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Abstract

Abstract

Fungal natural products are an important source for drugs and drug discovery. This dissertation
describes investigations of bioactive secondary metabolites from endophytic fungi aiming to find new
potential lead compounds acting as anti-cancer compounds or as antimicrobials. Endophytic fungi are
organisms which live in plants as symbionts and mainly support their hosts by contributing to their

defence against herbivores or against facultative or obligate pathogens.

Talaromyces sp. and Trichocladium sp., two of the endophytic fungi described in this
dissertation, were isolated from a traditional Vietnamese herbal plant Houttuynia cordata. Additionally,
the third studied endophytic fungus Coniothyrium sp.was isolated from the medicinal plant Quercus

robur.

This dissertation is divided into 8 chapters corresponding to three publications/manuscript drafts

which are ready for submission or presently under review.

1. Project Antiplatelet compounds from the endophytic fungus Talaromyces sp.

“Twelve natural products obtained from the endophytic fungus Talaromyces sp. were studied
for their effects on the aggregation of human platelets. All compounds featured an ortho-hydroxylated
benzoic acid moiety reminiscent of salicylic acid. Among the different metabolites the mycotoxin
altenusin proved to be the most promising inhibitor of collagen induced thrombozyte aggregation with
an IC50 value of 29.6 uM. In contrast to earlier reports by other groups, our in vitro assays indicated
no inhibition of cyclooxygenases, but rather modulation of peroxisome proliferator-activated receptors
(PPARSs) as the most plausible target of altenusin. Comparison of altenusin with the known PPAR
modulator magnolol and molecular docking studies indicated binding of altenusin to the magnolol
binding pocket of PPARy. These results complement earlier reports of altenusin binding to closely
related farsenoid X receptors and showcase the importance of PPARs as relevant targets for inhibition

of thrombozyte aggregation.”, abstract taken from draft

2. Project Expanding the metabolic profile of the endophytic fungus Trichocladium sp.

“The endophytic fungus Trichocladium sp. isolated from roots of Houttuynia cordata was
cultured on solid rice medium, yielding a new amidepsine derivative (1) and a new reduced spiro
azaphilone derivative (3) together with eight known compounds (4-11). Co-cultivation of
Trichocladium sp. with Bacillus subtilis resulted in induction of a further new compound (2) and a 10-
fold increase of 11 compared to the axenic fungal culture. Moreover, when the fungus was cultivated on
peas instead of rice, a new sesquiterpene derivative (13) and two known compounds (12 and 14) were
obtained. Addition of 2% tryptophan to rice medium led to the isolation of a new bismacrolactone (15).
The structures of the new compounds were elucidated by HRESIMS, 1D and 2D NMR as well as by
comparison with the literature. A combination of TDDFT-ECD, TDDFT-SOR, DFT-VCD and DFT-
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NMR calculations were applied to determine the absolute and relative configurations of 13 and 15.
Compounds 7, 11 and 15 exhibited strong cytotoxicity against the L5178Y mouse lymphoma cell line
with ICso values of 0.3, 0.5 and 0.2 mM, respectively.”, (Tran-Cong et al., 2019)

3. Project Furoic Acid Derivatives from the Endophytic Fungus Coniothyrium sp.

»The endophytic fungus Coniothyrium sp. was isolated from leaves of Quercus robur.
Fermentation of this fungus on solid rice medium yielded two new furoic acid derivatives (1 and 2) and
two additional known compounds. The structures of the new compounds were determined by extensive
analysis of 1D and 2D NMR spectra as well as HRMS data. All isolated compounds were tested for
their cytotoxicity but proved to be inactive.” , (Tran-Cong et al., 2020)



Zusammenfassung

Zusammenfassung

Naturstoffe aus Pilzen spielen eine groBle Rolle als Arzneistoffe und fiir die Entwickung von
neuen Medikamenten. Diese vorliegende Disseration befasst sich mit Sekundérstoffen aus
endophytischen Pilzen, um neue potenzielle Leitstrukturen gegen Tumore oder Mikroorganismen zu
finden. Endophytische Pilze sind Organismen, welche in Pflanzen leben und ihre Wirte in der Abwehr

von Fraf3feinden oder mikrobiellen Pathogenen unterstiitzen.

Zwei der untersuchten endophytischen Pilze, welche in dieser vorliegenden Dissertation
behandelt werden, wurden aus der traditionellen vietnamesischen Heilpflanze Houttuynia cordata
isoliert: Talaromyces sp. and Trichocladium sp. Ein anderer endophytischer Pilz wurde aus einer

anderen traditionellen Heilpflanze isoliert: Quercus robur.

Diese vorliegende Dissertation wurden in Kapitel eingeteilt, welche drei vorbereitete bzw.

bereits publizierte Manuskripte beinhaltet.

1. Thrombozytenaggregationshemmende Stoffe aus dem endophytischem Pilz Talaromyces sp.

Der endophytische Pilz Talaromyces sp. wurde aus den Wurzeln einer vietnamesischen
Heilpflanze namens Houttuynia cordata isoliert. Zwolf Verbindungen wurden aus der Reisfermentation
des Pilzes erhalten. Alle Verbindungen besitzen eine ortho-Hydroxybenzoesiure-Grundstruktur. Durch
die  strukturelle  Ahnlichkeit der Verbindungen 1 — 12 mit dem bekannten
Thrombozytenaggregationshemmer Salicylsdure wurde vermutet, dass die isolierten Verbindungen
diese Aktivitdt ebenfalls besitzen. Unter den isolierten Verbindungen besall Altenusin mit einem ICsg
Wert von 51,6 uM gegen humane Thrombozyten die beste aggregationshemmende Wirkung. Im
Gegensatz zu anderen Gruppen zeigten die durchgefiihrten in vitro Assays keine Hemmung des Enzyms
Cyclooxygenase durch Altenusin, sondern wiesen auf eine Modulation der  Peroxisomal
Proliferierenden Rezeptoren (PPAR) hin, die zur Aggregationshemmung fiithrt. Anschlieende
vergleichende Untersuchungen von Altenusin mit dem bekannten PPAR Modulator Magnolol und
Docking Studien deuten darauf hin, dass Altenusin auch an PPARgamma bindet. Diese Ergebnisse
erginzen vorausgegangene Berichte, welche Altenusin als Farsenoid X Rezeptor Modulator
beschrieben. Farsenoid X Rezeptoren und PPAR Rezeptoren sind eng miteinander verwandt, sodass

auch PPARs ein bedeutsames Target fiir Thrombozytenaggregation sind.
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2. Projekt Erweiterung des Metabolitenprofils des endophytischen Pilzes Trichocladium sp.

Der endophytische Pilz, Trichocladium sp., der aus den Wurzeln der Pflanze Houttuynia
cordata isoliertwurde, wurde auf Reismediumkultiviert. Die chromatographische Aufarbeitung ergab
ein neues Amidepsin Derivat (1) und ein neues reduziertes Azaphilon-Derivat (3), zusammen mit acht
bekannten Verbindungen (4-11). Cocultivierung des Pilzes mit dem Bakterium Bacillus subtilis
resultierte in der Isolation von einem weiteren neuen Naturstoff und in einer 10-fach erhdhten Ausbeute
von Verbindung 11 Vergleich zu Kontrollkulturen. Dariiber hinaus fiihrten Kultivierungsversuche auf
Erbsen anstatt auf Reis zur Isolation von einem neuen Sesquiterpen (13) und zwei bekannten
Verbindungen. Nachdem 2% L-Tryptophan zum Reismedium hinzugegeben worden war, fiihrte dies
zur Isolation eines neuen Bismakrolaktons (15). Die Strukturen der neuen Naturstoffe wurden mittels
HRESIMS, 1D und 2D NMR sowie mittels Vergleichen mit der Literatur bestimmt. Eine Kombination
von TDDFT-ECD, TDDFT-SOR, DFT-VCD und DFT-NMR wurde angewendet, um sowohl die
relative als auch die absolute Konfiguration von Verbindungen 13 und 15 zu bestimmen. Die
Verbindungen 7, 11 und 15 zeigten eine starke Zytotoxizitit gegen L5178Y Maus Lymphom Zellen mit
ICso Werten von jeweils 0,3, 0,5 und 0,2 uM. (Tran-Cong et al., 2019)

3. Furanoylsiure — Derivate aus dem endophytischem Pilz Coniothyrium sp.

Der endophytische Pilz Coniothyrium sp. wurde aus den Bléttern der Eiche Quercus robur
isoliert. Reisfermentation des Pilzes fiihrte zur Isolierung von zwei neuen Furanoylsidurenderivaten (1
und 2) und zwei bekannten Verbindungen. Die Strukturen der neuen Verbindungen wurden mittels 1D
und 2D NMR als auch mit HRESIMS bestimmt. Alle isolierten Verbindungen wurden auf deren

Zytotoxizitdt getestet, zeigten aber keine Aktivitét.



