting the presence of
a hydroxyl group at C-9'. Accordingly, compounds 10-12 were
established as new o-pyrone analogues, for which the trivial
names bulgariapyrones B-D are proposed.

In order to assign the absolute configurations of 9-12, the
modified Mosher's reaction was carried out, and 12 was chosen
as a model compound for this reaction. Both primary and
secondary alcohol groups in 12 were converted to either (S)- or
(R)-MTPA esters. Based on the calculated values of Ad(s)(z) of
MTPA esters, the absolute configuration at C-1’ was established
as (S), which is in agreement with the literature data of previ-
ously described o-pyrone derivatives related to 12 (Fig. 5).*
Similar specific optical rotation values of 9-11 suggested that
these a-pyrones share the same (S) absolute configuration at C-
1.

The molecular formula of 13 was determined as C33H;,044,
based on the prominent pseudomolecular ion peak at m/z
625.3587 [M + H]' in the HRESIMS spectrum, corresponding to
8 degrees of unsaturation. Analysis of the molecular formula
and of the 1D/2D NMR data of 13 (Table 4, ESIT) suggested it
contained two substructures similar to bulgariapyrone D (12).
However, the NMR data of 13 revealed additional signals of an
isolated methylene at dy; 4.34/6¢ 62.3 (H,-1"") and one set of
methylene as a triplet at dy 3.46/6¢ 71.6 (H,-9'), suggesting an
asymmetry of the molecule. The HMBC correlations observed
from H,-1"" to C-2", C-3", C-4" and C-9', and in turn from H,-9’
to C-7/, C-8' and C-1"", together with the NOESY correlation H,-
9'/H,-1"" allowed connecting these two monomeric units via an
ether bridge between C-1"” and C-9', suggesting that 13 could
be formed through a condensation reaction between two
molecules of 12. Thus, the planar structure of 13 was elucidated
as shown and the name bulgariapyrone E is proposed. Notably,
only two related naturally occurring symmetrical o-pyrone
dimers have been reported so far, multiforisin D, previously
isolated from Gelasinospora multiforis,”® and dothideopyrone D,
a metabolite from the endophytic fungus Dothideomycete sp.
LRUB20,* which emphasize the rare nature of these dimeric
compounds. Moreover, compound 13 seems to be a product of
a “head to tail” condensation, where the side chain of one
monomeric unit is connected through an ether bond to the C-

0
+0.02
O 0
+0.01 +0.12

12a: R = (S}-MTPA
12b : R = (R)-MTPA

Fig. 5 Ad(s)—(r) values in ppm for the MTPA esters of 12.
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1" of the a-pyrone nucleus of the other monomeric unit, which
creates an asymmetry in the structure of 13 and makes it
structurally different from known symmetrical C2-type bis-
pyrone dimers. As the condensation of primary alcohols
might take place under acidic conditions, an experiment was
carried out by incubating 0.2 mg of 12 in 0.2 mL MeOH con-
taining different concentrations of formic acid (0.1%, 1%, 5%
and 10%), at room temperature for 1 week, followed by HPLC
analysis. The HPLC chromatograms showed no formation of
compound 13, which indicated that 13 is a true natural product,
and not an artifact arising during the isolation procedure.

Following the same Mosher's reaction protocol for
compound 13 as for 12, the (S)- or (R)-MTPA ester products were
obtained (see the Experimental section). The MALDI-MS spectra
of the reaction products indicated that all the primary and
secondary alcohol groups in 13 reacted with the reagent (m/z
1295 [M + Na]'). Thus, the absolute configuration of 13 was
unequivocally assigned as (S) for both stereocenters at C-1" and
C-1"", which is in accordance with biosynthetic considerations
and the reported configuration of the structurally related
homodimer dothideopyrone D.**

Compound 14 was obtained as a dark red solid. Its molecular
formula was determined as C,¢H,307, on the basis of a prom-
inent pseudomolecular ion peak at m/z 453.1910 [M + H]" in the
HRESIMS spectrum, requiring 13 degrees of unsaturation.
Detailed analysis of the 1D and 2D NMR spectra showed that 14
is a known compound, bulgarialactone B,* first isolated from
the same fungus more than two decades ago. However, in this
first paper, the absolute configuration was not determined for
bulgarialactone B and the relative configuration was elucidated
on the basis of the weak NOESY correlation between H-3 and
H;-27. Further reports on bulgarialactone B focused on the
Hsp90 inhibitory activity and were not engaged in the elucida-
tion of the absolute configuration.**** The SciFinder database
indicates the absolute configuration for the closely related
compound epicocconone, which lacks a chirality centre in the
unsaturated side-chain and exhibits potent fluorescent prop-
erties, but the original paper® reported only the relative
configuration of the two chirality centres as elucidated by the
comparison of the HF/6-31G(d,p) optimized low-energy geom-
etries of the high-temperature molecular dynamics trajectories
with the experimental NMR data. Subsequent papers did not
address the elucidation of the absolute configuration of
epicocconone.

Bulgarialactone B (14) had positive Cotton effects (CEs) at
437 and 269 nm and negative ones at 315 and 232 nm. In order
to determine the absolute configuration of bulgarialactone B,
the solution TDDFT-ECD method was applied on the arbitrarily
chosen (35,115,23R) and (3S,115,23S) stereoisomers.***
Although the core part was expected to govern mostly the ECD
spectrum, the C-23 chirality centre located in the allylic position
of the conjugated 7 system of the side-chain was also supposed
to have at least a minor contribution, which would have allowed
distinguishing the C-23 epimers. A MMFF (Merck Molecular
Force Field) conformational search of the two epimers resulted
in 549 and 541 conformer clusters in a 21 k] mol™' energy
window, respectively, indicating high conformational flexibility.

urnal is © The Royal Society of Chemistry 2019
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These geometries were reoptimized at the CAM-B3LYP/TZVP
PCM/MeCN level. Despite the large number of low-energy
conformers, the Boltzmann-averaged ECD spectra of both
epimers computed at four different levels (B3LYP/TZVP,
BH&HLYP/TZVP, CAM-B3LYP/TZVP and PBEO/TZVP, all with
PCM for MeCN) gave consistently moderate to good agreement
with the experimental ECD spectrum (Fig. 6 and 7). Interest-
ingly, the difference between the computed ECD spectra of the
epimers was rather small, which suggested that the influence of
C-23 on the overall ECD is marginal. Accordingly, the absolute
configuration of the core part could be elucidated as (3S,115),
while the C-23 chirality centre remained unassigned. By
analyzing the individual ECD spectra of the low-energy
computed conformers, it turned out that the features of the
ECD spectra were influenced by the helicity of the dihydropyr-
ane ring and the orientation of the conjugating side-chain, the
latter of which was also described by Syzgantseva et al. to
influence the UV characteristics.*

The experimental ECD spectra of 14 and that of (+)-epi-
cocconone reported by Bell and Karuso®* have a mirror image
relationship, suggesting that (+)-epicocconone showing an
intense negative CE above 400 nm has an (3R,11R) absolute
configuration in Epicoccum nigrum,>® which is an example of the
chiral switching of the tricyclic skeleton.* It is also clear that
the absolute configuration presented in the SciFinder database
for epicocconone® is incorrect and it should specify only the
relative configuration.

The planar structure of compound 16 was shown to be
identical to the previously described flavipesin B, isolated from
the fungal endophyte Aspergillus flavipes AIL8,*® which has been
previously reported as a synthetic compound.®”* In a recent
study, it was isolated from an engineered strain of A. nidulans.**
However, 16 possesses an opposite sign of the specific optical
rotation, [a]iy —72 (MeOH), compared to that of the reported
value for flavipesin B: [«]fy +133 (acetone).®® Therefore, in this
study, we assigned 16 as (—)-(S)-flavipesin B.

40
20 4
5
s oL N
3 —— measured ECD
—— Ag [BH&HLYP/TZVP,
(85,135,10'R)-14]
-20 4 As [BH&HLYP/TZVP,
(85,13510'5)-14]

300 400 500 600 700
wavelength (nm)

Fig. 6 Experimental ECD spectrum of 14 in MeCN compared with the
Boltzmann-weighted BH&HLYP/TZVP PCM/MeCN spectra of
(35,115,23R)-14 and (3S,115,235)-14 computed for the low-energy
(=1%) CAM-B3LYP/TZVP PCM/MeCN conformers (26 and 26
conformers, respectively).

This journal is © The Royal Society of Chemistry 2019
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The structures of the remaining known compounds isolated
from B. inquinans were established as phenylbutyrolactone Ila
(15),**** xenofuranone B (17)***” and bulgarialactone D (18),*
based on their spectroscopic data as well as on a comparison
with the literature.

All the isolated compounds were evaluated for cytotoxicity
towards the murine lymphoma cell line L5178Y. However, only
2 exhibited pronounced activity against the L5178Y cell line,
with an ICs, value of 1.8 M, which was stronger than that of the
positive control kahalalide F (ICs, 4.3 uM). The presence of
a hydroxy group attached to C-5 in the 2-furanone ring in the
structure of 2 was apparently important for its cytotoxic activity
as no activity was found for compounds 3, phenylbutyrolactone
IIa (15), 16 and xenofuranone B (17). Furthermore, a closely
related derivative, 4-O-demethylisobutyrolactone II, which bears
an additional hydroxy group on both aromatic rings at the
positions 9 and 16 (tyrosine-derived residues) compared to 2,
was shown to be inactive against the L5178Y cell line,** thus
suggesting that the phenyl substituents were required for its
cytotoxicity. The remaining compounds showed no significant
cytotoxic properties. Interestingly, related a-pyrones were
previously reported to be nontoxic or exhibited only moderate
cytotoxicity against several cancer cell lines.*” A number of o-
pyrone analogues, however, revealed promising biological
activities as antibacterial agents,*® HIV-1 protease inhibitors,**
tyrosinase inhibitors® or inhibitors of nitric oxide production,*’
making these metabolites attractive scaffolds for synthetic
chemical studies. In our study, bulgarialactone B (1) revealed no
cytotoxicity against the tested L5178Y cell line, albeit in
a previous study it was reported to possess antitumor activity
against an ascitic ovarian carcinoma xenograft.*

Butyrolactone analogues similar to the derivatives isolated in
this study were previously described from Aspergillus
species,*®%>%¢"%% Here we report B. inquinans as a source of this
type of metabolites for the first time. Moreover, the results ob-
tained upon application of the OSMAC approach employing
a mixture of salts (MgSO,, NaNO; and NaCl) highlighted the
usefulness of this strategy not only for diversifying secondary
metabolites produced by this strain, but also to afford rare
natural product scaffolds, as exemplified by the isolation of 1,3-
oxazine derivatives (7 and 8) and of an unusual a-pyrone dimer
13. Another set of OSMAC experiments was performed to
investigate which salt mainly contributes to the changes in the
metabolic profile of B. inquinans, by adding separately MgSO,-
-7H,0 (2.5 and 3.5 g), and a mixture of NaNO; and NaCl (2.5 g
each) to Czapek medium with and without MgSO,. The fungus
failed to grow in the presence of the mixture of NaNO; and
NaCl, when MgSO, was completely excluded from Czapek
medium, suggesting that Mg”" ions are apparently critical for
fungal growth. However, the addition of MgSO, alone did not
result in any changes in the HPLC chromatogram in compatr-
ison with the chromatogram of the fungus grown on solid
Czapek medium, suggesting that the fungus was only meta-
bolically affected by adding the mixture of these three salts
simultaneously. Interestingly, OSMAC studies with the marine-
derived fungus, Ascotricha sp. ZJ-M-5, involving MgCl, in Cza-
pek Dox broth medium, previously reported that Mg>" ions
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Fig.7 Classification of the 26 low-energy (=1%) CAM
(70.3%) contains conformers A, B, C, D, E, F, H, I, J, L,
contains conformers O and P.

influenced the secondary metabolites profile of this fungus.*®®

With respect to the findings in this study, the compounds ob-
tained from the OSMAC experiments in the presence of Mg>*
were mostly methoxylated derivatives. Thus, it may be specu-
lated that Mg>* ions under certain conditions might trigger O-
alkylation reactions.

Experimental section
General procedures

A Jasco P-2000 polarimeter was used to measure the optical
rotations. 'H (600 and 300 MHz), *C (150, 125 and 75 MHz) and
2D NMR spectra were recorded on Bruker AVANCE DMX 600,
500 and 300 NMR spectrometers. The chemical shifts (6) were
referenced to the residual solvent peaks at 6y 3.31 (MeOH-
d,) ppm for 'H or d¢ 49.0 (MeOH-d;) ppm for *C. Mass spectra
(ESI) were measured with a Finnigan LCQ Deca mass spec-
trometer. HRESIMS spectra were recorded with an UHR-QTOF
maXis 4G (Bruker Daltonics) mass spectrometer. HPLC anal-
ysis was performed with a Dionex UltiMate 3000 with an Ulti-
Mate 3000 pump coupled to a photodiode array detector (DAD
3000 RS). Detection wavelengths were set at 235, 254, 280 and
340 nm. The column was prefilled with Eurospher 100-10 Cyg,
125 x 4 mm (Knauer, Germany). The following gradient was
used for routine analysis (MeOH: 0.1% HCOOH in H,0): 0 min
(10% MeOH); 5 min (10% MeOH); 35 min (100% MeOH);
45 min (100% MeOH). Semipreparative HPLC was performed
with a Merck Hitachi Chromaster HPLC system (UV detector
5410; pump 5110; column Eurospher 100-10 C,5, 300 X 8 mm,
Knauer, Germany; flow rate 5 mL min ™ '). Column chromatog-
raphy was performed using Silica 60 M (0.040-0.063 mm;
Macherey-Nagel, Germany), Silica gel 90 C,g-reversed phase and
Sephadex LH-20. TLC plates pre-coated with silica gel 60 Fys4
(Macherey-Nagel, Germany) were used for analysis, detection
was under UV 254 and 366 nm. ECD spectra were recorded on
a JASCO J-810 spectropolarimeter.

25128 | RSC Adv., 2019, 9, 25119-25132

-B3LYP/TZVP PCM/MeCN conformers of (3S,11S,23R)-14 into conformer groups. Group A
M, N, Q,R, S, T, U V,W,Y, Z; group B (5.6%) contains conformers G, K, X; group C (3.2%)

Fungal material and fermentation

The fungus Bulgaria inquinans (isolate MSp3-1) was isolated
from a healthy sprout of mistletoe (Viscum album),” collected in
January 2017 at Jilich, Germany. Fungal identification was
carried out according to a standard molecular biology
protocol,” followed by a BlastN search in the NCBI database.
The sequence was submitted to the GenBank (accession no.
MK246763). The fungal strain is kept in one of the author's
laboratory (P. P.).

The fungus was cultivated on solid Czapek medium, which
was prepared by autoclaving 200 mL of liquid Czapek medium
with the addition of 5.0 g of bacto agar in a 1 L Erlenmeyer flask.
The composition of liquid Czapek medium was 10.0 g dextrose,
20.0 g mannitol, 20.0 g maltose, 3.0 g yeast extract, 1.0 g corn
steep liquor, 0.5 g tryptophan, 0.5 g K,HPO,-3H,0, 0.3 g
MgSO,-7H,0 and 1 L of distilled water (pH value of the medium
adjusted between 7.2-7.8). The fermentation was performed in 15
flasks at room temperature, under static conditions for 27 days.

OSMAC experiments were carried out by growing the fungus
on solid Czapek medium containing either 3.5 g NaCl, 3.5 g
NaBr, 3.5 g Nal, 3.5 g NaNOs, 3.5 g (NH,),SO, or mixtures of (a)
MgSO,-7H,0, NaNO; and NacCl (2.5 g of each), (b) FeSO,-7H,0,
NaNO; and NacCl (2.5 g of each), or (¢) ZnSO, - 7H,0, NaNO; and
NaCl (2.5 g of each), added to each 1 L flask followed by
extraction when the flasks were completely overgrown by the
fungus. Based on the chromatographic profiles obtained from
these experiments, a large-scale fermentation of B. inquinans
was carried out by adding a mixture of MgSO,-7H,0, NaNO;
and NaCl (2.5 g of each) to solid Czapek medium. The fungus
was grown under static conditions for 33 days followed by
extraction.

Extraction and isolation

The fungal culture grown on solid Czapek medium was extrac-
ted with 500 mL EtOAc added to each flask followed by
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concentration in vacuo to afford the crude extract (5.1 g). The
extract was then loaded on silica gel 60 (VLC) and eluted
successively with n-hexane-EtOAc followed by CH,Cl,-MeOH to
obtain 13 fractions (V1-V13). Fractions V3, V4 and V5 eluted
with n-hexane-EtOAc (6 : 4), (4 : 6) and (2 : 8), respectively, were
subjected to further separation based on their HPLC chro-
matograms. Fraction V5 (1.7 g) was separated over Sephadex
LH-20 and eluted with MeOH to afford nine subfractions (V5.1-
V5.9). Purification of the V5.3 subfraction (65.9 mg) was ach-
ieved by semipreparative HPLC using ACN-H,O (from 65% to
100% ACN, 20 min), to yield bulgarialactone B (14, 27.0 mg).
Fraction V4 (507.9 mg) was submitted to Sephadex LH-20,
employing CH,Cl,-MeOH (1 : 1) as the mobile phase to obtain
12 subfractions (V4.1-V4.12). Semipreparative HPLC was used
to purify the subfraction V4.10 (270.0 mg), using MeOH-0.1%
HCOOH in H,0 (from 30% to 100% MeOH, 25 min), to afford
the new compounds 1 (20.0 mg) and 4 (2.2 mg) along with
phenylbutyrolactone I1a (15, 124.0 mg). In a similar manner, the
separation of fraction V3 (150 mg) on Sephadex LH-20 resulted
in 10 subfractions (V3.1-V3.10). Purification by semipreparative
HPLC of the V3.6 subfraction (26.0 mg), employing MeOH-0.1%
HCOOH in H,O as the eluent (from 65% to 100% MeOH, 20
min), yielded the new natural products 2 (2.8 mg), 3 (1.5 mg)
and 5 (1.9 mg) together with xenofuranone B (17, 1.2 mg).

The fungal culture obtained from the large-scale fermenta-
tion on the Czapek medium with the salt mixture was extracted
with 500 mL EtOAc added to each flask. Following the previ-
ously described procedure, the crude extract (7.7 g) obtained
after removal of the solvent was chromatographed on Silica gel
60 (VLC) to afford 13 fractions (MV1-MV13). Fractions MV3,
MV4, MV6 and MV9 eluted with n-hexane-EtOAc (6 : 4), (4 : 6),
100% EtOAc and DCM-MeOH (1 : 9), respectively, were selected
for further isolation work-up, guided by their HPLC results. The
separation of fraction MV9 (1.5 g) was carried out on a Silica gel
90 C,greversed phase column by a step gradient elution
employing mixtures of H,0-MeOH to yield 10 subfractions
(MV9.1-MV9.10). The MV9.7 subfraction (95.1 mg) was
submitted to Sephadex LH-20 using CH,Cl,-MeOH (1 : 1) as the
eluent to yield seven subfractions (MV9.7.1-MV9.7.7). Purifica-
tion of the MV9.7.2 subfraction (24.5 mg) was achieved by
semipreparative HPLC using MeOH-0.1% HCOOH in H,O (from
65% to 100% MeOH, 20 min) to afford 13 (9.3 mg). The new
compound 12 (30.4 mg) was afforded by the purification of
MV9.7.5 (64.7 mg) with semipreparative HPLC using MeOH-
0.1% HCOOH in H,O (from 40% to 100% MeOH, 20 min). The
new compound 8 (1.5 mg) was obtained by the separation of the
MV9.1 subfraction (40.0 mg) on Sephadex LH-20, and final
purification was achieved by semipreparative HPLC using
MeOH-0.1% HCOOH in H,O (from 25% to 100% MeOH, 20
min). Fraction MV6 (452.5 mg) was applied on Sephadex LH-20
employing MeOH as the eluent to yield nine subfractions
(MV6.1-MV6.9). Purification of the MV6.6 subfraction (21.0 mg)
was carried out by semipreparative HPLC using ACN-H,O (from
60% to 100% ACN, 25 min) to afford bulgarialactone D (18, 4.0
mg). The new compounds 9 (2.6 mg), 10 (9.1 mg) and 11 (2.6
mg) were obtained from purification of MV6.3 subfraction (59.3
mg) by semipreparative HPLC using MeOH-0.1% HCOOH in
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H,O (from 55% to 100% MeOH, 20 min). Furthermore, fraction
MV4 (622.4 mg) was chromatographed on Sephadex LH-20,
eluting with CH,Cl,-MeOH (1: 1), to give eight subfractions
(MV4.1-MV4.8). The MV4.6 subfraction (54.4 mg) was then
purified by semipreparative HPLC using MeOH-0.1% HCOOH
in H,O (from 40% to 100% MeOH, 25 min), which yielded 3
(14.6 mg) and 6 (3.2 mg) along with 16 (6.5 mg). Application of
the latter procedure for the purification of fraction MV3 (164.9
mg) by semipreparative HPLC following separation on Sepha-
dex LH-20 yielded compounds 5 (2.8 mg) and 7 (2.0 mg). The
total amounts of 3 and 5, both from the fungal culture grown on
solid Czapek medium and from the OSMAC experiment, were
16.1 and 4.7 mg, respectively.

Bulgariline A (1): yellow solid; [a]} +16 (c 0.20, MeOH); UV
(MeOH, PDA): Apmax 288, 218 nm; ECD (MeCN, A [nm] (Ae¢), ¢
0.529 mM): 294sh (+0.56), 282 (+0.71), 254 (—0.44), 232 (+1.05),
221 (—0.74), 205sh (+2.42); "H and "*C NMR data, see Table 1;
HRESIMS m/z 235.0600 [M + H]" (caled for C;,H;;0s, 235.0601).

Bulgariline B (2): yellow solid; []3 0 (¢ 0.20, MeOH); UV
(MeOH, PDA): Aay 291, 204 nm; 'H and *C NMR data, see
Table 1; HRESIMS m/z 283.0962 [M + H]" (caled for C,,H,;50,,
283.0965).

Bulgariline C (3): yellow solid; [a]3’ 0 (¢ 0.20, MeOH); UV
(MeOH, PDA): Apax 293, 201 nm; "H and >C NMR data, see
Table 1; HRESIMS m/z 297.1123 [M + H]" (caled for C,3H;;0,,
297.1121).

Bulgariol (4): yellow, solid; [« —25 (¢ 0.20, MeOH); UV
(MeOH, PDA): Ayax 277 nm; ECD (MeCN, A [nm] (Ae), ¢ 0.409
mM): 280 (—0.19), 245sh (+0.10), 225 (+0.95), 201sh (+1.52), 195
(+2.55); 'H and C NMR data, see Table 2; HRESIMS m/z
267.0989 [M + Na]' (caled for C,5H,,NaO3, 267.0992).

(52)-3-Hydroxy-4-phenyl-5-(phenylmethylene)-2(5H)-fur-
anone (5): yellow solid; UV (MeOH, PDA): Amax 336, 263, 245 nm;
'H and "*C NMR data, see Table 1; HRESIMS m/z 265.0861 [M +
H]" (caled for C;,H;303, 265.0859).

Bulgariline D (6): yellow solid; [«]3’ +26 (c 0.20, MeOH); UV
(MeOH, PDA): Amax 287, 217 nm; ECD (MeCN, A [nm] (Ae¢), ¢
0.201 mM): 296sh (+2.70), 281 (+3.94), 253sh (—0.95), 249
(—1.18), 231 (+2.99), 221 (—3.22), 218sh (—2.90), 204sh (+7.03);
'H and "*C NMR data, see Table 1; HRESIMS m/z 249.0757 [M +
H]" (caled for C;3H;305, 249.0757).

Bulgarixine A (7): yellow solid; [«]’ 0 (¢ 0.11, MeOH); UV
(MeOH, PDA): A 243, 206 nm; "H and >C NMR data, see
Table 3; HRESIMS m/z 248.0919 [M + H]" (caled for C,3H;,NOy,
248.0917).

Bulgarixine B (8): yellow solid; []%’ 0 (c 0.20, MeOH); UV
(MeOH, PDA): Ana 244, 206 nm; 'H and *C NMR data, see
Table 3; HRESIMS m/z 234.0760 [M + H]" (caled for C;,H;,NO,,
234.0761).

Bulgariapyrone A (9): brown solid; [«]5 —48 (c 0.20, MeOH);
UV (MeOH, PDA): A« 300, 206 nm; *H and *C NMR data, see
Table 4; HRESIMS m/z 313.2013 [M + H]" (caled for C;,H,,0s,
313.2010).

Bulgariapyrone B (10): brown solid; [«]3y —72 (c 0.40, MeOH);
UV (MeOH, PDA): A, 299, 211 nm; 'H and *C NMR data, see
Table 4; HRESIMS m/z 357.1919 [M + H]" (caled for C;4H,00,
357.1908).
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Bulgariapyrone C (11): brown solid; [«]’ —70 (c 0.20, MeOH);
UV (MeOH, PDA): Apax 300, 206 nm; "H and *C NMR data, see
Table 4; HRESIMS m/z 371.2070 [M + H]" (caled for C;4H3,05,
371.2064).

Bulgariapyrone D (12): brown solid; [«]%’ —90 (c 0.20, MeOH);
UV (MeOH, PDA): Aa 298, 212 nm; 'H and **C NMR data, see
Table 4; HRESIMS m/z 329.1960 [M + H]" (caled for Cy,H,00s,
329.1959).

Bulgariapyrone E (13): brown solid; [«]5’ —32 (c 0.20, MeOH);
UV (MeOH, PDA): Apma 299, 208 nm; *H and **C NMR data, see
Table 4; HRESIMS m/z 625.3587 [M + H]" (caled for C33Hs3044,
625.3582).

Bulgarialactone B (14): dark red solid; [a]3’ +344 (c 0.10,
CHCI;); UV (MeOH, PDA): Apax 441, 322 nm; ECD (MeCN, A [nm]
(Aé), ¢ 0.147 mM): 470sh (+14.51), 437 (+22.20), 417sh (+18.22),
352sh (—2.59), 323sh (—14.77), 315 (—15.84), 269 (+5.71), 232
(—12.87); HRESIMS m/z 453.1910 [M + H]" (caled for C,6H,005,
453.1908).

(—)-(S)-Flavipesin B (16): yellow solid; [a]5> —72 (¢ 0.20,
MeOH); UV (MeOH, PDA): Ay 290, 204 nm; 'H and *C NMR
data, see ESL;¥ HRESIMS m/z 325.1073 [M + H]" (caled for
C1oH;,05, 325.1071).

Mosher ester analysis of 12 and 13

Both (S)- and (R)-MTPA esters of 12 were prepared in NMR tubes
by the addition of either (R)-MTPA-CI (10 pL, 53.44 pmol) or (S)-
MTPA-CI (10 pL, 53.44 pmol) to a solution of 12 (1.0 mg, 3.05
pumol) and pyridine-ds (10 pL, 130.75 pmol) in 100 uL CDCls,
according to a protocol described earlier.”* Each reaction
mixture was maintained for 3 h at room temperature, and 500
uL CDCl; was added afterwards. In a similar manner, (S)- and
(R)-MTPA esters of 13 were prepared. Ester products were
confirmed by LC-ESIMS at m/z 761 [M + H]" for 12 and by
MALDI-MS at m/z 1295 [M + Na]" for 13.

(S)-MTPA ester of 12 (12a): "H NMR (CDCl;, 600 MHz) 6y; 6.19
(1H, s, H-5), 5.63 (1H, dd,J = 7.5, 5.3 Hz, H-1'), 4.30 (1H, m, Hb-
9'), 4.29 (2H, s, H,-1"), 4.26 (1H, m, Ha-9'), 3.80 (3H, s, 4-OMe),
3.52 (3H, s, OMe), 3.48 (3H, s, OMe), 3.36 (3H, s, 1”-OMe), 1.88
(2H, m, H,-2), 1.64 (2H, p,] = 6.8 Hz, H,-8'), 1.19 (2H, m, H,-3'),
1.25 (2H, m, H,-7'), 1.13-1.25 (6H, m, H,-4'-H,-6').

(R)-MTPA ester of 12 (12b): "H NMR (CDCl;, 600 MHz) 0y
5.99 (1H, s, H-5), 5.69 (1H, dd, ] = 7.3, 5.0 Hz, H-1'), 4.31 (1H, m,
Hb-9'), 4.27 (2H, s, H,-1"), 4.27 (1H, m, Ha-9'), 3.68 (3H, s, 4-
OMe), 3.54 (3H, s, OMe), 3.52 (3H, s, OMe), 3.35 (3H, s, 1”-OMe),
1.91 (2H, m, H,-2'), 1.65 (2H, p,J = 6.8 Hz, H,-8'), 1.26 (2H, m,
H,-3') 1.25 (2H, m, H,-7') 1.17-1.30 (6H, m, H,-4'-H,-6').