Introduction

1. Introduction

Natural products and their derivatives have been used for medicinal purposes for millennia.
Several examples can be dated back to the beginning of history. (Patridge et al., 2016) Morphine, a
widely used analgesic drug, has been used for a long period of time and is still in use today. Its clay
tablet dated back to the Sumerian time can be seen as one of the world’s oldest records of medicinal
prescriptions. (Norn et al., 2005) In particular, the ancient Greek Minoan as well as the Egyptian culture
used poppy as a pain reliever. Furthermore, it has been reported that the oils of Cedrus (cedar),
Cupressus sempervirens, Glycyrrhiza glabra, Commiphora species as well as Papaver somniferum were
used since ancient times and can be dated back to 2,600 BC. (Cragg, Newman, 2001) Natural products
and their derivatives have thus played an important role in drug discovery and have often acted as lead

structures. (Harvey, 2008, Katz, Baltz, 2016, Pascolutti, Quinn, 2014)

Until the end of 2013, the FDA has approved a total of 547 natural products and natural product
derived compounds. (Butler et al., 2014) One third of them are non-mammalian natural products and
biochemical natural products. Around 9.8% of the FDA approved new molecular entities (NME) are
natural products that have not been structurally modified such as taxol. (Butler et al., 2014) These
unmodified natural products offer a platform for further modifications. However, due to their toxicity
or adverse effects they are often replaced by derivatives which are safer to use (Patridge et al., 2016)
showing the importance of natural products as lead structures in drug discovery. Natural products used
directly as active pharmaceutical ingredients (API) or as precursors for partial synthesis can be isolated
from plants, bacteria or fungi and from animals such as cone snails (Olivera et al., 1985) or e.g.
venomous lizards Heloderma suspectum, known as the “Gila monster”. (Hoshino et al., 1984) However,
total synthesis of natural products is also possible reducing exploitation from nature such as for
ziconotide, a peptide derived from the toxin of the cone snail Conus magus (Olivera et al., 1985, Venoms
to Drugs: Venom as a Source for the Development of Human Therapeutics, 2015) which is produced
via a stepwise linear solid-phase-process synthesis strategy on a kg scale with a yield of approximately
20 %. Ziconotide is used to treat chronical pain. (Venoms to Drugs: Venom as a Source for the

Development of Human Therapeutics, 2015)

Natural products are classified into two main groups. Compounds which are present in all cells
and are needed for survival, metabolism and reproduction, are known as primary metabolites. High
molecular weight polymers such as cellulose, lignins or proteins are considered to be primary
metabolites (J.R. Hanson, 2003) . However, secondary metabolites are not directly involved in crucial
metabolic processes but are usually characteristic for certain species. They often have an impact on other
species e.g. for attraction of insects, chemical defence etc. (Stone, Williams, 1992, Traxler, Kolter,
2015). Because of their limited distribution among certain species, secondary metabolites can be used

for the chemotaxonomic determination of a species, genus or family. (J.R. Hanson, 2003).
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Chemotaxonomy uses results from a chemical analysis of one or more compounds from an organism.
(M.T. Madigan, T. D. Brock, 2013) . In particular, it allows the chemical profiling of fungal species
such as Alternaria, Aspergillus etc. (Frisvad et al., 2008). It can also be combined with plant taxonomy
to classify higher plants (Hegnauer, 1986). Secondary metabolites can be categorized according to their
biosynthesis as polyketides, fatty acids, terpenoids, steroids, phenylpropanoids, alkaloids, specialized
amino acids, peptides and specialized carbohydrates. (J.R. Hanson, 2003)

1.1.  Polyketides

The biosynthetic pathway of polyketides is based on acetyl-CoA. Acetyl-CoA is derived for
example from glycolysis and is mainly used in the citric acid cycle for energy production in form of
reducing equivalents. (Akram, 2014) Polyketide biosynthesis is conducted stepwise by a
multifunctional enzyme complex which is called polyketide synthases. (Hopwood, 1997) By
condensation of an acetyl-CoA (C2-Unit) and malonyl-CoA unit (C3-Unit), one carboxyl function is
lost and a beta-keto functional group is formed simultaneously. The term polyketide was defined by
Collie. (Collie, 1907) (Hertweck, 2009) In general, polyketides can be roughly divided into two sub
structural groups: complex and aromatic polyketides. (Hertweck, 2009) Erythromycin, a well-
established antibiotic synthesized by Saccharopolyspora eryhtraea (Oliynyk et al., 2007), is an example
for a natural polyketide which has been used for more than five decades. (Bunch, Mcguire, 1953)

1.2.  Fatty acids

The biosynthesis of fatty acids is closely related to the biosynthesis of polyketides (Hertweck,
2009) . Fatty acids consist of a carboxylic acid and an aliphatic carbon chain. The aliphatic carbon chain

can be unsaturated or saturated. (Tvrzicka et al., 2011)

MCOOH
n

Z COOH

Figure 1 examples for an unsaturated and a saturated fatty acid

The immunomodulating drug fingolimod (Gilenya®) used for multiple sclerosis therapy
(Kappos et al., 2010) is a derivative of myriocin, a natural serine palmitoyltransferase inhibitor, which
belongs to the subclass sphingolipids. (Harrison et al., 2018) Biosynthesis of sphingolipids is proposed
to be derived from fatty acids such as palmitoyl-CoA. (Harrison et al., 2018)
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1.3.  Terpenoids

Fungal terpenoids are derived from isopentenyldiphosphate (IPP) and dimethylallyl diphosphate
(DMAPP) (Schmidt-Dannert, 2015) both containing five carbon atoms respectively. The precursor for
isopentenyldiphosphate (IPP) and dimethylallyl diphosphate (DMAPP) is often acetyl-CoA, which itself
is derived from glycolysis or by fatty acid degradation. Plant derived terpenoids can also be derived
from two pathways: Cytosolic mevalonic pathway or methylerythritol phosphate in plastids. (Tholl,
2015)

Terpenoids contain numbers of carbon atoms that can be divided by five as IPP and/or DMAPP
react with each other or themselves in a so called head to tail reaction or tail to tail reaction. (Oldfield,
Lin, 2012) Depending on the number of carbon atoms terpenoids are divided into monoterpenes (C10),
sesquiterpenes (C15), diterpenes (C20), sesterterpenes (C25), triterpenes (C30) etc. Many terpenoids are
biologically active and therefore pharmacologically interesting. (Wang et al., 2005) For example, the
essential oil of thyme leaves, whose main composition is of terpenes, is used to treat productive cough

or in general respiratory tract infections

Dimethylallylpyrophosphat  Isopentenylpyrophosphat

HO Z

(R)-citronellol

phytan

squalene

Figure 2 Different terpenoids are shown. Dimethylallylpyrophosphat and isopentenylpyrophosphat are
core units of terpenoid biosynthesis. Citronellol is a monoterpene, phytan a diterpene and squalene is a
triterpene. Components from essential oils are mostly terpenes such as the thyme’s essential oil.
Essential oils from thyme leaves are used to treat productive cough or in general respiratory tract
infections.
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1.4.  Alkaloids

Alkaloids are a heterogeneous group that can be divided into various subclasses. About 12,000
different alkaloids are known from plants. (Ziegler, Facchini, 2008) They are derived from amino acids
and can be classified into subclasses depending on the type of the amino acid. In general, alkaloids
include a nitrogen containing heterocycle and in most cases a basic nitrogen atom. There are exceptions
to this as the nitrogen atom can be exocyclic as in e.g. ephedrine and paclitaxel. One of the most

prominent alkaloids is morphine obtained from Papaver somniferum or opium poppy. (Norn et al., 2005)
1.5. Steroids

Steroids are derived from the mevalonic terpene pathway starting from six connected isoprene
units forming the C30-unit squalene. (Dempsey, 1974) The type of steroid produced by a certain
organism is often specific e.g. plant cells synthesize the so called phyto-sterols, fungal cells synthesize
ergosterol and animals synthetize cholesterol. These primary metabolites increase the fluidity of cell

membranes and walls. (Abe, Hiraki, 2009, Jain, 1975).

1.6. Amino acids/Peptides

Amino acids contain at least one basic amino function and one carboxylic moiety belonging to
primary metabolism as well as serving as precursors for secondary metabolites. Some amino acids play
a major role such as neurotransmitters, semiochemicals or building blocks for proteins needed for
primary metabolism or hormones such as insulin. Peptides, as secondary metabolites, often serve for
instance as defence or for hunting such as mentioned before for the cone snail toxins. Vancomycin,
produced by Amycolatopsis orientalis (Zmijewski, Milton J., Jr., Briggs, 1989), is a glycopeptide that is

used against problematic microbial infections.
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Figure 3 Natural products mentioned in the categories above as examples for different compound

classes

2. Natural products from plants and fungi; sources for new molecular entities
Nearly 22% of the new molecular entities are derived from fungi (Patridge et al., 2016) which are

thus an interesting resource for drugs discovery.

In 1929, the first beta lactam antibiotic penicillin was discovered by Alexander Fleming (Fleming,
1929) He was awarded the Nobel prize in medicine along with Florey and Chain in 1945. (Bennett,
Chung, 2001) From then on, fungal secondary metabolites began to attract the attention of scientists for
natural products discovery. Penicillin had become “the paradigm for natural products drugs discovery”.
(Bennett, Chung, 2001) Its structure as penicillamine hydrochloride was fully elucidated via X-Ray
analysis in 1942 (Glusker, 1994) but only published later by Crowfoot et al. in 1949. (Crowfoot et al.,
2015) Penicillin’s ring system is formed by a L — cysteine and L-valine unit by the enzyme iso —
Penicillin-N synthase (IPNS). (Baldwin, Abraham, 1988) This enzyme needs Fe**, ascorbate and
molecular oxygen as co-substrates. (Baldwin, Abraham, 1988) Furthermore, it was shown that culturing
conditions such as airflow, stirring speed, pH, temperature etc. have an impact on the overall yield of
penicillin. (Vardar, Lilly, 1982) Various derivatives have been developed from penicillin starting from
penicillin V, the first orally acid stable penicillin. (Ernst, Hans, 1956) Methicillin was the first
penicillinase stable penicillin. (Walker, SR, Walker, 2012) Ampicillin, a broad-spectrum antibiotic, was

approved in 1962. (Acred et al., 1962) It is worth to mention that penicillin G is the parent substance
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for other penicillins. The history of penicillin antibiotics is a significant example of a well-established

use of a fungal metabolite in medicine as well as of a lead compound used for further modifications such
as amoxicillin.

©\jHN " s ©\ N P OHN 9 5
T T OO
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Figure 4 Penicillin and its derivatives.