(S)-MTPA ester of 13 (13a): "H NMR (CDCl;, 600 MHz) 6y 6.20
(1H, s, H-5/H-5""), 6.18 (1H, s, H-5"/H-5), 5.63 (2H, m, H-1', H-
1""), 4.31 (2H, s, H,-1"""), 4.31 (1H, m, Hb-9"") 4.30 (2H, s, H,-
1"), 4.27 (1H, m, Ha-9"") 3.82 (3H, s, 4-OMe/4"-OMe), 3.80
(3H, s, 4”-OMe/4-OMe), 3.53 (3H, s, OMe), 3.49 (6H, s, OMe),
3.47 (2H, t,] = 6.8 Hz, H,-9'), 3.37 (3H, s, 1”-OMe), 1.90 (4H, m,
H,-2/, H,-2""),1.65 (2H, p, ] = 6.7 Hz, H,-8'/H,-8""), 1.54 (2H, p, ]
= 6.7 Hz, Hy-8"'[H,-8'), 1.27 (4H, m, H,-7', H,-7"""), 1.21 (4H, m,
H,-3/, H,-3"""), 1.16-1.25 (12H, m, H,-4'-H,-6, H,-4""'-H,-6"").
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(R)-MTPA ester of 13 (13b): "H NMR (CDCl;, 600 MHz) dy
5.99 (2H, s, H-5, H-5""), 5.68 (2H, m, H-1/, H-1""), 4.31 (1H, m,
Hb-9""), 4.30 (2H, s, H,-1"), 4.27 (1H, m, Ha-9"""), 4.28 (2H, s, H,-
1), 3.68 (3H, s, 4-OMe/4"’-OMe), 3.67 (3H, s, 4”-OMe/4-OMe),
3.54 (6H, s, OMe), 3.53 (3H, s, OMe), 3.45 (2H, t, /] = 6.8 Hz, H,-
9'),3.36 (3H, s, 1"-OMe), 1.91 (4H, m, H,-2/, H,-2""'), 1.66 (2H, p,
J = 6.7 Hz, H,-8'/H,-8""), 1.54 (2H, p, ] = 6.7 Hz, H,-8"'/H,-8'),
1.29 (4H, m, H,-3/, H,-3""),1.27 (4H, m, H,-7', H,-7""), 1.16-1.25
(12H, m, Hy-4'-H,-6/, H,-4""-H,-6"").

Cytotoxicity assay

Cytotoxicity was assayed against the murine lymphoma cell line
L5178Y, using the MTT method.** Kahalalide F was used as
a positive control and a medium containing 0.1% DMSO was
included as a negative control.

Computational section

Mixed torsional/low-mode conformational searches were
carried out by using the Macromodel 10.8.011 software” with
the Merck Molecular Morce Field (MMFF) with an implicit
solvent model for CHCl; applying a 21 k] mol ™" energy window.
Geometry optimizations [B3LYP/6-31+G(d,p) in vacuo and CAM-
B3LYP/TZVP”® with the PCM solvent model for MeCN] and
TDDFT [B3LYP/TZVP, BH&HLYP/TZVP, CAM-B3LYP/TZVP and
PBEO/TZVP with the same or no solvent model as in the
preceding optimization step] calculations were performed with
Gaussian 09.7* The ECD spectra were generated as the sum of
the Gaussians with 3000 and 4200 cm ™' half-height widths
using dipole-velocity-computed rotational strength values.”
Boltzmann distributions were estimated from the B3LYP and
the CAM-B3LYP energies. The MOLEKEL software package was
used for visualization of the results.”
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Figure S1. HPLC chromatograms of EtOAc extract of B. inquinans (isolate MSp3-1) cultured
on solid Czapek medium (black) compared to the OSMAC culture on solid Czapek medium
with addition of a mixture of MgSQO4, NaNO3 and NaCl (blue) under UV detection at 280 nm.
*: unidentified peaks

Compounds 4, 5, 6, 7, 16 and xenofuranone B (17) were not detected neither in the
HPLC analysis of the crude extract of B. inquinans (isolate MSp3-1) cultured on solid Czapek
medium, nor in the HPLC analysis of the crude extract of the fungal culture with addition of a
mixture of MgSO4, NaNO; and NaCl, perhaps due to their low amount and/or low UV
absorption. However, compounds 6, 7 and 16 were only obtained from chromatographic
workup on OSMAC extract, while compound 4 and xenofuranone B (17) were only afforded
from extract of fungal culture without salt mixture. Compound S was isolated from both

extracts.
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Figure S2. HPLC chromatogram (A) and UV spectrum (B) of compound 1.
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Figure S3. HRESIMS spectrum of compound 1.
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Figure S4. 'H NMR (600 MHz, MeOH-d4) spectrum of compound 1.
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Figure S5. °C NMR (150 MHz, MeOH-d4) spectrum of compound 1.
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Figure S6. 'H-'H COSY (600 MHz, MeOH-d.) spectrum of compound 1.
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Figure S7. HSQC (600 and 150 MHz, MeOH-d4) spectrum of compound 1.
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Figure S8. HMBC (600 and 150 MHz, MeOH-d4) spectrum of compound 1.
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Figure S9. NOESY (600 MHz, MeOH-d4) spectrum of compound 1.
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Figure S10. HPLC chromatogram (A) and UV spectrum (B) of compound 2.

Acquisition Parameter

Source Type ESI lan Polarity Positive Set Nebulizer 0.3 Bar
Focus Not active Set Capillary 4000V Set Dry Heater 180 °C
Scan Begin 50 miz Set End Plate Offset  -500 V Set Dry Gas 4.0 I/min
Scan End 1500 m/z Set Callision Cell RF 800.0 Vpp Set Divert Valve Source
Intens‘i: +MS, 3.9-4.1min #234-246
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Meas. m/z # lon Formula miz err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
283.0962 1 CI17H1504 283.0965 0.9 4.1 1 10000 105 even ok

Figure S11. HRESIMS spectrum of compound 2.
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Figure S12. '"H NMR (600 MHz, MeOH-ds) spectrum of compound 2.
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Figure S13. >°C NMR (150 MHz, MeOH-d.) spectrum of compound 2.
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Figure S14. 'H-'H COSY (600 MHz, MeOH-d.) spectrum of compound 2.
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Figure S15. HSQC (600 and 150 MHz, MeOH-d4) spectrum of compound 2.
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Figure S16. HMBC (600 and 150 MHz, MeOH-d4) spectrum of compound 2.
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Figure S17. HPLC chromatogram (A) and UV spectrum (B) of compound 3.
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Acquisition Parameter

Source Type ESI lon Polarity Positive Set Nebulizer 0.3 Bar
Focus Mot active Set Capillary 4000 W Set Dry Heater 180 °C
Scan Begin 50 miz Set End Plate Offset  -500 V Set Dry Gas 4.0 Vmin
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Figure S18. HRESIMS spectrum of compound 3.
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Figure S19. '"H NMR (600 MHz, MeOH-ds) spectrum of compound 3.
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Figure S20. °C NMR (150 MHz, MeOH-ds) spectrum of compound 3.
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Figure S21. 'H-'H COSY (600 MHz, MeOH-du) spectrum of compound 3.
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Figure S22. HSQC (600 and 150 MHz, MeOH-d4) spectrum of compound 3.
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Figure S23. HMBC (600 and 150 MHz, MeOH-d4) spectrum of compound 3.
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Figure S24. NOESY (600 MHz, MeOH-ds) spectrum of compound 3.
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Figure S25. HPLC chromatogram (A) and UV spectrum (B) of compound 4.
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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 m/z Set End Plate Offset  -500 V Set Dry Gas 4.0 Ifmin
Scan End 1500 m/z Set Collision Cell RF 600.0 Vpp Set Divert Valve Source
Intens, [ +MS, 1.9-2.2min #112-129
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- [ i £
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i 1073 . 4 | : . 1 260205 .
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Meas. m/z # lonFormula m/z err[ppm] mSigma # mSigma Score rdb e~ Conf N-Rule
2621435 1 C15H20NO3 262.1438 0.8 3.9 1 10000 65 even ok
267.0989 1 C15H16Na03 267.0992 14 2.1 1 10000 75 even ok

Figure S26. HRESIMS spectrum of compound 4.
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Figure S27. 'H NMR (600 MHz, MeOH-d4) spectrum of compound 4.
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Figure S28. °C NMR (150 MHz, MeOH-ds) spectrum of compound 4.
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Figure S29. 'H-'H COSY (600 MHz, MeOH-du) spectrum of compound 4.
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Figure S30. HSQC (300 and 75 MHz, MeOH-ds) spectrum of compound 4.
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Figure S31. HMBC (300 and 75 MHz, MeOH-d4) spectrum of compound 4.
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Figure S32. HPLC chromatogram (A) and UV spectrum (B) of compound 5.

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 Set Dry Gas 4.0 V/min
Scan End 1500 m/z Set Collision Cell RF 600.0 Vpp Set Divert Valve Source
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Figure S33. HRESIMS spectrum of compound 5.
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Figure S34. 'H NMR (600 MHz, MeOH-ds) spectrum of compound 5.

[

Ariantari.491.fid & I Q
ABI-V3-S6-P6 & I I
\

130.9
130.5
129.9
129.8

/- 129.8
N 129.6

12906
128.9
128.8
126.5

-

L
%
—109.6

J-130.4

e ]

J

f1 (ppm)

200 190 180 170 160 150 140 130 120 1

Figure S35. °C NMR (150 MHz, MeOH-d.) spectrum of compound 5.
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Figure S36. 'H-'H COSY (600 MHz, MeOH-d.) spectrum of compound 5.
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Figure S37. HSQC (600 and 150 MHz, MeOH-d4) spectrum of compound 5.
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Figure S38. HMBC (600 and 150 MHz, MeOH-d4) spectrum of compound 5.

il l

Ariantari.493.1.2rr 3.0
ABI-V3-56-P6 ’ ]

r3.5

r4.0

g 4.5
E;’o 5.0

r5.5

r6.5

r7.0

! r7.5

]
=

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0
f2 (ppm)

Figure S39. NOESY (600 MHz, MeOH-d4) spectrum of compound 5.
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Figure S40. HPLC chromatogram (A) and UV spectrum (B) of compound 6.
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Focus Not active Set Capillary 4000V Set Dry Heater 180°C
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Figure S41. HRESIMS spectrum of compound 6.
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Figure S42. 'H NMR (600 MHz, MeOH-d4) spectrum of compound 6.
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Figure S43. >°C NMR (150 MHz, MeOH-d4) spectrum of compound 6.
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Figure S44. 'H-'H COSY (600 MHz, MeOH-d.) spectrum of compound 6.
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Figure S45. HSQC (600 and 150 MHz, MeOH-ds4) spectrum of compound 6.

144

f1 (ppm)

f1 (ppm)



Publication 2

L

Ariantari.853.ser
ABIOM-V4-S6-P1

85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 1.5 1.0 0.5
f2 (ppm)

Figure S46. HMBC (600 and 150 MHz, MeOH-d4) spectrum of compound 6.
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Figure S47. HPLC chromatogram (A) and UV spectrum (B) of compound 7.
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248.0919 1 C13H14NO4  248.0917 -0.5 3.2 1 100,00 7.5 even ok
Figure S48. HRESIMS spectrum of compound 7.
Ariantari.761.fid [IBuLY
ABIM-V3-S4-S5-P1 I 36000
I 34000
(0]
132000
N I 30000
Oo— 28000
0O 26000
o 24000
+22000
7
20000
18000
16000
+ 14000
12000
10000
+ 8000
+6000
+4000
+2000
J J.“ /‘U A gﬁw M Lo
L q e
é. fv & § § é §<’§ R.E. L-2000
- -~ O - - ™ - -

16.0 9‘.5 9‘.0 8‘.5 8‘.0 7‘.5 7‘.0 6.5 é.O 5‘.?1 (5.0 )4.5 4‘.0 3‘.5 3‘.0 2‘.5 2‘.0 1.
m
Figure S49. 'H NMR (600 MHz, MeOH—d4)p§pectrum of compound 7.
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Figure S50. °C NMR (150 MHz, MeOH-ds) spectrum of compound 7.
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Figure S51. '"H-'H COSY (600 MHz, MeOH-d.) spectrum of compound 7.

147

.0 25 20 15 1.0 05



Publication 2

Y

Ariantari.764.1.2rr
ABIM-V3-54-S5-P1

EE
]

- oweo ©
- . o odmo® o

r0

r10
r20
r30
r40
50
60

r70

f1 (ppm)

r80

r90

r100
r110
r120
r130
r140

90 85 80 7.5 7.0 65 60 55 50 45 40 35 30 25 20

Figure S52. HSQC (600 and 150 MHz, MeOH-d4) spectrum of compound 7.
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Figure S54. HPLC chromatogram (A) and UV spectrum (B) of compound 8.

Acquisition Parameter

Source Type ESI lon Palarity Positive Set Mebulizer 0.3 Bar
Focus Not active Set Capillary 4000V 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, 3.5-3.7min #207-224)
5000 234,0760
4000+
1
3000
2000
1 235.1651
Lo 1 L 239,1490
| 237.0798 | 2411794
L e R L L SR
232 233 234 235 236 237 238 239 240 241 m/z
Meas. m/z # lonFormula miz err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
234.0760 1 C12H12NO4  234.0761 0.6 9.6 1 10000 7.5 even ok
2391490 1 C10H23086 239.14889 0.4 n.a. 1 100.00 -0.5 even ok

Figure S55. HRESIMS spectrum of compound 8.
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Figure S56. 'H NMR (600 MHz, MeOH-d4) spectrum of compound 8.
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Figure S57. 'H-'H COSY (600 MHz, MeOH-d.) spectrum of compound 8.
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Figure S58. HSQC (600 and 150 MHz, MeOH-ds4) spectrum of compound 8.
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Figure S59. HMBC (600 and 150 MHz, MeOH-ds) spectrum of compound 8.
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Figure S60. HPLC chromatogram (A) and UV spectrum (B) of compound 9.

Acquisition Parameter

Source Type ESI lon Polarity Positive Set Nebulizer 0.3 Bar
Focus Mot active Set Capillary 4000 W Set Dry Heater 180 °C
Scan Begin 50 miz Set End Plate Offset -500V Set Dry Gas 4.0 imin
Scan End 1500 mfz Set Collision Cell RF 600.0 Vpp Set Divert Valve Source
Intens +MS, 3.9-4.0min #233-238
x109 281.1753
o i
-
Fva U " o-v‘L: +
4 +H
+
] 313,2013 + M.
249.1487 3354830
ol " : AL ; . wES ;
240 260 280 300 320 340 miz
Meas. m/iz # lon Formula m/z err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
2491487 1 C15H2103 2491485 -0.8 3.1 1 10000 55 even ok
2811753 1 C16H2504 2811747 2.0 134 1 10000 45 even ok
2 C17TH21N4 281.1761 28 269 2 6688 95 even ok
313.2013 1 C17H2905 313.2010 1.3 3.9 1 10000 3.5 even ok
2 C18H25N40 313.2023 3.0 174 2 5864 B85 even ok
335.1830 1 (C17H28Na05 335.1829 0.3 58 1 100,00 3.5 even ok
2 C18H24N4MaO 335.1842 3.7 8.8 2 5260 8.5 even ok

Figure S61. HRESIMS spectrum of compound 9.
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Figure S62. 'H NMR (600 MHz, MeOH-ds) spectrum of compound 9.
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Figure S63. 'H-'H COSY (600 MHz, MeOH-d.) spectrum of compound 9.
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Figure S64. HSQC (600 and 150 MHz, MeOH-ds4) spectrum of compound 9.
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Figure S65. HMBC (600 and 150 MHz, MeOH-d4) spectrum of compound 9.
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Figure S66. HPLC chromatogram (A) and UV spectrum (B) of compound 10.
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 m/z Set End Plate Offset -500 V Set Dry Gas 4.0 I'min
Scan End 1500 m/z Set Collision Cell RF  600.0 Vpp Set Divert Valve Source
Intens. +MS, 3.0-3.0min #181-182)]
x106
1 325.1658
1.0
0.8
0.6 2931394
0.4
0.2 357.1919 374.2185
o a8 ol i . L
300 320 340 360 380 m/z
Meas. m/z # lon Formula m/z err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
293.1394 1 C16H2105 293.1384 -36 134 1 89.06 6.5 even ok
2 C17H17N40O 293.1397 1.0 26.3 2 10000 11.5 even ok
325.1658 1 C17H2506 325.1646 -3.7 18.5 1 78.77 55 even ok
2 C18H21N402 325.1659 04 316 2 100.00 10.5 even ok
357.1819 1 C18H2907 357.1908 -3.2 0.7 1 76.93 4.5 even ok
2 C19H25N403 357.1921 0.5 141 2 100.00 95 even ok
374.2185 1 C18H32NO7 374.2173 -3.1 8.1 1 78.34 3.5 even ok
2 C19H28N503 374.2187 0.5 215 2 100.00 85 even ok
379.1739 1 C18H28NaO7 379.1727 -3.1 24 1 7665 4.5 even ok
2 C19H24N4NaO3 379.1741 04 16.1 2 100.00 9.5 even ok

Figure S67. HRESIMS spectrum of compound 10.
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Figure S68. 'H NMR (600 MHz, MeOH-d4) spectrum of compound 10.
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Figure S69. °C NMR (150 MHz, MeOH-d4) spectrum of compound 10.
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Figure S70. 'H-'H COSY (600 MHz, MeOH-dz) spectrum of compound 10.
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Figure S71. HSQC (600 and 150 MHz, MeOH-d4) spectrum of compound 10.
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Figure S72. HMBC (600 and 150 MHz, MeOH-d4) spectrum of compound 10.
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Figure S73. HPLC chromatogram (A) and UV spectrum (B) of compound 11.
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Acquisition Parameter

Source Type ESI lon Polarity Paositive Set Nebulizer 0.3 Bar
Focus Not active Set Capillary 4000 V Set Dry Heater 180 °C
Scan Begin 50 m/z Set End Plate Offset  -500 V Set Dry Gas 4.0 I/min
Scan End 1500 m/z Set Collision Cell RF  600.0 Vpp Set Divert Valve Source
Intens. ] +MS, 3.2-3.3min #189-196
xm: 3391809
49
3
2]
] 371.2070 393.1889
1]
i e ML BT L
330 340 350 360 370 380 390 400 m/z
Meas. m/z # lonFormula m/z err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
339.1809 1 C18H2706 339.1802 -20 11.6 1 100.00 55 even ok
2 C19H23N402 339.1816 20 25.1 2 7540 10.5 even ok
371.2070 1 C19H3107 371.2064 -1.4 4.6 1 100.00 4.5 even ok
388.2334 1 C19H34NO7 388.2330 =11 1.9 1 100.00 3.5 even ok
393.1889 1 C19H30NaO7 393.1884 -1.3 2.0 1 100.00 45 even ok
2 C20H26N4NaO3 393.1897 21 15.2 2 67.19 9.5 even ok
Figure S74. HRESIMS spectrum of compound 11.
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Figure S75. 'H NMR (600 MHz, MeOH-d4) spectrum of compound 11.
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Figure S76. °C NMR (150 MHz, MeOH-d.) spectrum of compound 11.
Note: dc 166.7 was hidden in the baseline, but could be extracted from the HMBC spectrum.
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Figure S77. 'H-'H COSY (600 MHz, MeOH-d4) spectrum of compound 11.
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Figure S78. HSQC (600 and 150 MHz, MeOH-d4) spectrum of compound 11.
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Figure S79. HMBC (600 and 150 MHz, MeOH-ds) spectrum of compound 11.
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Figure S80. HPLC chromatogram (A) and UV spectrum (B) of compound 12.

Acquisition Parameter

Source Type ESI lon Polarity Positive Set Nebulizer 0.3 Bar
Focus Mot active Set Capillary 4000 Set Dry Heater 180 °C
Scan Begin 50 miz Set End Plate Offset =500V Set Dry Gas 4.0 lfmin
Scan End 1800 m/z Set Collision Cell RF  600.0 Vpp Set Divert Valve Source
Intens. | +MS, 2.7-2.8min #159-165
x108+
1 297.1699
1.5
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s kfda—H) i

0.5 329,1860
R : L : i L .
280 300 310 320 330 340 miz
Meas. miz # lon Formula miz err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
2971699 1 C16H2505 207 1697 0.8 286 1 10000 45 even ok
329.19650 1 C17H2806 329.1959 -0.4 11.1 1 10000 3.5 even ak

Figure S81. HRESIMS spectrum of compound 12.
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Figure S82. 'H NMR (600 MHz, MeOH-d4) spectrum of compound 12.
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Figure S83. °C NMR (150 MHz, MeOH-d.) spectrum of compound 12.
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Figure S84. 'H-'H COSY (600 MHz, MeOH-ds) spectrum of compound 12.
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Figure S85. HSQC (600 and 150 MHz, MeOH-d4) spectrum of compound 12.
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Figure S86. HMBC (600 and 150 MHz, MeOH-d4) spectrum of compound 12.
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Figure S87. NOESY (300 MHz, MeOH-d4) spectrum of compound 12.
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Figure S105. Classification of the twenty-two low-energy (= 1%) CAM-B3LYP/TZVP
PCM/MeCN conformers of (8R,95)-4. Group A (44.9%) contains conformers A, B, E, F; group
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I, J, M, N; group D (3.2%) contains conformers O, P; group E (4.4%) contains conformers S,
T,Uand V.
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Figure S107. Classification of the twenty-six low-energy (= 1%) CAM-B3LYP/TZVP
PCM/MeCN conformers of (35,115,235)-14 into conformer groups. Group A (72.5%) contains
conformers A, B,C, D, E,F, G, ], K, M, N, O, Q,R, S, T, U, V, W, Y, Z; group B (5.0%)

contains conformers H, L, X; group C (1.6%) contains conformer P.
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Abstract

Didymellanosine (1), the first analogue of the decahydrofluorene-class of natural products
bearing a 13-membered macrocyclic alkaloid conjugated with adenosine, and a new
benzolactone derivative, ascolactone C (4) along with eight known compounds (2, 3, 5-10),
were isolated from a solid rice fermentation of the endophytic fungus Didymella sp. IEA-3B.1
derived from the host plant Terminalia catappa. In addition, ascochitamine (11) was obtained
when (NH4)>SO4 was added to rice medium and is reported here for the first time as a natural
product. The structures of the new compounds were established through extensive analysis of
one- and two-dimensional NMR data as well as HRESIMS data. Didymellanosine (1) displayed
strong to moderate activity against the murine lymphoma cell line L5178Y, Burkitt’s lymphoma
B cells (Ramos) and adult lymphoblastic leukemia T cells (Jurkat J16), with ICso values of 2.2,
7.6, and 11.0 uM, respectively. Moreover, when subjected to a NF«B inhibition assay,
didymellanosine (1) and phomapyrrolidone A (2) efficiently blocked NF«B activation. In an
antimicrobial assay, ascomylactam C (3) was the most active compound when tested against a
panel of Gram-positive bacteria including drug-resistant strains with MICs of 3.1-6.3 uM,
while 1 revealed weaker activity. Interestingly, both compounds were also found active against
Gram-negative Acinetobacter baumannii with MICs of 3.1 M, in the presence of a sublethal

concentration (0.1 M) of colistin.

Keywords: endophytic fungus, Didymella sp., cytotoxicity, NFkB inhibition, antibacterial

activity.
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Introduction

Endophytic fungi are microorganisms which reside in inner tissues of host plants,
that represent a notable reservoir for a wide array of biologically active molecules.! 2
These metabolites provide natural product pharmacophores which are of importance for
the discovery of molecules for pharmaceutical and agricultural purposes.!'? A few
examples of bioactive natural products derived from fungal endophytes include the
insecticidal compound nodulisporic acid A,* and a number of potent anti-HIV
compounds such as altertoxins I-III and V.> Moreover, the isolation of remarkable
anticancer agents from endophytes, especially those that were originally obtained from
host plants, such as paclitaxel,’ podophyllotoxin,” and camptothecin® point to their
potential as alternative sources of pharmaceutically valuable metabolites.

In our search for bioactive metabolites from endophytes, we investigated Didymella
sp. IEA-3B.1, a fungus isolated from leaves of Terminalia catappa (Combretaceae) from
Bali, Indonesia. Species of the genus Didymella have been identified as teleomorphs of
numerous important plant pathogens formerly only known from their corresponding
anamorphs. Examples within the family Didymellaceae include several environmentally

%10 and Phoma.''> '? Literature survey of the genus

relevant species of Ascochyta,
Didymella revealed the occurrence of the phytotoxin pinolidoxin,!? tricycloalternarene
derivatives,'® and desmethyldichlorodiaportintone, a dichloroisocoumarin that showed
significant inhibition of NO production.'* Another recent study on this genus afforded
five compounds of the decahydrofluorene-class, including cytotoxic ascomylactams
A—C, along with phomapyrrolidones A and C.'° In the present study, we describe the
isolation and structure elucidation of two newly discovered metabolites (1 and 4) from
a solid rice fermentation of Didymella sp. IEA-3B.1, and of ascochitamine (11) obtained

from a fungal fermentation on solid rice medium following addition of (NH4)2SO4, as

well as the results of cytotoxicity, NFkB inhibition and antimicrobial assays conducted
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with the isolated compounds.

8R=H OH O O OH
9R =Me 10 1"

Figure 1. Compounds isolated from Didymella sp. IEA-3B.1.
Results and discussion

Chromatographic workup of the EtOAc extract of the fungal endophyte Didymella
sp. cultured on solid rice medium, yielded two new natural products, didymellanosine
(1) and ascolactone C (4), together with eight known compounds, phomapyrrolidone A
(2),'> 1% ascomylactam C (3),'° (9S,11R)-(+)-ascosalitoxin (5),!” ascochitine (6),'% !°
fusarimine (7),%° 3,6,8-trihydroxy-3-methyl-3,4-dihydroisocoumarin (8),?! 3-methoxy-
6,8-dihydroxy-3-methyl-3,4-dihydro-isocoumarin (9),>! and 6,8-dihydroxy-3-methyl-
isocoumarin (10),>? (Fig. 1). The known compounds were identified by comparison of
their NMR and MS data, as well as their specific optical rotations with data reported in
the literature.

Didymellanosine (1) was isolated as a white, amorphous solid. The molecular

formula of 1 was established as C44Hs4N¢Os from the HRESIMS data, accounting for
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twenty-one degrees of unsaturation. The planar structure of 1 was deduced by detailed
analysis of 1D and 2D NMR spectra, as well as by comparison of its NMR data to those
of reported structurally related alkaloids.!> '®23 The 'H and !*C NMR spectra of 1 (Table
1) aided by HSQC revealed signals of six methyl groups, four methylenes and twenty-
one methines, including six aromatic methines at ou 8.47 (H-43), 8.20 (H-39), 7.10 (H-
30 and H-34), 6.97 (H-33) and 6.71 (H-31), as well as thirteen quaternary carbons
(eleven sp? and two sp?). The consecutive COSY correlations (Fig. 2) observed from H-
7 through H-16, and between H-1/H-20, H-7/H-15, H-8/H-13, H-10/Me-24, and H-
14/Me-25, together with the HMBC correlations from Me-20 to C-1, C-2 and C-5, from
Me-21 to C-1, C-2 and C-3, from Me-22 to C-3, C-4, C-5, and C-16, and from Me-23 to
C-5, C-6 and C-7, indicated the presence of a 5/6/5/6 tetracyclic system with six methyl
groups at C-1, C-2, C-4, C-6, C-10 and C-12. The COSY correlations between H-30/H-
31, H-33/H-34 along with the HMBC correlations from H-30 and H-34 to C-32, and
from H-31 and H-33 to C-29 confirmed the presence of a para-substituted benzene ring
in 1. Moreover, the NH signal resonating at on 7.70 (H-35) showed HMBC correlations
to C-18, C-26, C-27 and to a carbonyl C-19, while H-26 showed HMBC correlations to
C-18, C-19, and C-27, suggesting the presence of a y-lactam ring, which was further
connected to the benzene ring through a methylene group, as evident from the HMBC
correlations from H>-28 to C-26, C-27, C-29 and C-30, and from 27-OH to C-27 and C-
28. Additional HMBC correlations from H-15 to C-32, from H-16 and H-26 to C-17,
and from 17-OH (du 11.44) to C-16, C-17, and C-18 indicated an ether bridge between
C-15 and C-32 and the linkage of lactam ring and tetracyclic core through C-17. Thus,
a macrocyclic decahydrofluorene skeleton similar to 3 was established for 1. The
attachment of an additional adenosine moiety at C-26 was deduced by the spin systems
from H-46 to H>-50 and between H-26 and NH-36, the HMBC correlations from H-46

to C-41 and C-43, from H-43 to C-41 and C-45, from H-39 to C-37 and C-41, from NH-
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36 to C-37 and C-45, and from H-26 to C-37, along with the molecular formula of 1.
Thus, the planar structure of 1 was elucidated as shown (Fig. 2). Compound 1 shares a
similar partial structure with embellicine B,?? and ascomylactam A,!° except for the

presence of an adenosine unit in 1 instead of hydroxy or methoxy groups in the former

compounds.

Figure 3. Key NOE correlations of compound 1.

The relative configuration of 1 was deduced through analysis of the NOESY
spectrum of 1 and by comparison with those of ascomylactams A and C (3),'° (Fig. 3).
The NOE correlations between H-16/H-14, H-14/H-13, H-13/H-7, H-7/Me-22, Me-

22/H-16, H-16/H-31, H-31/Me-25, Me-25/H-14, H-14/H-31, Me-25/H-11b, H-11b/H-
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13 and H-11b/Me-24 suggested these protons to be on the same side of the molecule,
whereas NOEs observed for H-1/OH-17, OH-17/H-15, H-15/H-8, H-8/H-12, H-12/H-
10, OH-17/H-26, H-26/H-33, and H-33/H-15 indicated them to be on the opposite side.
In addition, the NOE correlations between H-26/H-34, H-26/H-33, H-33/H-15, and
between NH-35/H-30, H-31/H-14, H-31/Me-25, OH-27/NH-36 indicated restricted
rotation of the benzene ring and its parallel orientation to the y-lactam ring, the same as
reported for ascomylactams A and C (3).!° Moreover, the relative configuration of the
adenosine moiety was elucidated by the NOE correlations between H-46/H-49, H-
46/0H-47, and H-49/0OH-48, as well as by comparison of the chemical shifts and
coupling constants with literature data.>* 2> Thus, the structure of compound 1 was
determined as shown, representing the first example within decahydrofluorene-type
alkaloids bearing a 13-membered macrocyclic skeleton conjugated with an adenosine
moiety.