2.1.  Sources of fungi

Fungi can be found everywhere. (Christensen, 1989) Because of their presence in different
ecosystems, fungi have developed different strategies to survive in e.g. soil, sea water, lichens, plants,
animals or under extreme conditions like black smokers or in the deep sea. The different climatic zones
have direct and indirect effects on plants as well as on fungal diversity. (Tedersoo et al., 2014) Due to
their diversity, fungi offer a great opportunity to discover unknown bioactive natural products which
can serve as lead structures For example, natural products such as penicillin G which is used against
syphilis (Sukthankar, 2014) and griseofulvin used against nail infections (Roberts, 1994), can be used
directly without any modificarions. Furthermore, a high fungal diversity including unculturable strains
can be found in tropical and subtropical areas. The total number of fungi is estimated to be approximately

5.1 million species. (Blackwell, 2011) This number offers great opportunities for drug discovery.

Extreme living conditions such as mangroves with their fluctuating salt concentrations, arid
regions and deep sea due the high water pressure or nutrition poor soils can offer interesting fungi. These
fungi have got a high impact on the biological diversity of a given habitat and in case of endophytes on

the ability of their hosts to increase fitness and stress tolerance. (Rodriguez et al., 2009)

The endophytic fungus Penicillium brocae, isolated from fresh tissue of the marine mangrove
plant Avicennia marina in Hainan, China, yielded six new cytotoxic bisthiodiketopiperazine derivatives

namely brocazines A-F. Fermentation of this fungus was conducted on PDA medium at 28°C for 4 days.
10
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Brocazine A and B exhibited cytotoxicity against SW480 tumor cell lines with an ICs of 2.0 and 1.2
uM, respectively. Brocazine F exhibited strong cytotoxicity against DU145 and NCI-H460 cells with
1Cso values of 1.7 and 0.89 uM, respectively. (Meng et al., 2014)

When the same fungus was cultivated on Czapek medium, the extracts yielded four new
diketopiperazine alkaloids namely spirobrocazine A-C and brocazine G. Brocazine G exhibited potent
activity against A2780 and also against A2780 cisplatin resistant tumor cell lines with ICso values of
664 and 661 nM, respectively. (Meng et al., 2016) suggesting that changing media is a good approach

to enhance diversity of compounds. This topic is further described in the OSMAC section.

Deep see derived fungi or marine derived fungi are also great sources for bioactive natural
products. Halimide, an aromatic alkaloid, was first isolated following fermentation of the marine fungus
Aspergillus sp. CNC139 collected from waters off the Philippine Islands. (William Fenical,Paul R.
Jensen,Xing C. Cheng. Halimide, a cytotoxic marine natural product, and derivatives thereof.
US6069146A) Its mechanism of action relies on the inhibition of the polymerization of tubulin by
binding to a region between a and B tubulin. This region is located next to the colchicine binding site.
Further studies on plinabulin, a synthetic analogue of halimide, revealed that it is able to disrupt tumor
vascularization leading to the idea of combination of chemotherapeutics e.g. with docetaxel against non-

small cell lung cancer.

From a deep ocean sediment sample collected at a depth 5,080 m, the marine fungus Penicillium
sp. was isolated. Sea-water-based-culture PDB media were used for its fermentation. This led to the
isolation of four new alkaloids two of which exhibited a diketopiperazine moiety. The other two were
meleagrin analogs. However, the new compounds were inactive against HL-60 cell lines compared to
the known compound meleagrin. Meleagrin exhibited ICso values of 6.7 and 2.7 uM against HL-60 and
A-549, respectively. (Du et al., 2010)

Traditional medicinal herbs can also be an interesting source for obtaining new interesting
fungal endophytes from which many bioactive compounds can be isolated. Well established medicinal
herbs such as Quercus robur and Ranuculus sceleratius are promising sources to obtain undescribed
endophytic fungi and/or fungi which are producing interesting natural products. In particular,
undescribed endophytic fungi are interesting because their extracts provide a higher probability to isolate

new natural products.

Kowalski et al. isolated from the same species of Quercus an undescribed fungus
Cryptosporiopsis radicicola sp. .(Kowalski, Bartnik, 1995) Also oak pathogenic fungi are interesting to
isolate and determine. From an infected cork oak, Quercus suber, the plant pathogenic fungus Diplodia
mutila was isolated. Work up of its liquid culture led to the isolation of diplopyrone, a new phytotoxic

tetrahydropyranpyran-2-one. (Evidente et al., 2003) The cultivation of the undescribed coprophilous

11
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fungus Niesslia sp. , isolated from horse dung in Texas, USA., with SMYA — media afforded two new

antifungal wortmannin derivatives, namely wortmannin C and D. (Dischler et al., 2019)

The previously mentioned examples demonstrated that well-known medicinal plants can also

provide undescribed endophytic fungi yielding new natural product candidates for drug discovery.

12
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2.2. Silent Gene Clusters

In fungi and bacteria not all gene clusters are always active. During cultivation under laboratory
conditions, only some genes that encode for secondary metabolites are active. After sequencing fungal
genomes, it became clear that a high percentage of secondary metabolite gene clusters are kept silent.
The fungal metabolism reacts to different environmental conditions. (Grimaldi et al., 2006) In order to
activate silent gene clusters, several strategies have been developed such as OSMAC, co-cultivation,
epigenetic and genetic modification. Similar fungal genes are grouped like other eukaryotic genes in

gene clusters. (Nierman et al., 2005)
23. OSMAC

The term OSMAC is an acronym for “One Strain Many Compounds”. This term was first
introduced by Fuchser and Zeeck in 1997. (Fuchser, ZEECK, 1997) As in the case of Zeeck et al. such
changes can include altering the media type, the physical properties such as static or stirring conditions,
or the atmosphere such as overpressure. (Daletos, G., Ebrahim, W., Ancheeva, E., El-Neketi, M., Lin,
WH., Proksch, P., 2017) It emphasizes how a single strain can produce different compounds when
cultivated under different fermentation conditions. Changes in fermentation conditions include different
parameters such as temperature, media type, media composition and aeration. By altering the culturing
conditions of the fungus Aspergillus ochraceus, three new 10-membered lactones were isolated that had
not been detectable in control cultures. Therefore, Fuchser and Zeeck summarized their approach as an
“alternative method to enhance metabolite diversity” (...) and termed it as ‘“one strain many
compounds”. (Fuchser, ZEECK, 1997) Moreover, the OSMAC approach was applied with Streptomyces
sp. and also proved to be successful in finding new natural products. (SCHIEWE, ZEECK, 1999) UV
— radiation can also be used as a modification of cultivation as Bode et al. have demonstrated. (Bode et
al., 2000) Additionally, Vardar et al. have experienced similar findings by changing culturing conditions
in penicillin production by fungi. (Vardar, Lilly, 1982) These consecutive approaches demonstrated that
small changes in cultivation parameters result in diversification or enhancement of secondary

metabolites production.

Cultivation of the endophytic fungus Fusarium tricinctum on solid rice medium that had been
supplemented with fruit and vegetable juices led to the discovery of a new natural product, fusarielin J,
which was not detectable when the fungus was grown on rice medium without juices. In addition, two
known compounds namely fusarielin A and B were isolated. Fusarielin J exhibited cytotoxicity against
human ovarian cancer A2780 cells with an ICso value of 12.5 uM. (Hemphill et al., 2017) Moreover,
small changes such as using distilled water instead of tap water for the preparation of PDB medium
(potato dextrose broth) in cultivating the fungus Paraphaeosphaeria quadriseptata resulted in the

isolation of six new secondary metabolites. (Paranagama et al., 2007)
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24. Co-cultivation

Under normal lab conditions microorganisms are cultivated axenically. This often results in
silencing of biogenetic gene clusters. (Burstein et al., 1965) Co-cultivation can be applied to simulate
interactions (quorum sensing, siderophores, etc.) between microorganisms which also happen in nature.
(Bertrand et al., 2014, Marmann et al., 2014, Netzker et al., 2015) This may lead on one hand to an
increase or decrease of secondary metabolites or enhance the production of new natural products which
are not detectable under axenic laboratory conditions. Thus, co-cultivation mimics microbial

competition which takes place under natural conditions.

2.5. Epigenetic modification

Epigenetic modification is an approach to trigger silent gene clusters without manipulating the

DNA in order to induce secondary metabolites production.

Generally, the targets for an epigenetic modification approach are commonly histone
deacetylases, or DNA methyl transferases. Therefore, inhibitors are used and grouped into two classes:
Histone deacetylase inhibitors (HDAC) like trichostatin A (TSA) and suberoylanilide hydroxamic acid
(SAHA) and DNA methyl transferase inhibitors like 5 — azacytidine (5-AC) as well as aza-2’-
deoxcytidine (decitabine). (Williams et al., 2008)

Cultivation of the endophytic fungus Chaetomium sp. with the epigenetic modifiers
suberoylanilide hydroxamic acid and 5-azacytidine led to an upregulation of two benzophenone
derivatives. One of the benzophenone derivatives namely SB238569 exhibited strong cytotoxicity

against the mouse lymphoma cell line L5178Y with an ICso value of 1 uM. (Akone et al., 2016)
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3. Drug Discovery Process

Whenever compounds are promising as future drug candidates, they are submitted to pre-clinical
studies followed by clinical studies with patients. On the one hand academia can proceed with drug
development at least with regard to the preclinical phase, on the other hand drug development especially
during clinical evaluation is an expensive and time costing project (Adams, van Brantner, 2006) which
can last more than 10 years and will cost more than 500 Million Euro. (Abrantes-Metz et al., 2004)

(DiMasi et al., 2003) The next section gives an example on the topic of drug development.