Table 1. 'H and *C NMR data for compound 1.

NO.  dc, type ou(Jin Hz) NO. Jc, type ou(Jin Hz)

1 435,CH  2.68,q(7.1) 27 85.7,C

2 138.0,C 28 46.0,CH>  2.94,d (12.5);
2.88,d (12.5)

3 131.3,CH 4.44,s 29 128.9,C

4 52.6,C 30 130.6,CH 7.10,d (8.4)

5 144.7,C 31 119.4,CH 6.97,dd (8.4,2.2)

6 125.5,C 32 157.3,C

7 46.9,CH  1.95,t(12.0) 33 122.0,CH 6.71,dd (8.4,2.2)

8 427,CH 1.54,m 34 1299,CH 7.11,d(8.4)

9 39.6,CH, 2.08,d(12.2); 0.72, m 35 7.70, s

10 31.8,CH 1.52,m 36 7.46,d (5.1)

11 447,CH, 1.74, m; 0.68, m 37 152.2,C

12 309,CH  1.79,m 39 150.8,CH 8.20,s

13 56.3,CH 1.16,m 41 147.8,C

14 87.0,CH  4.52,dd (8.1,5.2) 43 140.4,CH 8.47,s

15 523,CH 197, m 45 119.8,C

16 46.2,CH  3.49,d(7.2) 46 879,CH 5.89,d(5.2)

17 163.6,C 47 73.7,CH  4.48,q(5.4)

18 106.6, C 48 70.0,CH  4.13,q (4.6)

19 169.6, C 49 853,CH 3.94,q(3.9)

20 18.4,CHs 0.80,d(7.1) 50 61.1,CH, 3.68,ddd (12.0, 4.7, 4.2);
3.52,ddd (12.0, 6.3, 3.8)

21 12.3,CH; 0.40,s 17-OH 11.44,s

22 27.6,CHs  0.95,s 27-OH 6.62,s

23 153,CHs 1.73,s 47-OH 5.47,d (6.0)

24 224,CHs  0.92,d(6.5) 48-OH 5.18,d (5.1)
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25 19.9,CHs 1.07,d(6.1) 50-OH 5.16,t(5.5)
26 55.5,CH 4.11,d(5.1)
¢ Recorded at 600 MHz ('H) and 125 MHz (*C) in DMSO-d.

Ascolactone C (4), was obtained as a white, amorphous solid. Its HRESIMS
spectrum exhibited a prominent pseudomolecular ion peak at m/z 279.1226 [M+H]",
which was attributed to the molecular formula Ci5Hi3Os, corresponding to 7 degrees of
unsaturation. Inspection of the 'H NMR data of 4 (Table 2) revealed resonances of one
aromatic singlet, four methyl groups, one set of methylene protons and one methine. The
aromatic proton which appeared at oy 6.58 (H-7), exhibited HMBC correlations to C-3a,
C-5 and C-6, while the aromatic methyl singlet at ou 2.09 (Me-14) showed HMBC
correlations to C-4, C-5 and C-6, suggesting the presence of a penta-substituted benzene
ring bearing a methyl substituent at the meta-position (Fig. 4). The COSY correlations
between Me-11/H>-10/H-9/Me-12, along with the HMBC correlations from H-9, H>-10
and Me-12 to a ketone carbonyl at dc 210.8 (C-8), allowed the establishment of 2-
methyl-1-oxobutyl moiety. The HMBC correlations from Me-13 (du 1.67) to C-1, C-7a,
and C-8, and from H-7 to C-1, confirmed the connection of 2-methyl-1-oxobutyl moiety
to the aromatic ring through C-1. Moreover, the weak HMBC correlation detected from
H-7 and to the carbonyl C-3, together with the chemical shift of C-1 (oc 90.7) and the
remaining one degree of unsaturation, indicated the presence of a y-lactone fused to the
benzene ring, thus forming the benzolactone skeleton. In addition, two hydroxy groups
were deduced at C-4 and C-6 of the benzene ring based on the chemical shifts of C-4
and C-6 and the molecular formula of 4. Accordingly, the planar structure of 4 was
established as shown (Fig. 4). Compound 4 is structurally related to ascolactones A and
B, except for the replacement of the carboxy group at C-5 by a methyl group in 4.!° The
absolute configuration of the latter two compounds was determined by TDDFT-ECD
calculations and chemical reactions. The absolute configuration of 4 was concluded to

be the same as that of ascolactone B (15,9R) on the basis of a good agreement of the 'H
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NMR data with regard to resonances of the side chain (du 0.49, 1.06 for Me-11,12 in
ascolactone A compared to on 0.85, 0.78 for Me-11,12 in ascolactone B), as well as

based on similar negative values of their specific optical rotations.'’

— COSY
7 HMBC

Figure 4. COSY and key HMBC correlations of compound 4.

Table 2. 'H and *C NMR data for compound 4.°

position  Jc, type” on (J in Hz)

1 90.7,C

3 160.7, C

3a 102.8, C

4 156.2, C

5 112.7,C

6 163.7, C

7 101.3, CH 6.58, s

7a 149.0, C

8 2108, C

9 42.2, CH 2.83, m

10 26.6, CH» 1.71, ddd (14.0, 7.4, 6.7)
136, ddd (14.0, 7.4, 6.7)

11 11.7, CHs 0.87,t(7.4)

12 16.7, CH3 0.79, d (6.8)

13 23.4, CH; 1.67,s

14 7.7, CH; 2.09, s

¢Recorded at 600 MHz ('H) and 150 MHz ('3C). ? Data were extracted from HSQC and HMBC.

In an attempt to influence the metabolite pattern of the fungus Didymella sp. IEA-
3B.1, the strain was subjected to further fermentation in presence of 3.5 g (NH4)>SO4
that had been added to solid rice medium. HPLC analysis of the extracts resulting from
fungal fermentation on rice with and without addition of (NH4)2SO4, revealed distinct
differences of the metabolite profiles between these two cultures (Fig. S1). The
production of the main fungal metabolite during fermentation on solid rice medium,
ascochitine (6), an azaphilone contributing to the green color of this culture, dramatically
decreased when (NH4)2SO4 was added to rice medium, thus resulting in a white

coloration of the fungal culture in the presence of (NH4)>SO4 (Fig. S2). Similarly,
185



Publication 3

isocoumarins (8—10) and decahydrofluorene analogues (1—3) were significantly down-
regulated in the salt containing culture. In contrast, compound 11 (Fig. 1) was only
detected in the presence of (NH4)2SO4. The 'H NMR data of 11 were similar to those of
ascochitine (6) and fusarimine (7), two azaphilone derivatives co-isolated in this study.
Detailed investigation of HRESIMS and 2D NMR data of 11 identified it as the
previously reported synthetic compound, ascochitamine, which was prepared by adding
NH3; or NH4OH to ascochitine (6).2° The formation of nitrogen containing azaphilones
through substitution of the pyrane oxygen by nitrogen derived from endogenous
ammonia or exogenous amino acids during fungal fermentation is well known.?”?® The
different pH values and nitrogen sources [(NH4)>SO4, NaNO3 and peptone], in the
culture medium of Monascus anka have been shown to affect the composition and color
of Monascus pigments as well.?” Therefore, the accumulation of ascochitamine (11) in
this study is presumably due to the fungal response to the presence of ammonium present
in the culture medium containing (NH4)2SO4. This result also provided further evidence
of the effects of media composition (e.g. addition of salts) on the profile of azaphilone
pigments, as we reported recently for bulgarialactone D isolated from a mistletoe-
associated fungus, Bulgaria inquinans, cultured on solid Czapek medium containing
different salt mixtures (MgSQOa4, NaNOs and NaCl).3°

All isolated compounds were investigated for their cytotoxicity towards the murine
lymphoma cell line L5178Y. Compound 1 showed pronounced activity with an ICso
value of 2.2 uM, even more active than that of the positive control, kahalalide F (ICso
4.3 uM), while the remaining compounds were inactive. Furthermore, 1 was assayed for
cytotoxicity against two human cancer cell lines, Burkitt’s lymphoma B cells (Ramos)
and the adult lymphoblastic leukemia T cells (Jurkat J16). After 24 h of treatment,
compound 1 displayed moderate cytotoxicity against Ramos and Jurkat J16 cells, with

ICso values of 7.6 and 11.0 uM, respectively. When the treatment was extended to 72 h,
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1 gave stronger inhibitory effect with 1Cso values of 3.3 and 4.4 M towards each cell
line.

Furthermore, we evaluated the impact of compounds 1-3 on NFxB inhibitory
activity. For NFkB inhibition studies, 1-3 were tested in the triple-negative breast cancer
(TNBC) cell line NFkB-MDA-MB-231. Based on the NFxB-dependent luciferase
activity and the calculated half-maximal inhibitory concentration (ICsp), NFxB
inhibition was induced by compound 1 (15.5 = 1.1 uM), as well as 2 and 3 both at a
similar concentration range with 54.1 £5.4 uM and 45.04 = 11.6 uM, respectively (Table
3 and Fig. S23). To exclude that cytotoxicity decreased NFxB activation, cell viability
was determined in parallel. Compound 1 was about 3-times more potent in the NFxB
inhibition assay compared to its cytotoxicity (45.4 = 8.1 uM) and also 2 was at least two
times more potent in the NF«kB assays than in the cytotoxicity assay (> 100 uM).
Cytotoxicity of 3 (47.5 = 8.5 uM) on the other hand was comparable to its NF«xB
inhibitory capacity and therefore, reduction in NFkB activity may be caused by
cytotoxicity. Whereas antitumor activity of compound 3 may not depend on NFkB
blockade, compounds 1 and 2 efficiently blocked NFkB activation.

Table 3. ICso values (in uM)“ of compounds 1-3 obtained by NF«B inhibition and cell

viability assay.

NFxB inhibition Cell viability

1 155+1.1 454 £ 8.1
2 541+54 > 100
3 45.0+11.6 47.5+8.5
¢ Average ICs of at least four individual experiments =+ standard deviation.

Moreover, all isolated compounds were subjected to an antibacterial screening.
Compound 3 was the most active substance against drug-susceptible and drug-resistant
strains of the Gram-positive bacteria Staphylococcus aureus, Enterococcus faecalis and
Enterococcus faecium, with MIC values ranging from 3.1 to 6.3 M (Table 4).

Compound 1 likewise inhibited the growth of the latter bacteria with MICs ranging from
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6.3 to 12.5 uM, whereas much weaker activity was observed for 2 compared to the two
aforementioned analogues. Intriguingly, 1 and 3 were also found to be active against the
Gram-negative bacterium Acinetobacter baumannii, with comparable MIC values of 3.1
uM, both tested in the presence of a sublethal concentration of colistin (0.1 uM).
Compounds with activity against 4. baumannii are of substantial interest, as the
increasing emergence of multidrug-resistant strains has led to serious clinical challenges
due to the limited number of effective antimicrobial drugs.’":??> Combination therapy of
colistin with other antibacterial agents is currently considered as a promising alternative
for the treatment of 4. baumannii infections.?* 3* All compounds were inactive against
the Gram-positive bacterium Mycobacterium tuberculosis when tested up to 100 uM.
On the basis of the antimicrobial activity of these alkaloids, the presence of a y-lactam
substructure as present in 1 and 3 seems to be preferable for the activity rather than a
succinimide moiety as in 2. As a lower potency towards Gram-positive bacteria was
observed for 1 in comparison to 3, it is suggested that the adenosine conjugate in 1 might
attenuate its antimicrobial activity with regard to particular strains, while it had no effect
on the tested Gram-negative bacterium.

Table 4. Antibacterial activity (MIC in uM) of compounds 1-3 and 6.

M. tuberculosis S. aureus E. faecalis E. faecium A. baumannii
H37Rv ATCC ATCC ATCC ATCC ATCC ATCC BAA 1605¢
29213¢ 700699” 29212¢ 51299  35667¢  700221¢
1 >100 6.3 6.3 6.3 12.5 12.5 6.3 3.1
2 >100 25 12.5 100 50 25 12.5 12.5
3 >100 3.1 3.1 6.3 3.1 6.3 3.1 3.1
6 >100 50 50 >100 >100 50 >100 >100

¢ Drug-susceptible strain. ® Methicillin-resistant strain of S. aureus (MRSA). ¢ Vancomycin-resistant strain of E.
faecalis. ¢ Vancomycin-resistant strain of E. faecium. ¢ Tested in the presence of a sublethal concentration (0.1
4M) of colistin.