Drug development is divided into four phases including the preclinical development. Drug
discovery is the step, which is located before the preclinical phase. There is also no guarantee that an
active compound is not abandoned due to unexpected adverse effects. Overall analysis revealed that the
success rate of new molecular entities was 6.2% demonstrating also that 93.8% of studies failed
(Mullard, 2016). On the one hand the responsible pharmaceutical company, which is developing the
drug, can stop clinical studies, or the medical agency monitoring clinical trials can order to stop further
development. In Germany, the Arzneimittelgesetz (Drug Law) was reformed after the Contergan® crisis
in 1961 and 1978. (Wille, Schonhofer, 2002) In the past, it had been necessary to confirm only quality
and harmlessness. (Wille, Schonhofer, 2002) Furthermore, there was no need for proving efficacy. For
this reason, during the discovery of the adverse effects caused by of Contergan® on development of

embryos, a demand for proving efficacy was introduced, too.

Drug Discovery phase includes the discovery, target finding including molecular modelling
such as docking and scoring functions with virtual screening approach (Kitchen et al., 2004), as well as
modifications for obtaining better physical — chemical properties. The importance of molecular
modelling to predict and explore targets and binding solutions has increased. It allows for a better
understanding of molecular properties and enables derivatization in order to enhance efficacy.
(Tollenaere, 1996) This is known as lead structure optimization. [In-silico virtual screening with
appropriate efficient computer systems permits the screening of huge numbers of compounds, sorting
them by chemical properties in order to reduce the numbers for in-vitro screening assays. Choosing the
right docking model is crucial for the success and the accuracy of the approach. (Cross et al., 2009,
Shoichet, 2004) Virtual screening combined with docking experiments can also lead to negative results.
After bio- and toxicity assays as well as animal testing were conducted with no sign of severe necrosis
in cell studies, phase I of clinical trials begins. Phase I includes a small number of healthy volunteers
with the aim to investigate safety and kinetics in the human body. (Reilly et al., 2013) Phase II of clinical
trials starts after Phase I but now patients, who carry the disease under investigation, are chosen to be
tested. The aim is to check for efficacy and expand the knowledge about safety of the drug. (Simon,
1989) Phase 111 of clinical trials is used to confirm the results of Phase II; the difference being that Phase
[T includes far more patients than phase II. (Opal et al., 1997) After approval by the responsible agencies
(FDA, EMA, etc.) phase IV starts after the market launch with the goal of continuing to observe safety
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related issues such as to identify side effects which have not been found in the preceding clinical studies,

on the other hand to identify possible new indications for the drug. (Suvarna, 2010)

At present plinabulin, an anticancer agent of fungal origin which goes back to the lead structure
halimide, has reached clinical phase III. Eight studies are listed on clinicaltrials.gov of which one was
terminated, two were completed, two are still ongoing but recruiting subjects has been finished and three
are still recruiting (status from 4:36 pm, 2019/04/30). One study with the code: “DUBLIN-3”
(NCT02504489) is labeled as Phase 111 with the indication small cell lung cancer.

+Healthy volunteers
+Pharmakokinetic
*Pharmacodynamik

+Lead structue

sLead Optimization

sAnimal Study
sToxicology Studies

*Proof of Concept
sTested with Patients
n=25-100

*Proof of Concept
+Tested with Patients
#Multi - Centered

#Postlaunch Study

#Monitoring for not
reported side
effects

Figure 5 Simplified scheme of a typical clinical trial
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4. Aim of this study/thesis

As mentioned above, fungi are promising sources to obtain novel and bioactive natural products.
The aim of this study is to investigate bioactive secondary metabolites from promising endophytic fungi
as potential lead structures against pathogenic microorganisms or cancer. Hitherto undescribed or less
investigated endophytic fungi are also interesting due their potential of containing new secondary
metabolites. The fungi are selected due to screening results of an in-house spectral library containing
secondary metabolites based on UV and LC-MSspectra. In order to expand the metabolic pattern of
these fungi in the search for new natural products, different cultivation methods such as the One Strain
Many Compounds (OSMAC) approach by changing media or by applying different soil derived bacteria
such as Streptomyces lividans and Bacillus subtilis for co-cultivation are used. In particular, fungal
metabolites are isolated, structurally elucidated and analyzed for their biological activities. New

compounds are evaluated regarding their antibiotic and cytotoxic activity.

Two endophytic fungal strains, Talaromyces sp. and Trichocladium sp., isolated from a
traditional Vietnamese medicinal plant Houttuynia cordata (Sauraceae) and an undescribed
Coniothyrium sp., obtained from the leaves of the medicinal plant Quercus robur were chosen for this

dissertation.
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5. Publication 1 - The mycotoxin altenusin is a platelet aggregation inhibitor

Ready to submit
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The Mycotoxin Altenusin is a Platelet Aggregation Inhibitor

Twelve natural products obtained from the endophytic fungus Talaromyces sp.
were studied for their effects on the aggregation of human platelets. All compounds
featured an ortho-hydroxylated benzoic acid moiety reminiscent of salicylic acid.
Among the different metabolites the mycotoxin altenusin proved to be the most
promising inhibitor of collagen induced platelet aggregation with an ICsy value of
23.31 puM. In contrast to earlier reports by other groups, our in vitro assays
indicated no inhibition of cyclooxygenases, but rather modulation of peroxisome
proliferator-activated receptors (PPARs) as the most plausible target of altenusin.
Comparison of altenusin with the known PPAR modulator magnolol and molecular
docking studies indicated binding of altenusin to the magnolol binding pocket of
PPARY. These results complement earlier reports of altenusin binding to closely
related farsenoid X receptors and showcase the importance of PPARs as relevant

targets for inhibition of platelet aggregation.

Keywords: endophytic fungus; Talaromyces sp.; antiplatelet; PPAR.
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Introduction

Fungi of the genus Talaromyces (Trichocomaceae) occur as molds e.g. on food
products [1, 2], as human pathogens (especially Talaromyces marneffei which causes
infections in patients with HIV [3-5]), as air borne fungi[6] or as endophytes in various
host plants.[7-10] In this study we isolated several natural products (NPs) (1 — 12) from
the endophytic fungus Talaromyces sp. obtained from the traditional South East Asian
medicinal plant Huoutuniya cordata. All compounds (1 — 12) feature an ortho-hydroxyl-
benzoic acid moiety similar to the known antiplatelet agent salicylic acid, which
prompted us to investigate these natural products with regard to inhibition of platelet
aggregation. Using light transmission aggregometry, we demonstrated that three of the
isolated compounds (5, 7 and 9) exhibited platelet inhibition albeit not by inhibiting COX
enzymes as reported earlier[2]. Altenusin (9) proved to be the best inhibitor among the
analyzed compounds. Its average ICso value was 23.31 pM which is comparable to
ibuprofen[11] and indometacin, two analgesic drugs known for their inhibition of platelet
aggregation.[12] Altenusin (9) had already previously shown interesting pharmacological
properties. Several studies reported this compound as a myosin light chain kinase
inhibitor[13] as well as an inhibitor of other protein kinases.[14] Furthermore, altenusin
was shown to be an activator of farsenoid X receptors (FXRs)[15] which belong to a class
of nuclear receptors (NRs), which can also exhibit non-genomic effects.[16, 17] These
NRs were recently discovered in platelets, where they display a promising target for
inhibiting platelet aggregation.[18, 19] In this study we provide evidence for the
peroxisome proliferator-activated receptor (PPARY) as the most likely target of altenusin
(9). Peroxisome proliferator-activated receptors (PPARs) are another group of NR that
are present in platelets[20] and likewise play an important role for the function of platelets

through non-genomic effects. Our results on the mode of action of altenusin (9) with
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regard to platelet inhibition showcase the importance of fungal secondary metabolites as

sources for future drug design.

[Figure 1 near here]

[Figure 2 near here]
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Materials and Methods

Plant Material

Houttuynia cordata was raised from commercially available (Dehner, Germany)
seeds and was grown in a local garden at Willich (Germany). The identity of the plants
used in this study was confirmed by M.S. Appelhans, curator of the herbarium of
Goettingen University (GOET). A voucher specimen of Houttuynia cordata (HC-HHU)

has been deposited at the Goettingen University Herbarium (GOET)."

Materials

Following used reagents with corresponding seller are listed:

Acectylsalicylic acid (ASS), Bayer, Leverkusen; Adenosine diphosphate (ADP),
Sigma-Aldrich; Agar, Sigma Aldrich; Arachidonic acid (AA), Natutech, Frankfurt;
Chloramphenicol, Sigma Aldrich; Cicaprost, Bayer, Bergkamen; Collagen (Typ I,
Horm, Nycomed, Munich; DMSO, Sigma Aldrich; EDTA (Titriplex I1I®), Merck
Darmstadt; Ethanol, Sigma Aldrich; Ibuprofen, Sigma-Aldrich; Indometacin, Luitpold
Pharma; Maltextract, Sigma Aldrich; Magnolol, Sigma Aldrich; Methanol, Sigma
Aldrich; n-Hexane, Sigma Aldrich; NaOH, Merck Darmstadt; Prostaglandin E1;
Sigma-Aldrich; Silica gel, Merck Darmstadt; Sodiumcitrate, Merck Darmstadt;

Thiobarbituric acid (TBA), Sigma Aldrich, Thrombin, Nobis, D- Endingen;

Isolation and ldentification of Fungal Strain

Sterilized demineralized water was used two times to wash fresh roots of H. cordata
in order to remove remaining soil. The roots were then surface sterilized with 70% ethanol
for 1 min, and cut into small pieces (around I cm x 1 cm x 1 cm) using a flame sterilized

blade. These pieces were put on malt agar plates (15 g/L malt extract, 15 g/L agar, and
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0.2 g/L. chloramphenicol in demineralized water, pH 7.4-7.8 adjusted with sodium
hydroxide and hydrochloric acid solution 1 M), and then incubated at room temperature
for several days. The fungus was transferred to fresh agar plates using the streaking and
dilution method until a pure fungal strain was obtained. The purified fungus was later
transferred to solid rice medium for fermentation. The identification of the fungus was
performed by polymerase chain reaction amplification and Sanger sequencing of the 5.85
ribosomal RNA gene including the internal transcribed spacer region and subsequent
basic local alignment search tool search according to the previously described
protocol.[21] Sequence data were submitted to GenBank under accession number
MNS577410. A deep-frozen sample of the fungal strain (No.HCR-3) is kept in the Institute
of Pharmaceutical Biology and Biotechnology, Heinrich-Heine University, Diisseldorf,

Germany.

Cultivation

Fermentation of the fungus was conducted in 1L Erlenmeyer flasks on solid rice
medium (autoclaved 100 g rice (Oryza Milchreis) and 110 ml demineralized water) at
20°C under static condition. After 21 days, flasks were soaked overnight in 600 ml ethyl
acetate each. The rice was cut into small pieces and shaken for § hours at 150rpm. The
ethyl acetate extract was filtered through a paper filter and evaporated to dryness at low

pressure to yield the crude extract

Isolation and Identification of Compounds 1 - 12

The crude fungal extract (3.32 g) was firstly separated by liquid/liquid separation to
yield three main fractions: n-hexane fraction (1.2 g), methanol fraction (1.58 g) and water
fraction (0.38 g). The methanol fraction was next subjected to a vacuum liquid

chromatography (VLC) column using a step gradient of n-hexane/ethyl acetate and then
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methanol to yield six VLC fractions. All fractions were further separated via a Sephadex
LH20 column with methanol as mobile phase. Some subfractions were further purified
by semipreparative high-performance liquid chromatography (HPLC) with
methanol/water (0.01% formic acid) as mobile phase. The structures of the compounds
were elucidated with 1D-NMR, 2D-NMR, mass spectroscopy and comparison with the

literature.

Blood Samples

Blood samples were collected from 6 different donors, who gave their written
informed consent prior to donating blood. All donors were healthy and did not take
nonsteroidal anti-inflammatory drugs (NSAIDs) during the last two weeks. The study was
conducted under the guidelines of Helsinki Declaration for Human Research with
approval from the institutional ethical review board (local study number 6103R). Fresh
blood samples were collected in vacutainers containing 0.14M sodium citrate and
centrifuged with 1000 rotations per minutes with a centrifuge for 10 mins. Platelet-rich
plasma (PRP) was extracted without taking any erythrocytes and transferred into 10 ml
tubes. Thereof 1 ml PRP was taken and centrifuged at room temperature with 14000

rotations per minutes.

Platelet Aggregation

Aggregation of platelets was induced by one of the following stimuli: thrombin,
ADP (adenosine diphosphate) , AA (arachidonic acid) or collagen. Measurements were
performed by turbidimetry on a Labor APACT, Labor Biomedical Technologies,
Ahrensburg, Germany according, to the method of Born.[22-24]

50 pl of sample or 50 pl ASS (500 pM or 150 pM, control) or 30uM (50ul)

ibuprofen, DMSO as control (50ul) was added to 200 pl PRP and incubated for 4 min in
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a heating block adjusted at 37°C. The combined sample was stirred for 2 min and
aggregation was induced by adding collagen, AA, ADP. Aggregation was stopped 4 min
later by adding 4ul 50pM indometacin and 15u1(77mM) EDTA, stirred for additional 30
seconds and transferred into Eppendorf cups. The samples were centrifuged for 12000
R/min for 10 mins. The retrieved supernatants were frozen at -20°C for determination of
TXA: by an indirect assay of malondialdehyde (MDA). Due to the usage of dimethyl

sulfoxide (DMSO) as a solvent, DMSO was used together with the stimulus as a control.

MDA with Arachidonic Acid stimulated Platelets

150p1 supernatant centrifuged for 15000 RPM from platelet aggregation were
added to 150ul thiobarbituric acid (TBA) and incubated for 30 mins at 70°C. After 10
min incubation at room temperature, 80ul of each prepared sample was transferred into a
96 well plate and the fluorescence measured at 555 nm.

Moreover, a commercially available enzyme-linked immunosorbent assay
(ELISA) kit (No.50120, Cayman Chemicals, AnnArbor, MI, USA) was used for
determination of TXB, levels. Known TX concentrations were used for validation by
adding defined TX concentrations in blood plasma. Platelet thromboxane synthesis was
indirectly measured by malondialdehyde formation, conducted on an Ascent
spectrofluorometer to obtain TXA» synthase activity[25] (Labsystems, Helsinki, Finland).
In human platelets, the COX-dependent bioconversion of arachidonic acid to
thromboxanes produces malondialdehyde (MDA) as a side product of the spontaneous
degradation of prostagladin endoperoxides.[26, 27]

In order to perform these tests ethical authorization was requested and granted in
29.09.2017 containing following requirements. The subjects must be healthy and must

have fully agreed to the study (especially taking blood samples) and should not take
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NSAIDs for at least 14 days. Because of no clinical intervention no further requirements
were needed.
Platelet-rich plasma was put into vials. Positive controls were prepared before

starting with the regular measurement of the compounds.

Spectroscopic and Chromatographic Procedures

Optical rotations were measured on a PerkinElmer-241 MC polarimeter
(PerkinElmer, Watham, USA). NMR data of the natural products were obtained with a

Bruker ARX 300 or AVANCE DMX 600 NMR spectrometers.

Mass spectra were obtained from a Finnigan LCQ Deca XP mass spectrometer (Thermo,
Bremen, Germany) while high resolution mass spectra were recorded on a FTHRMS-
Orbitrap (Thermo, Bremen, Germany) mass spectrometer. A Dionex P580 system was
used in combination with a diode array detector (UVD340S) (Thermo Scientific,
Germering, Germany) and an Eurosphere 10 C18 column (125 x 4mm) (Knauer, Berlin,
Germany) for HPLC analysis and recording UV spectra. Semipreparative HPLC was
conducted on a Lachrom-Merck Hitachi system (pump L7100, UV detector L7400)
(Merck, Darmstadt, Germany) and a Eurosphere 100 Cjs column (300 x 8§ mm) (Knauer,
Berlin, Germany). Sephadex-LH20 (Sigma-Aldrich, Steinheim, Germany) and silica gel
60M (0.04-0.063 mm) (Merck, Darmstadt, Germany) were used as stationary phases for
column chromatography. Thin-layer chromatography plates precoated with silica gel 60
F254 (Merck, Darmstadt, Germany) were used for monitoring separation. For
spectroscopic measurements spectral grade solvents were used.

GraphPad Prism® 6 (GraphPad software Inc, San Diego, CA, USA) and 1BM

SPSS© (New York, NY, USA) were used for ICsq calculations.
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Identification and Preparation of suitable PPAR-I" Structures for Ensemble Docking
Given that PPAR-y offers multiple binding regions for agonists and that these
binding regions are conformationally heterogeneous[28], we pursued an ensemble
docking approach to identify the most suitable structure for predicting the binding mode
of Altenusin. To this end, we considered all structures of ligand-bound human PPAR-y
with aresolution < 2 A available in the RCSB Protein Data Bank (PDB[29]), but excluded
structures in which PPAR-y was bound to organometallic compounds. This pre-filtering
step led to 38 complex structures, each bound to one or more ligands (Supplementary
Tab. 1). Using the Protein Preparation Wizard[30] implemented in the Maestro GUI of
the Schrédinger Suite of programs (Schrodinger Release 2018-1: Maestro, Schrédinger,
LLC, New York, NY, 2018; Protein Preparation Wizard, Epik, Schrodinger, LLC, New
York, NY, 2016; Impact, Schrodinger, LLC, New York, NY, 2016; Prime, Schrodinger,
LLC, New York, NY, 2018), we pre-processed the deposited biological units of all 39
complex structures by assigning bond orders, adding hydrogen atoms, automatically
identifying disulfide bonds, converting selenomethionines to methionines, removing
water molecules more than 5.0 A away from ligand molecules, calculating protonation
states for ligands at pH 7.4, and adding missing side chains when necessary. Whenever
alternative conformational states for ligand molecules or amino acid residues were
detected, we committed to the state with the highest crystallographic occupancy; in the
cases where the occupancy of two available states was 0.5 each, we committed to the first
deposited state. Following these initial preparation steps, we removed all duplicate chains
from structures for which a dimer was deposited as a biological unit, removed the Steroid
Receptor Coactivator from all structures in which it was co-crystallized, and deleted all
remaining small molecule entities that were not ligands of PPAR-y. After assigning

protonation states to aspartate, glutamate, histidine and lysine, tautomeric states to
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histidine, and flip states to asparagine, glutamine and histidine according to pH 7.4 using
the PROPKA[31, 32] implementation in the Protein Preparation Wizard, we removed all
remaining water molecules from the structures. In structures for which a neutral state for
K367 was predicted by PROPKA, we transformed this residue back to the charged state,
since the conformational heterogeneity of this residue in the different structures
contradicts a stabilizing effect of the neutral form. Lastly, we aligned all structures to the
structure with the PDB ID 2FVJ using the Protein Structure Alignment module
implemented in the Schrodinger Suite.