Of note, biosynthetically related fungal alkaloids belonging to the
decahydrofluorene-class, such as GKK1032s,** 3¢ pyrrocidines,*’*** hirsutellones,*!> 4,

trichobamide A,* and penicipyrrodiether A,** were found in previous studies to exhibit

antibacterial activity against Gram-positive bacteria including drug-resistant strains,>®-

188



Publication 3

38, 44 and against Mycobacterium tuberculosis.*'> ** These compounds furthermore

% and

exhibited antifungal activity,’” were active as inhibitors of prolyl oligopeptidase,*
were shown to be cytotoxic against numerous cancer cell lines.?> %4 The complex
molecular architecture, consisting of a tricyclic polyketide fused to a 12 or 13-membered
macroether ring which contains a y-lactam or a succinimide moiety, combined with their
intriguing bioactivities, have triggered tremendous efforts in synthetic and biosynthetic
studies as well.***’ However, decahydrofluorenes featuring a tetracyclic core as
encountered in compound 1 are rarely reported. To date, only embellicines A and B,
possessing cytostatic, cytotoxic and NF«kB inhibitory activities, from a fungal endophyte
Embellisia eureka,?® antitubercular phomapyrrolidones A—C from an endophytic Phoma
sp. NRRL 46751,'¢ and cytotoxic ascomylactams A—C from a mangrove associated
fungus Didymella sp. CYSK-4,'> stand as examples. Thus, in light of the bioactivity
results reported for didymellanosine (1) in this study and its new chemical feature
bearing an adenosine unit attached to a pyrrolidinone, further studies on the
pharmacological properties of this metabolite seem promising.
Experimental section
General procedures

HPLC analysis was carried out with a Dionex UltiMate 3000 system coupled with
an UltiMate 3000 pump linked to a photodiode array detector (DAD 3000 RS). Detection
wavelengths were set at 235, 254, 280, and 340 nm. The column was prefilled with
Eurospher 100-10 Cig, 125 x 4 mm (Knauer, Germany). The routine HPLC analysis was
performed with the following gradient (MeOH: 0.1% HCOOH in H20): 0 min (10%
MeOH); 5 min (10% MeOH); 35 min (100 % MeOH); 45 min (100% MeOH).
Semipreparative HPLC was conducted with a Merck Hitachi Chromaster HPLC system
(UV detector 5410; pump 5110; column Eurospher 100-10 Cig, 300 x 8 mm, Knauer;

flow rate at 5 mL/min). Silica gel 60 M (Macherey-Nagel) was used for vacuum liquid
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chromatography (VLC) and Sephadex LH-20 for column chromatography. TLC plates
pre-coated with silica gel 60 F2s4 (Macherey-Nagel) were used for routine analysis. One-
and two-dimensional NMR spectra were recorded on Bruker AVANCE DMX 600 or
500 NMR spectrometers. ESIMS and HRESIMS data were acquired by a Finnigan LCQ
Deca mass spectrometer and an UHR-QTOF maXis 4G (Bruker Daltonics) mass
spectrometer, respectively. Optical rotations were measured on a Jasco P-2000
polarimeter.
Fungal isolation, identification and cultivation

The fungus, Didymella sp. IEA-3B.1, was isolated from healthy leaves of
Terminalia catappa (Combretaceae), collected in April 2018, in Jimbaran in the south
of Bali, Indonesia. The fungal culture was identified by a standard molecular biology
protocol, through DNA amplification and sequencing of the ITS region as described
before.*® The sequence data have been submitted to the GenBank with accession No.
MN227696.1. The voucher strain was deposited in the Institute of Pharmaceutical
Biology and Biotechnology, Diisseldorf, Germany. The fungus was cultured on twenty
1 L Erlenmeyer flasks, each flask containing 100 g rice in 100 mL distilled water
followed by autoclaving. Another set of fungal fermentation was carried out on five 1 L
Erlenmeyer flasks by adding 3.5 g (NH4)2SO4 to 100 g rice in 100 mL distilled water to
each flask, followed by autoclaving. The fungal culture was maintained under static
conditions at room temperature until the rice medium was completely covered by the
fungus (30 days).
Extraction and isolation

The fungal culture grown on solid rice medium was extracted twice, each with 500
mL EtOAc added to each flask. The EtOAc extract was concentrated in vacuo and the
obtained crude extract (32.9 g) was subjected to liquid-liquid partitioning between n-

hexane and 90% aqueous MeOH. The 90% aqueous MeOH extract (5.0 g) was
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chromatographed on silica gel 60 (VLC) by a step gradient elution with n-hexane-EtOAc
followed by CH>Clb-MeOH to afford 13 fractions (V1-V13). Based on HPLC
chromatograms, fractions V3, V4, V5, V9, and V10 eluted with n-hexane-EtOAc (6:4),
(4:6), (2:8), and CH2Cl,-MeOH (9:1), (7:3), respectively, were subjected to further
separation. Fraction V3 (315.7 mg) was applied to a Sephadex LH-20 column and eluted
with CH2Cl>-MeOH (1:1) to obtain 4 subfractions. Purification of subfraction V3.2
(164.6 mg) was carried out with semipreparative HPLC employing MeOH-H>O as
mobile phase (from 85% to 100% MeOH) to afford 2 (45.6 mg). Meanwhile, compounds
4 (1.8 mg), 5 (5.8 mg) and 10 (2.1 mg) were obtained after purification of subfraction
V3.3 (34.3 mg) by semipreparative HPLC with gradient elution of MeOH-H>O (from
50% to 100% MeOH). Separation of fraction V4 (200.3 mg) on Sephadex LH-20 using
CH2Cl1>-MeOH (1:1) as eluent, followed by purification using semipreparative HPLC
eluted with MeOH-0.1% HCOOH in H>O (from 85% to 100% MeOH), yielded 3 (3.4
mg). In a similar manner, fraction V5 (625.5 mg) was submitted to a Sephadex LH-20
column, to give 6 (263.0 mg) along with 5 subfractions. Subfraction V5.6 (37.8 mg) was
purified by semipreparative HPLC, employing MeOH-0.1% HCOOH in H>0O (from 30%
to 70% MeOH) as mobile phase, to yield 8 (11.6 mg) and 9 (2.2 mg). Furthermore,
compound 7 (30.0 mg) was obtained by separation of fraction V9 (272.8 mg) on a
Sephadex LH-20 column employing CH2Cl>-MeOH (1:1) as eluent. Compound 1 (20.8
mg) was afforded through separation of fraction V10 (308.6 mg) over a Sephadex LH-
20 column, eluted with CH2Cl>-MeOH (1:1), followed by purification using
semipreparative HPLC with MeOH-H>O (from 85% to 100% MeOH). Following the
same procedure, the fungal culture by supplementing rice medium with (NH4)2SO4 was
extracted with EtOAc, taken to dryness, and followed by liquid-liquid partition between
n-hexane and 90% aqueous MeOH. The resulting MeOH fraction (340.2 mg) was rinsed

with various solvents which yielded the pure compound 11 (3.0 mg).
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Didymellanosine (1): white amorphous solid; [a]; —28 (¢ 0.15, MeOH); UV
(MeOH): Amax 207 and 260 nm; 1D and 2D NMR data, see Table 1; HRESIMS m/z
795.4072 [M+H]" (calcd for C44HssNgOs, 795.4076).

Ascolactone C (4): white amorphous solid; [a]5 —98 (¢ 0.20, MecOH); UV
(MeOH): Amax 215, 228, and 264 nm; 1D and 2D NMR data, see Table 2; HRESIMS m/z
279.1226 [M+H]" (caled for C1sH160s, 279.1227).

Ascochitamine (11): yellowish brown amorphous solid; [a]5 —48 (¢ 0.10, DMSO);
UV (MeOH): Amax 264 and 357 nm; 1D and 2D NMR data, see Table S1 in the
Supporting Information; HRESIMS m/z 276.1229 [M+H]" (caled for CisHisNOs,
276.1230).

Cytotoxicity assay
Cytotoxicity was tested against the murine lymphoma cell line L5178Y using the

1.3 Meanwhile,

MTT method, and kahalalide F was included as positive contro
cytotoxicity against the human cell lines Ramos (Burkitt’s lymphoma B cells) and Jurkat
J16 (adult lymphoblastic leukemia T cells) was determined by the resazurin reduction
assay. In brief, cells were incubated with the indicated compounds in 96-well plates for
24 or 72 h, respectively. Subsequently, resazurin was added to a final concentration of
40 uM. After 3 h of incubation fluorescence of resorufin (excitation: 535 nm, emission:
590 nm) was measured via a microplate spectrophotometer. The reduction of resazurin
to resorufin is proportional to aerobic respiration and therefore can be used as an
indicator for cell viability.*’ Staurosporine (2.5 uM) was employed for Ramos and Jurkat
J16 cells. Culture medium containing 0.1% DMSO was used as a negative control for
the assay.

Cell culture for MDA-MB-231 cells and materials

Culture medium and supplements were purchased from Gibco™ (Fisher Scientific,

Schwerte, Germany). Consumable materials such as 96-well and 384-well plates were
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purchased by Sarstedt (Nimbrecht, Germany) or Greiner bio-one (Frickenhausen,
Germany). Cells were grown and incubated in a humidified 5 % CO> atmosphere at
constant 37°C. The metastatic breast cancer cell line, MDA-MB -231, was obtained from
the European Collection of Authenticated Cell Cultures (ECACC, Salisbury, UK).
Subculture in 175 cm? flasks was done in RPMI 1640 medium (Cat# 21875-034)
supplemented with 15 % (v/v) FCS and 1 % (v/v) penicillin-streptomycin (pen-strep)
(10,000 U/mL). The monoclonal NFkB-MDA-MB-231 cell line contains a NFxB
response element to control the luciferase reporter gene. For the procedure of cell line
generation see the publication of Sperlich et al. (2017).>° Subculture was performed in
high glucose DMEM (Cat#41966-029) supplemented with 10 % (v/v) FCS, 1 % (v/v)
pen-strep (10,000 U/mL) and 400 ug/mL hygromycin B (Life Technologies, Darmstadt,
Germany, Cat# 10687010) for selection. Hunger medium for the NFkB inhibition assay
was composed of high glucose DMEM medium supplemented with 1 % (v/v) FCS, 1 %
(v/v) penicillin-streptomycin (10,000 U/mL). Cell detachment occurred by trypsinization
in 0.25 % trypsin-EDTA and cell counting was performed at 1:1 (v/v) dilution in
Erythrosin B (BioCat, Heidelberg, Germany; #L.13002) using the LUNA II automated
cell counter (BioCat). The compounds used for NFxB inhibition and cell viability assay,
namely didymellanosine (1), phomapyrrolidone A (2) and ascomylactam C (3), were
dissolved in dimethylsulfoxide (DMSO) to a final concentration of 10 mM and diluted
in cell culture medium for further use.

Cytotoxicity against MDA-MB-231 cells.

Cytotoxicity against triple-negative breast cancer was determined on the cell line
MDA-MB-231. Using the CyBio® Well vario pipetting robot (Analytik Jena, Jena,
Germany; #0L3381-24-730), 18 uL of the cell suspension (2.8 x 10° cells/mL) were
seeded on a 384-well plate (Greiner; #781074) and incubated for 24 hours. For treatment

in quadruples, 2 uL of the medium + 1 % DMSO (negative control) or the tenfold
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concentrated substance was applied to reach a final volume of 20 L per well. The final
concentration for compounds ranged in two-fold dilution steps from 100 uM to 0.78 uM
in 8 points. Compound stimulation endured for 2 hours and final cell lysis and
measurement was done as prescribed in the manufacturer’s instruction of the CellTiter-
Glo® Luminescent Cell Viability Assay (Promega, Mannheim, Germany; #G7570). In
short, it was applied the equal volume of CellTiter-Glo® and luminescence was
measured using the Spark® microplate reader (TECAN, Ménnedorf, Switzerland).
NFxkB inhibition assay

For testing the compound 1-3 concerning the NF«B activity, 4 x 10* NFkB-MDA -
MB-231 cells were seeded in total 100 xL medium per well on a 96-well plate (Greiner,
Cat# 655098). The next day, medium was exchanged and cells pre-incubated for 20
minutes without (negative control) or with diluted substance in total 100 L hunger
medium (DMEM + 1 % FCS + 1 % pen-strep + 1 % DMSO). The final concentration of
the compounds ranged a two-fold serial dilution from 100 4uM downwards to 0.78 uM
in 8 points. To activate NFkB signaling, cells were subsequently stimulated for 2 hours
with 1 ug/mL lipopolysaccharide (Sigma-Aldrich, Taufkirchen, Germany; #L2630).
Last, cell lysis and measurement was done according to the manufacturer’s instruction
of the Nano-Glo Luciferase Assay System (Promega; # N1110). In short, it was applied
the equal volume of 1:50 (v/v) diluted Nano-Glo reagent and luminescence was
measured using the Spark® microplate reader (TECAN).
Statistical analysis

Data of NF«B inhibition assay and cell viability assay against MDA-MB-231 were
analyzed using GraphPad Prism (GraphPad Software, San Diego, USA; Version 8.1.2)
and represent at least four individual experiments which were depicted as mean + SEM.
For calculation of the half-maximal inhibitory concentration (ICso) in NFkB inhibition

assay and cell viability assay, substance concentration [M] was transformed as common
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logarithm to obtain log(M). ICso values were determined by nonlinear regression
analysis based on dose-response inhibition calculation without curve fitting.
Antimicrobial activity

The tested bacteria included Staphylococcus aureus (ATCC 29213 and 700699),
Enterococcus faecium (ATCC 35667 and 700221), Enterococcus faecalis (ATCC 29212 and
51299), Acinetobacter baumannii (ATCC BAA1605), and Mycobacterium tuberculosis

(H37Rv). Except for M. tuberculosis, antimicrobial activity was evaluated utilizing the

51

microdilution method in accordance with the CLSI guidelines.”” Activity against M.

tuberculosis was assessed employing the resazurin dye reduction method as described
previously.>? Moxifloxacin was used as positive control for all tested Gram-positive and Gram-
negative bacteria except for Mycobacterium tuberculosis, where rifampicin was used as positive
control.
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Figure S1. HPLC chromatograms of EtOAc extract of Didymella sp. IEA-3B.1 cultured on
rice medium (black) compared to the OSMAC culture on rice medium with addition of 3.5 g
(NH4)2SO4 (blue) under UV detection at 235 nm.

“number refers to compound’s number. * unidentified peaks

Figure S2. An endophytic Didymella sp. IEA-3B.1 cultured on rice medium (A) and on rice
medium with addition of 3.5 g (NH4)2SO4 (B).
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Figure S3. HPLC chromatogram (A) and UV spectrum (B) of compound 1.
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Figure S4. HRESIMS spectrum of compound 1.
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Figure S6. °C NMR (125 MHz, DMSO-ds) spectrum of compound 1.

202



Publication 3

kLA

Ariantari.1821.1.2rr
AAM-M-LM-V10-S3-P1
Y . S8 .
, Y i

w’@so

. ~ e @
ag”.}n -

. 1
. aig' . -
- -
@ .
3
S
o ALl
‘4
-
R
.
10 9 8 7 6 5 4 3 2 1 0
f2 (ppm)

Figure S7. 'H-'H COSY (600 MHz, DMSO-d) spectrum of compound 1.
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Figure S8. HSQC (600 and 150 MHz, DMSO-ds) spectrum of compound 1.
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Figure S9. HMBC (600 and 150 MHz, DMSO-ds) spectrum of compound 1.
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Figure S10. NOESY (600 MHz, DMSO-dp) spectrum of compound 1.
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Figure S11. HPLC chromatogram (A) and UV spectrum (B) of compound 4.
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Figure S12. HRESIMS spectrum of compound 4.
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Figure S13. 'H NMR (600 MHz, (CD3),CO) spectrum of compound 4.
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Figure S14. 'H-'H COSY (600 MHz, (CD3)>CO) spectrum of compound 4.
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Figure S15. HSQC (600 and 150 MHz, (CD3)2CO) spectrum of compound 4.

|

Ariantari.1917.1.2rr

180

200

r220

80 75

70 65 6.0 55 50 45 40 35 3.0 25 20 1.

f2 (ppm)

5 1.0 05 0.0

Figure S16. HMBC (600 and 150 MHz, (CD3).CO) spectrum of compound 4.
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Figure S17. NOESY (600 MHz, (CD3)2CO) spectrum of compound 4.
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Figure S18. HPLC chromatogram (A) and UV spectrum (B) of compound 11.
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Acq u.i;ition Parameter

Source Type ESI lon Polarity Positive Set Nebulizer 0.2 Bar
Focus Mot active Set Capillary 4000 V Set Dry Heater 180 °C
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Figure S19. HRESIMS spectrum of compound 11.
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Figure S20. 'H NMR (600 MHz, DMSO-ds) spectrum of compound 11.
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Figure S21. HSQC (600 and 150 MHz, DMSO-dg) spectrum of compound 11.
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Figure S22. HMBC (600 and 150 MHz, DMSO-ds) spectrum of compound 11.
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Tabel S1. 'H and '*C NMR data® (DMSO-ds) for compound 11

position Jc, type”  ou(Jin Hz)

1 140.1, CH 8.97,s

3 148.0, C

4 1234, C

4a 141.0,C

5 94.7, CH 6.48, s

6 nd*

7 101.0, C

8 168.1, C

8a 112.8,C

9 35.6, CH 335, m

10 27.6,CH, 1.78, dt (14.0, 7.0)
171, dt (14.0, 7.3)

11 112,CH;  0.81,t(7.3)

12 18.5,CHs  131,d(7.0)

13 12.8,CHs 2.43,s

14 nd

¢Recorded at 600 MHz (‘H) and 150 MHz ('3C) at 60°C.
b Chemical shifts were extracted from HSQC and HMBC.