Docking of Altenusin to the Structural Ensemble of Human PPAR-I”

We generated the three-dimensional structure of altenusin using the Maestro GUI
and predicted possible protonation states at pH 7.4 + 2.0 with the LigPrep module (default
settings, Schrodinger Release 2018-1: LigPrep, Schriodinger, LLC, New York, NY,
2018); this resulted in a single state with a charged carboxylate group, which we used for
the subsequent docking experiment. We generated the grid(s) for docking with
GlideSP[33, 34] individually by defining the grid center via the centroid of the respective
bound ligand(s) in the 38 complex structures from above. The inner and outer box sizes
were set to 10.0 A and 26.0 A, respectively. Van der Waals scaling factors and partial
charge cutoffs for the receptor and ligand atoms were left at their default values of
1.00/0.25 (receptor) and 0.80/0.15 (ligand), respectively. For each complex, we

considered only the docking pose with the lowest docking score for evaluation.
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Results and Discussion

Twelve natural products (1 — 12) which included mitorubrinol[35] (1), mitorubrinic
acid[36] (2), secopenicillide A [37] (3), purpactin F[38][39] (4), secopenicillide B[37]
(5), deoxyfunicone[40] (6), purpactin C [41] (7), bacillisporin B[42] (8), altenusin[13]
(9). djalonensone [43] (10), alternariol[44] (11) and HCRS3-VHE7525-832-45-3[45]
(12) (Figure 2) were isolated from the endophytic fungus Talaromyces sp. All compounds
feature an ortho-hydroxylated benzoic acid moiety reminiscent of the known platelet
aggregation inhibitor salicylic acid.

Due to the fact that salicylic acid is a COX-I and COX-II inhibitor[46], we suspected
binding of the analyzed natural products to COX enzymes due to their structural similarity
to the former compound. This prompted us to perform platelet aggregation experiments
with compounds 1 — 12 with platelets taken from healthy human donors. Secopenicillide
A (3), purpactin C (7) and altenusin (9) each inhibited platelet aggregation at an initial
concentration of 100 pM (SI: S6, S5 and $2), whereas the remaining compounds were
inactive (SI: S2-S6). After this initial screening experiment, we aimed to increase the
conclusivenessof the obtained in virro data by analyzing the effects of the active
compounds on platelets derived from four rather than one individual donors.

Secopenicillide A (3), purpactin C (7) and altenusin (9) all displayed platelet
aggregation inhibition in this second experiment regardless of the analyzed individual
plasma samples, even though clear differences with regard to the individual compounds
became visible. As a first inducer of platelet aggregation, collagen was added to the
plasma samples alongside with the investigated inhibitors (Figure 3). Purpactin C (7) and
secopenicillide A (3) exhibited only minimal inhibition of platelet aggregation in this
experiment when tested at a concentration of 100 uM and were thus excluded from further

tests. Altenusin (9) on the other hand was a better inhibitor with an ICso value of 23.31
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pM and was thus selected for further experiments directed to the potential target of this
compound.
[Figure 3 near here]

Our first suspected target of altenusin (9) was cyclooxygenase 1 (COX-I) since
inhibition of cyclooxygenase 1I (COX-II) activity with 1Cso values of 30 uM had been
reported recently for this compound.[2] COX-I is the predominantly occurring COX
enzyme in platelets. Arachidonic acid was added to platelets as a stimulus for platelet
aggregation in presence of the suspected COX-I inhibitor altenusin (9), (Figure 4A). A
colorimetric quantification of MDA produced by platelets can be used as readout for
COX-I activity[47]. However, no significant changes in MDA concentrations were
detected for platelets that had been induced by arachidonic acid in presence of altenusin
(9) vs. induced platelets in the absence of compound 9 (Fig. 4A). As these results
contradicted our initial hypothesis that altenusin (9) acts as a COX inhibitor, we
performed further experiments using an ELISA thromboxane assay that employed the
more stable TX Az-analogue TXB2[48] No significant inhibition of TXB2 formation was
observed in presence of altenusin (9) (Fig. 4B), which confirmed our earlier results from
the MDA assay. Thus, our initial hypothesis that altenusin (9) acts on platelets as a COX

inhibitor had to be discarded pointing to other pathways (Fig. 1) as targets for altenusin.

[Figure 4 near here]

[Figure 5 near here]

In further experiments, aggregation assays with altenusin (9) were performed that
focused on the ADP receptor P2Y12, the thrombin receptor PARI or the thromboxane
receptor TXA2R as alternative targets of compound 9. In these experiments either ADP,

the thrombin receptor activated peptide or the prostaglandin I» analogue cicaprost, a
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prostacyclin analogue acting as an inhibitor of platelet function[49, 50] were used for
aggregation experiments in the presence of the inhibitor altenusin. Cicaprost blocked
platelets that had been induced with arachidonic acid. Altenusin (9), however, was unable
to inhibit platelet aggregation in the presence of all of the latter stimuli (SI: $9-S12), thus
excluding the corresponding pathways as possible targets of the compound.

These findings taken together with a recent patent describing the interaction of altenusin
with PPARP and vy receptors via a binding affinity assay[51] put the peroxisome
proliferator-activated receptors (PPARs)[52] into the focus of our study on the potential
target of altenusin (9) in platelets. Molecular docking experiments were conducted with
altenusin (9). The known PPARy inhibitor magnolol was included into these docking
studies due to its structural similarity to altenusin (9). Magnolol is a biphenyl compound
originally discovered in the plant Magnolia officinalis. As the original study that
discovered magnolol as a PPARY inhibitor had used washed platelets[20], we followed
this protocol in our study and used washed platelets for platelet aggregation experiments
assays.[20] In these experiments the PPAR inhibitor magnolol as well as altenusin
showed a concentration-dependent inhibition of platelet aggregation. Whereas the 1Cso
value of magnolol amounted to 1.1 uM (table 1), altenusin (9) was less active and
exhibited an ICsp value of 23.3 uM. Platelet aggregation inhibition of magnolol is known

to be caused by modulation of PPARs-B/y[20]

[Table 1 near here] [Figure 6 near here]

The binding mode predicted for Altenusin strongly differs depending on the
receptor structure (Supplementary Fig. 1). For each of the three “arms” in the Y-shaped
binding region of PPAR-y (as described by Xu et al.[53] and Jang et al.[28, 54]), the

docking algorithm found at least one binding mode (Fig. 1A, Supplementary Fig. 1): 14
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binding modes in arm 1, a single binding mode in arm 2, and 23 binding modes in arm 3
(Supplementary Fig. 1, 2). However, the average docking score in arm 1
(mean: -7.11 + 0.16 kcal mol™') is significantly lower than the average docking score in
arm 3 (mean: -6.51 £ 0.10 kcal mol!, #35) = 3.44, p = 0.0015), indicating that arm 1 is
more likely to be the binding site of Altenusin. There, the docking score for the best
docking solution identified — which we consider the most probable binding mode of
Altenusin — is -8.14 kcal mol ™!, The predicted binding site is formed by residues in helices
h3, h5, h7, h10, and h12, where Altenusin is stabilized by hydrogen bonds to residues
B3§317,°H351, Y355, K395, and 'Y 501, a salt bridge with ""K395, and 7-x stacking
with "°H477 (Fig. 1B); the remaining residues in this pocket form a sufficiently large
hydrophobic surface to accommodate the biphenyl, methyl, and methoxy substituents
(Fig. 1B). Notably, the predicted binding site of Altenusin overlaps with the known
binding site of the structurally similar agonist Magnolol (PDB ID: 3R5N[55]), but is not
identical (Fig. 1B, inset). This difference in binding mode can likely be attributed to the
carboxylate group in Altenusin, which strongly stabilizes its bound conformation through
a salt bridge with ""K395, whereas Magnolol is predominantly stabilized by hydrophobic
interactions and 7-7 stacking. Altenusin, similar to other PPAR -y agonists, may directly
stabilize the active conformation of h12 via a hydrogen bond to "2Y3501 and hydrophobic
interactions with "'2L.497 (Fig. 1B). Note that h12 in all of the 38 receptor structures used
for docking was in the active conformation and that all receptor structures were bound to
an agonist. In summary, these results corroborate the hypothesis that Altenusin binds to

arm 1 of the PPAR-g binding site and may thereby act as a PPAR-y agonist.

[Figure 7 near here]
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With the molecular docking studies information together with the binding affinity
assay of altenusin towards PPAR described by Micikas et al.[51] in hand, the following

derivation can be given:

When considering the structural similarity of altenusin (9) to magnolol, both
featuring a biphenyl system, combined with the similar assay results of all PPAR
inhibitors and our modelling experiments with PPAR, it is feasible to assume a similar
mode of action for altenusin as for magnolol (9).

In conclusion, our findings establish the mycotoxin altenusin (9) for the first time as
a platelet inhibitor. Molecular docking experiments suggest that the platelet inhibition of
altenusin is due to binding to PPAR-[/y receptors as previously shown for the structurally
similar platelet inhibitor magnolol. For the first time, we are confirming earlier binding
affinity assays[51] and complementing closely related FXR binding mode studies.[15]
Based on our experiments and on earlier reports, we suspect that the mode of action of
altenusin (9) in platelets is based on the modulation of non-genomic PPAR-B/y effects.
FXR effects may also be involved, as FXR binding affinity for altenusin (9) has been
reported in liver cells.[15] Whether altenusin (9) exerts its aggregation inhibition effects
as a dual mode ligand remains to be seen, as we were not able to exclude simultaneous
binding to PPAR and FXR. Dual action ligands modulating FXR as well as PPAR
exist[56, 57], pointing out why PPAR and FXR should not be treated completely
separately regarding platelet functions. However, because this is the first study on effects
of altenusin on platelets and non-genomic PPAR/FXR effects in platelets have not been

investigated so far, further research is required.
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Figure 1. Simplified overview on different pathways involved in platelet aggregation and
their modulation by different natural products[52, 58-61] AA = arachidonic acid, ADP =
adenosine diphosphate, COX = cyclooxygenase, GPVI-Fcr = glycoprotein VI receptor,
LXR = liver X receptor, NP = natural product; P2Y 2 = purinergic G protein-coupled
receptor, PAR1 = protease-activated receptor 1,, PPAR, peroxisome proliferated

activated-receptor, TXA; = thromboxane A;, TXA:R = thromboxane A: receptor.
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Figure 2. Structures of isolated compounds from Talaromyces sp.
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Figure 3. Aggregation studies were performed in PRP in the presence of altenusin (9).
After 4 min of incubation with the compound, the sample (not shown) was stirred for 2
min. While the sample was stirring, it was analyzed for spontaneous aggregation. After 2
min, 3ug/ml collagen was added to the sample (arrow), followed by stirring for additional
4 min. All aggregation tests were conducted according to this protocol. Altenusin (9)
inhibits collagen induced platelet aggregation at concentrations of 50uM (red) or 100uM
(blue). Control aggregation without inhibitor (black). (See SI for full data)
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Figure 4. Altenusin aggregation results of platelets induced by ImM ARA. Standard

deviations between the samples were displayed as error bars.
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Figure 5. A) (n=5)Malondialdehyde (MDA) in platelet rich plasma following stimulation
with arachidonic acid (ImM) -induced platelet aggregation. Aggregation was determined
in presence of altenusin (9) at concentrations 0-800uM; B) (n=5) TXB2 — assay (ELISA)
with arachidonic acid (1 mM)-stimulated platelets at altenusin (9) concentrations 0-400

pM. Standard deviations between the samples were displayed as error bars.
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Figure 6. Platelet aggregation was induced in washed human platelets by addition of
collagen. Compounds were added after 2 min and light transmission aggregometry was
measured. Corresponding 1C50 values are shown in table 1. Standard deviations between
the samples were displayed as error bars. High standard deviations are due to individual

blood donors.