¢not detected
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Figure S23. NF«B inhibitory and cytotoxic potential of compound 1-3.

(A) Quantification of NFkB dependent luciferase activity was performed by NFxB
inhibition assay. In short, NFkB-MDA-MB-231 cells were treated with two-fold serial
diluted compound in the range of 100 M to 0.78 uM in 8 points. (B) Cytotoxicity was
determined by cell viability assay. In brief, MDA-MB-231 cells were treated with two-
fold serial diluted compound in the range of 100 M to 0.78 uM in 8 points. For
normalization of relative light units (RLU) the highest RLU in each individual
experiment was set as 100 %. Each data point represents the mean of at least four
independent experiments. Nonlinear regression without curve fitting was applied for
data illustration using GraphPad Prism (GraphPad Software, San Diego, USA; Version

8.1.2).
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Chapter 5

Discussion

5.1. Endophytic Penicillium sp. produces cytotoxic indole diterpenoids
5.1.1. Indole diterpenoids and biosynthesis

Indole diterpenoids are known for some species of the genera Acremonium, Aspergillus,
Epichloe, Claviceps and Penicillium (Saikia et al., 2008). Given by the fact that many producing
strains perform an endophytic lifestyle, the synthesis of indole diterpenoids may confer an
ecological benefit to their relationship with the host plants (Saikia et al., 2008; Reddy et al.,
2019). The tremorgenic syndrome in mammals and toxicity against insects are two impacts
commonly associated with these compounds as a result of the modulation of ion channels (Uhlig
et al., 2009). The former effect is of great economic concern due to potential losses in the
livestock industry (Reddy et al., 2019), while the latter renders them beneficial for insecticidal
and antiparasitic applications, as exemplified by nodulisporic acid A (Ondeyka et al., 1997).

As described in Chapter 2 (Publication 1), the study of the fungal endophyte Penicillium
sp. yielded 22 structurally diverse indole diterpenoids, which can be divided into two main
classes of indole diterpenes, the paxilline-like compounds and non-paxilline indole diterpenes,
with emindole SB as the sole example for the latter. The majority of paxilline-like structures
shares a tetracyclic diterpene skeleton that is fused to an indole moiety. This leads to the
formation of a 6/5/5/6/6/6 hexacyclic ring system, which further includes the janthitremane and
paspalinine structural motif. In janthitremane-type compounds, two additional isoprene units
are attached to the indole unit, which is then followed by oxidative cyclization to install a
bicyclic system. Further modification results in the formation of more complex structures, such
as of eight-membered ring skeletons, as exemplified by the shearinine derivatives. Meanwhile,
paspalinine-type compounds bear an additional dioxolane formed via oxidation and

acetalization at position 7 (Saikia ef al., 2008).
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In view of their core skeleton, members of janthitremane indole diterpenes further show
different levels of oxidation at ring H that construct either paxilline or paspalinine-type of
janthitremanes (Liu et al., 2016). Both types of janthitremanes were produced by the studied
Penicillium sp. and shearinine F was the only representative paspalinine-type of janthitremane
obtained from this strain. So far, such a case has only been reported from Eupenicillium shearii
(Belofsky et al., 1995).

Following the characterization of gene clusters involved in the biosynthesis of paxilline
(pax cluster) in Penicillium paxilli (Scott et al., 2013; Liu et al., 2014) and shearinines (jan
cluster) in Penicillium janthinellum (Nicholson et al., 2015), 3-geranylgeranyl indole was
suggested to be the common precursor to all observed indole diterpenes. The subsequent
epoxidation, oxidation, cyclization and prenylation reactions result in one of the most
structurally diverse classes of indole diterpenoids observed from fungi thus far (Scott et al.,
2013; Nicholson et al., 2015). By deletion and gene expression analysis, a set of seven genes
was identified to be required for paxilline production, namely paxG, paxA, paxM, paxB, paxC,
paxP and paxQ (Scott et al., 2013). Homologues of these genes were discovered in a shearinine-
producing strain of P. janthinellum (Nicholson et al., 2015). Moreover, according to studies
performed by Liu ez al. (2016), it was suggested that the pax cluster (paxD) might be responsible
for the diprenylation of paxilline core containing jantithremanes and the jan cluster (janD) for
paspalinine core bearing shearinines. The latter then require the function of janO for oxidative
cyclization forming the A/B rings. Thus, the isolation of a series of new naturally occurring
congeners (2-9) further expands the evidence supporting the putative biosynthetic pathway for
this class of metabolites (Figure 5.1.1.1.). Additional methylation, dehydration, oxidation and
hydrolysis reactions lead to the diversity of indole diterpene structures encountered in this study

(Chapter 2 Publication 1).
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paspaline (18)
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shearinine O (6)

7-methoxyshearinine P (8)

shearinine Q (9)

Figure 5.1.1.1. The putative biosynthetic pathway leading to diverse structures of the isolated

indole diterpenes 2-9 from Penicillium sp.
Numbers refer to the compound’s number in Chapter 2 Publication 1.

Among other newly discovered indole diterpenes, shearilicine features a new type of
scaffold with 6/5/6/6/6/6/5 ring system bearing a unique carbazole motif. Such a motif has
rarely been reported from fungi and is limited to the heterocyclic system of tubingensins A and
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B from Aspergillus tubingensis (TePaske et al., 1989; TePaske et al., 1989) and aflavazole from

Aspergillus flavus (TePaske et al., 1990).
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indole-3-glycerol phosphate

3-geranylgeranyl indole

HO) H

(O]

-
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Figure 5.1.1.2. Plausible biosynthetic pathway of shearilicine (1) isolated from Penicillium sp.
The number refers to the compound’s number in Chapter 2 Publication 1.

A similar scaffold such as the one present in tubingensin A was later found in xiamycins
A and B, unusual indole sesquiterpenes from the endophytic bacterium Streptomyces sp. (Ding
et al., 2010; Ding et al., 2011). Shearilicine is most likely biosynthesized from the same

3-geranylgeranyl indole precursor as other indole diterpenoids. However, it would involve a
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different mechanism for ring formation, which might be related to the novel cyclization
mechanism discovered for the bacterial compound xiamycin A (Li ef al., 2012; Li et al., 2014).
The indole moiety was proposed to undergo a flavoprotein-catalyzed hydroxylation forming an
indole C-3-hydroxyiminium species. The neighboring C-23 olefinic function further attacked
the resulting C-2 carbanion equivalent. Following the cyclization reaction, sequential steps of
dehydration, proton loss and spontaneous oxidative aromatization take place leading to the
formation of the carbazole unit, as in the case of xiamycin A (Figure 5.1.1.2.).

5.1.2. The clues from structure-activity relationship

Structurally related indole diterpenoids have been reported for their cytotoxicity against
numerous human cell lines, such as glioblastoma U251 (Abdullaev ef al., 2010), human breast
cancer MCF-7 and MDA-MB-231 (Sallam et al., 2013), human leukemia HL-60 and human
lung adenocarcinoma A549 cells (Gao et al., 2016). Several derivatives afforded from this study
also displayed significant cytotoxicity towards the tested murine L5178Y and human ovarian
cancer A2780 cells. Analysis of their structures suggests a number of structural features
implicated in affecting their cytotoxic activity, thereby providing further insight into their
structure-activity relationship (Chapter 2 Publication 1).

The presence of a carbazole unit in the structure of shearilicine seems to be essential for
its potent cytotoxic activity with ICso values of 3.6 and 8.7 uM, towards L5178Y and A2780
cells, respectively, while no activity was observed for paspalicine. In line with our findings,
related carbazole-containing metabolites, tubingensins A and B, were previously determined to
be cytotoxic against HeLa cells (TePaske et al., 1989; TePaske et al., 1989). More recently, a
series of synthetic carbazole derivatives demonstrated impressive activity against a panel of
cancer cells (Padmaja ef al., 2016), thus highlighting the importance of this feature for
antiproliferative activity.

In paspalinine-type derivatives, the double bond at A*0% enhances the cytotoxicity

[paspalinine-13-ene vs paspalicine], while it has only a minor influence on the activity of
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paxilline-type derivatives [7-hydroxypaxilline-13-ene vs 7-hydroxy-13-dehydroxypaxilline].
These two latter compounds showed pronounced activity only against L5178Y cells.

The cleavage of the keto-amide ring in the janthitremane skeleton, weakens or removes
the activity as shown by the comparison of shearinines Q and P. The presence of a methoxy
group instead of a proton at position 7 in this type of indole diterpenes, attenuates the
cytotoxicity as observed in the activity of pyrapaxilline and shearinine P compared to their
corresponding methoxylated derivatives. However, in paxilline-type structures, a methoxy
function at this position seems to contribute to the activity of 7-methoxypaxilline, as paxilline
was found inactive. Similarly, an additional 4/B ring system promotes the cytotoxic activity of
pyrapaxilline when compared to its biosynthetic intermediate, paxilline. A double bond
introduced at A®7 slightly increases the activity as shown in shearinine O vs pyrapaxilline.
Moreover, replacement of the keto function at position 10 in paxilline with 104-OH, together
with the loss of 13-OH as seen in the structure of 10f-hydroxy-13-desoxypaxilline might
contribute to the cytotoxicity of the latter compound against A2780 cells (albeit weak activity).
This result is in accordance with the proposed structure-activity relationship in a previous study
based on its cytotoxic activity towards A-549 and HL-60 cells (Gao et al., 2016).

Two structurally less complex indole diterpene progenitors, emindole SB and paspaline,
displayed significant cytotoxic activity towards the tested A2780 cells with ICso values of 8.2
and 5.3 uM, respectively (Chapter 2 Publication 1). In a previous study, both compounds
revealed good antiproliferative and anti-migratory activities against MCF-7 and MDA-MB-231
cells (Sallam et al., 2013). The mechanism of their anticancer actions was attributed to the
suppression of total f-catenin levels in the latter cell target (Sallam et al., 2013). Recently,
paspaline was found potently cytotoxic against HeLa cells and strongly inhibited mitotic kinesin
Eg5 (Nagumo et al., 2017). Pharmacophore modeling demonstrated that both compounds retain

the simplest pharmacophoric features required for their biological activity. Moreover, the lack
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of BK channel inhibition and tremorgenicity of these compounds make them intriguing
scaffolds for further pharmacological investigation (Sallam ez al., 2013).

Furthermore, the new congeners were investigated against human urothelial bladder
cancer J82 cells as well (Chapter 2 Publication 1). Most of them tested generally less cytotoxic
compared to their activity against L5178Y and A2780 cells, with ICs¢ values between 30 and
100 uM. When evaluated against non-cancerous cells HEK-293, shearilicine, shearinine O,
emindole SB and paspaline possessed a relatively high selectivity index (SI) values (SI 3.3—
8.1), comparable to that of the reference drug, cisplatin (SI 5.2). Taken together, the findings in
this study support further studies on the anticancer potential of these derivatives. In contrast to
the cytotoxic activity of the isolated indole diterpenes, none of them showed significant

antibacterial activity towards the tested Gram-positive and Gram-negative strains.

5.2. OSMAC, a powerful approach to release fungal chemical diversity

As part of our effort in the search for anticancer and antibacterial compounds from
endophytic fungi, the OSMAC approach was utilized to diversify natural products produced by
the studied strains of Bulgaria inquinans and Didymella sp. OSMAC protocols have been
extensively adapted to explore the biosynthetic potential of promising endophyte strains for the
past two decades and have resulted in the discovery of a significant number of interesting
natural products (Daletos et al., 2017).

In Chapter 3 (Publication 2), fermentation of the fungal endophyte Bulgaria inquinans
on solid Czapek medium produced mostly butyrolactone derivatives, one metabolite bearing a
diol moiety, bulgariol and the main azaphilone pigment bulgarialactone B. The OSMAC
strategy was applied to this strain by supplementing the solid Czapek medium with different
types of salts and mixtures of salts. Interestingly, cultivation of the fungus in the presence of a
mixture of salts (MgSO4, NaNOs3 and NaCl) in the culture medium, resulted in a significant

change in fungal metabolite pattern as indicated by the HPLC chromatograms (Figure 5.2.1.).
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Figure 5.2.1. HPLC chromatograms of EtOAc extract of B. inquinans cultured on solid Czapek
medium (black) compared to the OSMAC culture on solid Czapek medium with addition of a
mixture of MgSO4, NaNO3 and NaCl (blue).

Numbers refer to the compound’s number in Chapter 3 Publication 2.

The addition of a salt mixture (MgSOs4, NaNO3; and NaCl) to the culture medium
enhanced the production of the a-pyrone type of compounds bulgariapyrone A and its dimeric
analogue bulgariapyrone E, as well as the azaphilone bulgarialactone D. The compounds were
previously detected only in low amounts in cultures lacking the salt mixture, preventing their
isolation and identification. Notably, other new metabolites, such as the unusual 1,3-oxazine
containing natural product bulgarixine B and the a-pyrone derivatives bulgariapyrones B-D,
were undetected in cultures lacking the salt mixture, indicating that those were induced by the
presence of the salt mixture in the culture medium. Further chromatographic workup yielded
bulgarixine A and the two butyrolactones bulgariline D and (—)-(S)-flavipesin B. These three
latter compounds were not clearly distinguished in the total extract chromatogram, due to their
low amounts. Considering the possibility that these might arise during the isolation process
involving MeOH, their corresponding non-methylated analogues were kept in MeOH solution
containing 0.1% formic acid for 1 week. No methylated products were observed following the
HPLC analysis, indicating that these are naturally occurring products rather than isolation

artifacts.
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During further OSMAC experiments (Chapter 3 Publication 2), the fungus was unable
to grow in the presence of a mixture of NaNOs and NaCl, when MgSO4 was completely
removed from the solid Czapek medium. This suggests the essential role of Mg?* ions to support
the fungal growth under such fermentation condition, although its metabolite profile was
unaffected upon addition of solely MgSOs to the culture medium. Hence, the fungus seems to
be metabolically affected only by the combination of MgSO4, NaNO3 and NaCl present in the
culture medium.

The presence of NaCl contributes to the increasing medium salinity, which is known to
affect microbial growth and biochemical reactions. In some cases, fungi were capable of
utilizing halide salts in the culture medium apparently as a result of activation of the
biosynthetic pathway to restore osmotic balance (Pan et al., 2019). However, no halogenated
natural products were discovered during this study. On the other hand, inorganic nitrate can
serve as an alternative nitrogen source for many species of fungi, in the absence of favored
nitrogen sources, such as ammonium or glutamine, by a mechanism called nitrogen metabolite
repression. Fungi are able to respond to changes in the type and concentration of nitrogen
sources as well (Tudzynski, 2014). The influence of NaNOs3 on the production of metabolites
by B. inquinans could not be clarified in this study, although two nitrogen-containing
metabolites, bulgarixines A and B, were obtained following the presence of a salt mixture
(MgS04, NaNO3 and NaCl) in OSMAC cultures. Apart from this, a previous OSMAC study
employing MgCl, in the culture medium revealed that Mg®" ions can alter metabolites
production of the marine fungus Ascotricha sp. (Wang et al., 2014). Many metal ions, including
Mg?', Ca*", Mn**, Fe?", Co?", Ni*, Cu?*, Zn?" and Mo", are known to be important for microbial
growth and metabolism (Mou et al., 2013; Fill et al., 2016). For instance, the presence of certain
amounts of Ca’", Cu** and AI** ions (separately or a combination) in the liquid culture of
endophytic Berkleasmium sp. Dzf12 enhanced the fungal growth and production of secondary

metabolites, palmarumycins Ci2 and Ci3 (Mou et al., 2013). Further evidence is shown by the
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findings in the present study. Metal ions can possibly interact with microbes in three
mechanisms, such as triggering reactions in the microbial cells, conserving energy during
dissimilation process and assimilation reactions (Pan et al., 2019).

In a recent study, a planar structure identical to that of (—)-(S)-flavipesin B called
phenylbutyrolactone II was isolated as a product of an engineered strain of Aspergillus nidulans
bearing hybrid NRPS-like enzyme and methyltransferase (van Dijk and Wang, 2018). This
biosynthetic pathway engineering showed that a methyltransferase was involved in methylation
of the carboxylic acid side chain of phenylbutyrolactone Ila yielding phenylbutyrolactone II.
When the heterocyclic core of the precursor molecule slightly changed, no methylated product
was synthesized, underlining the specificity of this enzyme. Using the same mutant strain,
further addition of a prenyltransferase did not result in any observed prenylated products, since
this enzyme requires the presence of OH group on the phenyl side chain of the precursor, which
are not present in phenylbutyrolactone Ila.

Considering these findings, we speculate that Mg** ions might contribute to the
influencing effects on the metabolite profile of B. inquinans in this study, under fermentation
conditions with NaNOj3 and NaCl present in the medium. The presence of Mg" ions or a
combined effect of these three salts might trigger methylation of the particular type of
butyrolactone structures, as a result of activation of the corresponding biosynthetic gene cluster.
This may extend to the putative biosynthesis of other types of metabolites such as 1,3-oxazine
and a-pyrones. However, this hypothesis needs to be validated experimentally.

Natural products afforded in this study (Chapter 3 Publication 2) were evaluated for
cytotoxicity against L5178Y cells. Among them, only bulgariline B showed excellent activity
with an ICso value of 1.8 4M, indicating the presence of OH group attached to C-5 of the 2-
furanone core to be essential for the activity. None of these metabolites showed activity in the

antibacterial screening.
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Further application of the OSMAC strategy on the endophytic fungus Didymella sp., by
supplementing rice medium with (NH4)2SO4, resulted in an obvious change of the metabolite
pattern of the fungus. The addition of this salt remarkably decreased the production of the main
azaphilone pigment ascochitine and led to a white coloration of fungal culture containing salt
(Chapter 4 Publication 3, Figures S1 and S2 in the Supporting Information). Instead, a nitrogen-
containing azaphilone related to ascochitine, called ascochitamine, was only detectable when
(NH4)>SO4 was present in the rice medium. The fungus was presumably able to facilitate
substitution of the pyrane oxygen with nitrogen when exposed to ammonium during cultivation.
This process is well documented for other azaphilones (Lin ef al., 1992; Wang et al., 2010; Gao

etal., 2013).

5.3. Bioactivities of the decahydrofluorene-class of natural products

A group of pathogens so-called ESKAPE, comprises both Gram-positive and Gram-
negative bacteria, such as Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter spp., is the
main cause of nosocomial infections. These bacteria can lead to life-threatening hospital-
acquired infections, particularly to vulnerable hospitalized and immunocompromised
individuals (Pendleton et al., 2013). The emergence of resistant strains of these bacteria to the
currently available antimicrobial options, limits the number of effective antibiotics and poses a
great challenge to the clinical practice. ESKAPE pathogens develop antimicrobial resistance
through several mechanisms, including drug inactivation (e.g. production of f-lactamases),
mutations of drug binding sites, decreased intracellular drug accumulation by reduction of outer
the membrane protein porin and increase of efflux pump expression, as well as biofilm
formation (Chambers, 1997; Santajit and Indrawattana, 2016). The mounting threat of
antimicrobial resistance certainly leads to the urgent need for new antimicrobial agents, in

addition to the appropriate antibiotic stewardship. Among Gram-positive bacteria, the
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methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant Enterococcus
faecium were particularly documented in the WHO high priority list of resistant bacterial strains
in 2017, that urged for development of new antibiotics for tackling antimicrobial resistance
(Tacconelli et al., 2018)

In Chapter 4 (Publication 3), a new decahydrofluorene analogue, didymellanosine,
along with the known phomapyrrolidone A and ascomylactam C, were afforded following
chemical investigation of an endophytic Didymella sp. cultured on rice medium.
Didymellanosine represents the first analogue of this class of metabolites conjugated with
adenosine. It features a tetracyclic decahydrofluorene skeleton, which is encountered only in a
few fungal metabolites, such as embellicines A and B (Ebrahim et al., 2013),
phomapyrrolidones A—C (Wijeratne et al., 2013) and ascomylactams A—C (Chen et al., 2019).
In the antibacterial screening against Gram-positive bacteria, including MRSA, vancomycin-
resistant strains of Enterococcus faecalis and Enterococcus faecium, the known ascomylactam
C showed the most significant inhibition. Didymellanosine was less active than ascomylactam
C, while phomapyrrolidone A showed much weaker activity than the two aforementioned
compounds. Interestingly, these compounds displayed comparable or even stronger inhibition
against the tested drug-resistant strains than those against drug-susceptible Gram-positive
bacteria. This suggests the compounds might exert their antibacterial action through a different
mechanism than those known for the f-lactam, methicillin and the glycopeptide antibiotic,
vancomycin. Similarly, a related alkaloid containing a tricyclic decahydrofluorene backbone
namely GKK1032C was found in a recent study particularly active against MRSA (Qi et al.,
2019).

When further tested against a drug-susceptible strain of Gram-negative Acinetobacter
baumannii in the presence of a sublethal concentration (0.1 uM) of colistin, both
didymellanosine and ascomylactam C revealed pronounced activity with MIC values of 3.1

uM. However, they tested inactive in the absence of colistin (Chapter 4 Publication 3). Colistin
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is a polycationic peptide, which was banned from clinical use in the past due to the neurotoxicity
and nephrotoxicity adverse effects. Nevertheless, in the mid-1990s clinicians re-introduced it
to treat infections caused by drug-resistant Gram-negative bacteria, in the paucity of new
effective antimicrobials. Currently, colistin is considered as “last line” therapeutic option to
confront these pathogens. Colistin interacts with negatively charged phosphate groups of
lipopolysaccharide (LPS) and disrupts the outer membrane of Gram-negative bacterial cells
(Ezadi et al., 2019). As the toxicity of colistin is known to be dose-dependent and in view of its
main mode-of-action by affecting outer membrane permeability of bacteria, the combination
therapy of colistin with other antimicrobials is of considerable interest, as this allows for a dose
reduction of colistin. A recent study revealed the synergistic effect of the combination therapy
of colistin at sub-inhibitory concentration with other existing antibiotics that act intracellularly
(Armengol et al., 2019). Therefore, while unable to kill A. baumannii themselves, the activity
of didymellanosine and ascomylactam C is presumably favored by the mechanism of colistin-
induced membrane disturbance, enabling the penetration of these compounds into bacterial cells
and increasing their antibacterial activity (Chapter 4 Publication 3).

Taking into account the antimicrobial activity of the isolated decahydrofluorenes
(Chapter 4 Publication 3), the presence of y-lactam substructure is suggested to be important
for the activity. The adenosine conjugate present in the structure of didymellanosine weakens
its activity against Gram-positive, while it has no effect on the activity against the tested A.
baumannii. Further studies on the antibacterial action of this class of metabolites, particularly
against drug-resistant strains of Gram-positive bacteria and Gram-negative 4. baumannii seem
to be promising.

In addition, the cytotoxicity of the isolated decahydrofluorenes was estimated against
L5178Y cells. In this assay, didymellanosine exhibited good activity (ICso 2.2 uM), while
phomapyrrolidone A and ascomylactam C were found inactive. When tested further towards

human cancer cells, Burkitt’s lymphoma B cells (Ramos) and adult lymphoblastic leukemia T
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cells (Jurkat J16), didymellanosine showed moderate cytotoxicity with ICso values of 7.6 and
11.0 uM, respectively (Chapter 4 Publication 3).

In the NF«B inhibition assay, the isolated decahydrofluorenes were tested in the triple-
negative breast cancer (TNBC) cells NFkB-MDA-MB-231. In parallel, cell viability was
determined to exclude the decreased NF«B activation due to cytotoxicity. While displaying
only weak cytotoxic activity against MDA-MB-231 cells (ICso 45.4 uM), didymellanosine
significantly inhibited NF«xB activation in the corresponding NFkB-MDA-MB-231 cells with
an ICso value of 15.5 uM. The related known decahydrofluorene, phomapyrrolidone A revealed
weaker NF«kB inhibition with an ICso value of 54.1 uM, but its NFkB inhibitory activity was
two times more potent than its cytotoxicity (> 100 xuM). On the other hand, the NF«B inhibitory
capacity of ascomylactam C was found comparable to its cytotoxicity, indicating the reduction
in NFxB activity may be a consequence of the cytotoxicity. Thus, among the tested
decahydrofluorenes, didymellanosine and phomapyrrolidone A efficiently inhibited NFkB
activation (Chapter 4 Publication 3). NFkB signaling is known to be implicated in the
inflammation process and carcinogenesis, therefore considered as a potential target for the

prevention and treatment of cancers (Naugler and Karin, 2008).
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CH3COOH
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eg.

etal.
EtOAc
ESKAPE

FDA
FeSOy4

g

GABA

h

HCV
HDAC
HIV-1
HMBC
HMG-CoA
HPLC
HRESIMS
HSQC

Hz

ICso

Specific rotation at the sodium D-line
5-Azacytidine

Angstrom

Atomic mass unit

Biosynthetic gene clusters

Broad

Deuterated methanol

Deuterated chloroform

Cotton effects

Dichloromethane

Formic acid

Correlation spectroscopy

Copper (II) chloride

Copper (II) sulfate

Doublet signal

Doublet of doublet signal

Doublet of doublet of doublet signal
Doublet of triplet signal

One dimensional

Two dimensional

Diode array detector

Density functional theory

Dimethylallyl pyrophosphate

Dimethyl sulfoxide

Deoxyribonucleic acid

DNA methyltransferase

Dictionary of natural products

Electronic circular dichroism

Exempli gratia (for the sake of example)
Et altera (and others)

Ethyl acetate

Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter
spp.

Food and drug administration (United States)
Iron (II) sulfate

Gram

y-Aminobutyric acid

Hour (s)

Hepatitis C virus

Histone deacetylase

Human immunodeficiency virus type 1
Heteronuclear multiple bond connectivity
3-Hydroxy-3-methylglutaryl coenzyme A
High-performance liquid chromatography
High-resolution electrospray ionization mass spectrometry
Heteronuclear single quantum coherence
Hertz

Half maximal inhibitory concentration

237



List of abbreviations

IPP

ITS

L
LC-ESIMS
LPS

m

M

m/z
MeCN
MeOH
mg
MgCl»
MgSOq4
MHz
MIC
min

mL

mm
MMFF
MRSA
MS
(R)-MTPA-CI
(S)-MTPA-C1
MTT
MW
NaCl
NAD"
NaF

Nal
NaNO;3;
NaOH
NCEs
NF«B
(NH4)2SO4
nm
NMR
NOE
NOESY
NRPs
OSMAC
ov

p

PBPs
PDA
PDB
PKSs

ppm

ROESY
RP 18

Isopentenyl pyrophosphate

Internal transcribed spacer

Liter

Liquid chromatography-electrospray ionization mass spectrometry
Lipopolysaccharide

Multiplet signal

Molar

Mass per charge

Acetonitrile

Methanol

Milligram

Magnesium chloride

Magnesium sulfate

Megahertz

Minimum inhibitory concentration

Minute (s)

Milliliter

Millimeter

Merck molecular force field
Methicillin-resistant Staphylococcus aureus
Mass spectrometry
(R)-(-)-0-Methoxy-a-(trifluoromethyl)phenylacetyl chloride
(8)-(+)-a-Methoxy-o-(trifluoromethyl)phenylacetyl chloride
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
Molecular weight

Sodium chloride

Nicotinamide adenine dinucleotide (oxidized form)
Sodium fluoride

Sodium iodide

Sodium nitrate

Sodium hydroxide

New chemical entities

Nuclear factor-kB

Ammonium sulfate

Nanometer

Nuclear magnetic resonance

Nuclear overhauser effect

Nuclear overhauser effect spectroscopy
Non-ribosomal peptides

One Strain MAny Compounds

Overlapped signals

Pentet signal

Penicillin-binding proteins

Photodiode array detector

Potato-dextrose broth

Polyketide synthases

Parts per million

Quartet of doublet signal

Rotating frame overhauser effect spectroscopy
Reverse phase Cig

Singlet signal

238



List of abbreviations

SAHA
SAR
SBHA
SI

sp.

t
TDDFT-ECD
TFA
TLC
TNBC
uv
VLC
uM
ZnSOy4

Suberoylanilide hydroxamic acid
Structure-activity relationship
Suberoyl bishydroxamic acid
Selectivity index

Species
Triplet signal

Time-dependent density functional theory-electronic circular dichroism

Trifluoroacetic acid
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