From left to right: DMSO negative control (A), altenusin (9) (B), magnolol (C) for (n=5),
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Table 1. ICsp values of the aggregation tests with washed platelets and standard

deviations are shown (collagen induced).

Compound ICso pM
Magnolol 1.083
Altenusin 2331

Figure 7. Predicted binding mode of Altenusin in human PPAR-y. (A) Predicted
binding modes of altenusin (sticks) in 38 PPAR-y structures. The binding modes are
colored from green (best docking score: -8.14 kcal mol™) to red (worst docking
score: -5.50 kcal mol!). All protein structures are depicted as transparent ribbon
diagrams, except 6DGL, which provided the best docking result and is depicted in cartoon
representation. The Y-shaped binding pocket (transparent surface, colored according to
the docking score of the bound ligands) consists of three “Arms” which are highlighted
in the structure. (B) Predicted binding mode of altenusin (green sticks) in the receptor

structure (6DGL) which provided the best docking score. Hydrogen bonds are depicted
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as yellow dashed lines, salt bridges as violet dashed lines and m-n stacking interactions as
blue dashed lines. Residues involved in polar interactions are depicted as grey sticks,
residues that constitute the hydrophobic surface of the binding site are depicted as orange

lines with orange surface.

(O hydrogen bond
@ saltbridge r
@ - stacking I
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EIA 21 100 uM ASS 300uM AA 1.70 7.31
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Figure S1. Light transmission aggrenometry results of acetylic acid and ibuprofen as used controls
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Nr. Induced with Note Max [%] | Slope [%/min]
EIA 59 500 pM AA Control 92.52 212.74
EIA 60 500 pM AA 100pM Altenusin 1.70 3.91
EIA 61 500 pM AA 100uM Alternariol 93.83 195.47
EIA 62 500 puM AA 100uM Bacillisporin 95.23 194.81

Figure S2. Light transmission aggrenometry results of 100 pM altenusin, 100 uM alternariol and 100 uM
bacillisporin.
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Nr. Induced with Note Max [%] | Slope [%/min]
EIAG3 500 pM AA Control 90.44 204.20
ElAG4 500 pM AA 100puM Deoxyfunicone 92.32 196.18

100puM HCR-VHE7525-
EIA65 500 pM AA W $3243-3 91.12 181.26
EIAG6 500 puM AA 100uM Djalonensone 91.01 199.58

Figure S3. Light transmission aggrenometry results of 100 uM deoxyfunicone, 100 uM HCR3-
VHE7525-832-42-3 and 100 pM Djalonensone
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Nr. Induced with Note Max [%)] | Slope [%/min]
EIA71 500 uM AA Control 93.99 199.48
EIA72 500 uM AA 100pM Mitorubrinol 91.03 190.30
EIA73 500 uM AA 100pM Mitorubrinic acid 91.68 185.51
EIA75 500 uM AA 100uM Secopenicillide B 92.69 192.25

Figure S4. Light transmission aggrenometry results of 100 uM
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Nr. Induced with Note Max [%] | Slope [%/min]
EIA67 1mM AA Control 95.22 218.63
EIAG8 1mM AA 100pM Purpactin C 75.50 124.47
EIAB9 1mM AA 100pM Purpactin F 92.51 201.29
EIA70 1mM AA 100uM Mitorubrinol acetate 92.35 210.54

Figure S5. Light transmission aggrenometry results of 100 uM
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Nr. Induced with Note Max [%] | Slope [%/min]
EIA75 1mM AA Control 93.54 217.77
EIA76 1mM AA 100puM Secopenicillide A 91.17 174.62

Figure S6. Light transmission aggrenometry results of 100 uM
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Nr. Induced with Note Max [%] | Slope [%/min]
1 1mM AA Control 45.98 39.38
2 1mM AA 50uM Altenusin 1.79 1.61
3 1mM AA Control 56.80 65.49

4 1mM AA 50uM Altenusin 230 10.04

5 1mM AA Control 65.61 74.90

6 1mM AA 5uM Altenusin 55.52 55.62

Figure S7. Light transmission aggrenometry results of 50uM and 5uM altenusin
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Nr. Induced with Note Max [%] Slope [%/min]
1 3pg/ml Collagen Control 77.44 134.74
2 3pg/ml Collagen 50uM Altenusin 277 9.58
3 3ug/ml Collagen Control 75.59 138.19
4 3ug/ml Collagen 50uM Altenusin 243 3.73

Figure S8. Light transmission aggrenometry results of 50uM altenusin with collagen for inducing platelet
aggregation
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Figure 89. Different altenusin concentrations together with 100 nM cicaprost
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Figure S10. From supernatants of Figure S8. derived MDA - results. Error bars display standard
deviation
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Figure S11. Different altenusin concentrations together with ADP. Error bars display standard deviation
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EIA13 | 10uM TRAP,DMSO Control 81.13 127.19
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Figure S12. 100puM altenusin concentration together with 10uM TRAP
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Figure $13. Dose response of collagen induced non washed platelets with altenusin. Error bars display
standard deviation
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Data of isolated compounds

Mitorubrinel (1): amorphous red solid; [e]p = -255 (¢ 0.3, Methanol), UV (MeOH) Anac 218, 262 .
344, 368 nm; 'H NMR (300 MHz, CD;0D) 5 8.20 (s, 1H), 6.75 (dt, J= 15.8, 4.3 Hz, 1H), 6.58 (s, 1H), 6.44
(dt, 1=15.2, 1.7 Hz, 2H), 6.28 (dd, J = 2.5, 0.8 Hz, 1H), 6.16 (d, J = 2.4 Hz, 1H), 5.67 (d, ] = 1.2 Hz, OH),
4.31 (dd,J = 4.4, 1.9 Hz, 2H), 2.67 (s, 8H), 2.61 (s, 3H), 1.66 (s, 3H); ESI m/z 398.9 [M+H]* 397.1 [M+H]-

Mitorubrinic acid (2): amorphous red solid; [a]p=-150 (¢ 0.2, Methanol). UV (MeOH) Amax 272, 350
nm; 'H NMR (300 MHz, CD;0D) & 8.14 (s, 1H), 6.97 (d, J = 15.5 Hz, 5H), 6.72 (s, 1H), 6.61 (d, = 15.7
Hz, 1H), 6.23 (d, J = 2.3 Hz, 1H), 6.12 (d, ] = 2.4 Hz, 1H), 6.06 (q, ] = 2.6 Hz, 2H), 2.56 (s, 4H), 1.61 (s,
3H); ESI m/z 434.7 [M+Na]* , 410.8 [M-HJ.

Secopenicillide A (3): oily liquid; [o]p = -65 (¢ 0.7, CDCL); UV (MeOH) Amax 216, 284 nm; 'H NMR
(600 MHz, CDCl3) 8 7.25 (d, ] =8.9 Hz, 1H), 6.79 (t, ] =2.2 Hz, 2H), 6.52-6.46 (m, 1H), 6.10 (dd, J = 9.3,
4.5 Hz, 1H), 4.59 (s, 2H), 4.03 (d, J = 1.0 Hz, 3H), 3.95 (d, ] = 1.0 Hz, 3H), 2.32 (s, 3H), 2.04 (d, T = 1.0
Hz, 3H), 1.74 (td, J = 9.1, 4.6 Hz, 1H), 1.61 (ddd, J =8.2,4.2, 1.5 Hz, 1H), 1.47 (ddd.J = 14.0, 8.3, 4.6 Hz,
1H), 0.94 (d,J = 1.9 Hz, 3H), 0.93 (d, J = 2.0 Hz, 3H); ESL m/z 443.0 [M-H]J.

Purpactin F (4): oily liquid; [o]p = -36 (¢ 0.7, CDCl3); UV (MeOH) Amax 210, 283 nm; 'H NMR (600
MHz, CD;0D) 5 10.14 (s, 1H), 7.32 (4, J = 8.8 Hz, 1H), 7.27 (d, ] =8.8 Hz, 1H), 7.21 (d, ]=2.1 Hz, 1H),
7.10 (d, J =2.1 Hz, 1H), 6.88 (d.J = 2.1 Hz, 1H), 6.79 (d, J = 2.1 Hz, 1H), 6.39 — 6.30 (m, 2H), 6.12 (ddd,
J=8.4,49,3.1 Hz, 2H), 5.35 (s, 1H), 4.00 = 3.97 (m, 7H), 3.95 - 3.91 (m. 7H), 3.23 (d, J = 7.7 Hz, 6H),
2.36 (s, 3H), 2.32 (d, ] = 1.7 Hz, 4H), 2.05 (d, J = 1.1 Hz, 8H), 1.79 (ddd, J = 14.1, 8.9, 5.5 Hz, 2H), 1.65 —

1.57 (m, 2H), 1.53 (dddd, J = 13.4, 8.3, 5.0, 3.5 Hz, 3H), 0.98 — 0.94 (m, 15H); ESLm/z 412.6 [M+H]"*.

Secopenicillid B (5): oily liquid; [o]p = -54 ( ¢ 0.20, CHCls) ; UV (MeOH) Amax 206, 282, 326 nm; 'H
NMR (600 MHz, CD;0D) 8 10.14 (s, 1H), 7.32 (d, ] =8.8 Hz, 1H), 7.27 (4, J=8 8 Hz, 1H), 7.21 (d, ] =
2.1 Hz, 1H), 7.10(d.J = 2.1 Hz, 1H), 6.88 (d,J =2.1 Hz, 1H), 6.79 (d, ] = 2.1 Hz, 1H), 6.39 - 6.30 (m, 2H),
6.12 (ddd, J = 8.4, 4.9, 3.1 Hz, 2H), 5.35 (s, 1H), 4.00 — 3.97 (m, 7H), 3.95 - 3.91 (m, 7H), 3.23 (d,J = 7.7

Hz, 6H), 2.36 (s, 3H), 2.32 (d, J = 1.7 Hz, 4H), 2.05 (d, J = 1.1 Hz, 8H), 1.79 (ddd, J = 14.1, 8.9, 5.5 Hz,
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2H), 1.65 — 1.57 (m, 2H), 1.53 (dddd, J = 134, 8.3, 5.0, 3.5 Hz, 3H), 0.98 — 0.94 (m, 15H); ESI m/z 443.0
[M-HJ*.

Deoxyfunicone (6): amorphous pale solid; UV (MeOH) Amax 206, 254, 326 nm; 'H NMR (300 MHz,
CD;0D) & 8.53 (s, 1H), 7.08 (d, 7= 1.9 Hz, 1H), 6.82 (d, J = 2.2 Hz, 1H), 6.24 (s, 1H), 5.51 (s, 1H), 3.90
(s, 3H), 3.77 (d, J = 2.6 Hz, 6H), 3.37 (s, 2H), 2.00 — 1.93 (m, 3H), 1.06 — 0.83 (m, 1H); ESI m/z 359.1137
[M+H]*.

Purpactin C (7): amorphous yellow solid; [a]p = -55 (¢ 0.05, CDCls); UV (MeOH) Ama 217, 271, 325
nm; 'H NMR (600 MHz, CDCl3) & 9.50 (s, 1H), 7.64 (d,J = 8.6 Hz, 1H), 7.16 (d, ] = 1.4 Hz, 1H), 6.92 (d,
J=8.6Hz, 1H), 6.24 (d,J = 1.6 Hz, |H), 4.03 (s, 3H), 2.31 (d,J = 1.6 Hz, 3H), 2.07 (s, 3H), 1.81 — 1.74 (m,
1H), 1.58 — 1.48 (m, 11H), 1.26 (d, ] = 8.7 Hz, 3H), 0.94 (t, ] = 6.6 Hz, 7TH): ESI m/z 413.6 [M+H]".

Bacillisporin B (8): yellowish crystals; [o]p = +45 (c 0.02, MeOH); UV (MeOH) A 206, 231, 322
nm; 'H NMR (300 MHz, DMSO-de) § 11.99 (s, 1H), 11.86 (s, 1H), 9.96 (s, 1H), 6.96 (d, = 0.9 Hz, 1H),
6.84 (d,1=0.9 Hz, 1H), 6.23 (d, ] = 4.9 Hz, 1H), 5.73 (d, ] = 15.1 Hz, 1H), 5.64 (d,J = 15.1 Hz, 1H), 5.14
(d,J=12.4 Hz 1H),4.98 (d,] = 12.3 Hz, 1H), 4.82 (d, 1 = 1.1 Hz, 1H), 4.77 (dd, I = 4.8, 1.0 Hz, 1H), 3.03
—2.89 (m, 3H), 2.49 — 2.46 (m, 4H); ESI m/z 475.5 [M+H]*.

Altenusin (9): amorphous solid; UV (MeOH) Amax 256, 293 nm; 'H NMR (300 MHz, DMSO-ds) &
6.59 (s, 1H), 6.48 (d, J = 2.4 Hz, 1H), 6.44 (d,] =2.7 Hz, 1H), 6.17 (d, ] = 2.8 Hz, 1H), 3.81 (d, ] = 1.7 Hz,
3H), 1.91 (s, 3H); ESLm/z = 287.4 [M+H*]

Djalonensone (10): amorphous solid; UV (MeOH) Amax 204, 257 nm; "H NMR (600 MHz, DMSO-d)
5 11.85 (s, 1H), 8.45 (s, 2H), 7.26 (d, ] = 2.2 Hz, 1H), 6.75 (d, ] = 2.6 Hz, 1H), 6.68 (d, ] = 2.6 Hz, 1),
6.65 (d,] =2.2 Hz. 1H), 3.93 (s, 3H), 2.76 (s, 3H); ESI m/z 273.4 [M+H]*.

Alternariol (11): amorphous solid; UV (MeOH) A e 204, 255, 339 nm; 'H NMR (600 MHz, DMSO-
ds) 6 11.77 (s, 1H), 10.39 (s, 1H), 7.22 (s, 1H), 6.72(d, J=2.6 Hz, 1H), 6.64 (d, J =2.6 Hz, 1H), 6.33 (s,
1H), 2.71 (s, 3H); ESI m/z 259.5 [M+H]*.

1,6,10-trihydroxy-8-methyl-2-(3-methylbut-2-en-1-yl)dibenzo[b,e]oxepin-11(6 H)-one (12):

yellowish crystals; [a]p = not stable; UV (MeOH) Amax 203, 282, 352 nm; 'H NMR (600 MHz, CDCl;3) &
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13.61 (s, 1H), 11.60 — 11.42 (m, 1H), 7.32 (d, ] = 8.2 Hz, 1H), 7.04 (d, J = 1.8 Hz, 1H), 6.89 (d,J = 1.7 Hz,
1H), 6.53 (dd, J = 8.1, 1.3 Hz, 1H), 6.13 (s, 1H), 5.31 (ddt, J = 7.3. 6.0, 1.5 Hz, 1H), 3.50 (d, ] = 10.7 Hz,
1H), 3.33 (d, J = 7.4 Hz, 2H), 2.40 (d, J = 4.0 Hz, 4H), 1.76 (t, J = 1.3 Hz, 4H), 1.72 (s, 3H); ESI m/z 339.2

[M-H]".
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Figure S14. Structural deviations between the binding modes of Altenusin in PPAR-y. Heatmap of the
pairwise root-mean-square deviation (RMSD) of the atomic positions in the heavy atoms of Altenusin.
RMSD values are colored from green (RMSD =0 A) over yellow (RMSD =7.5 A) tored (RMSD = 15 A).
The PDB IDs were ordered after RMSD-based k-Means clustering into three clusters (one for each arm of
the binding site).
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Figure S15. Docking scores of the binding modes of Altenusin in PPAR-y. Glide scores for each

predicted Altenusin-PPAR-y complex. Bars are colored according to the location of the predicted binding

site.
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Supplementary Table 1. Structural ensemble of experimentally determined PPAR-y complexes used for
docking of Altenusin

PDBID Resolution® Bound ligand(s)

0 198 ROO
HFP 200 NSl
MW 197 DRY
FE 200 YFE
3ADX 185 IMN, NRO
3BIM 150 KRC
€T3 185 ET1
FE 200 ™
M 190 CEK
3NDA 198 sBC
RSN 2.00 MLO, MLO
vsa 152 DKA
vaT 165 17
3Ivay 1.60 21L
50 2.00 EK1
4hav 200 YFD
4paw 200 YFB
ags 177 YIN
4FoM 130 FOM
a23 198 el
SGTN 185 Q35
SHIC 200 65W
S0 198 BRL, 9CR
Sls6 200 az
Sv20 180 8N
SY2T 1.70 81X
sycp 2.00 BAL
5755 180 RTE
5765 180 RTF
608X 1.0 EDK
6024 1.90 EDK
60GL 105 GEV
6OHA 188 GFy
6FZF 195 EDK
6F21 200 EDK
6ZM 180 BOX
BIZN 175 810
6MDO  1.95 OLA

2in A
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6. Publication 2 -Induction of Cryptic Metabolites of the Endophytic Fungus Trichocladium sp.
through OSMAC and Co-Cultivation

Induction of Cryptic Metabolites of the Endophytic Fungus Trichocladium sp. through OSMAC
and Co-Cultivation

Published in “Royal Society of Chemistry Advances”

N. M. Tran-Cong, A. Mandi, T. Kurtan, W. E. G. Miiller, R. Kalscheuer, W. Lin, Z. Liu and P.
Proksch, RSC Adv., 2019, 9, 27279 Published by The Royal Society of Chemistry.
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Nam Michael Tran-Cong,? Attila Mandi, ©°® Tibor Kurtan, ©° Werner E. G. Maller, ¢
Rainer Kalscheuer,? Wenhan Lin, ©¢ Zhen Liu @ *? and Peter Proksch*?

The endophytic fungus Trichocladium sp. isolated from roots of Houttuynia cordata was cultured on solid
rice medium, yielding a new amidepsine derivative (1) and a new reduced spiro azaphilone derivative (3)
together with eight known compounds (4-11). Co-cultivation of Trichocladium sp. with Bacillus subtilis
resulted in induction of a further new compound (2) and a 10-fold increase of 11 compared to the
axenic fungal culture. Moreover, when the fungus was cultivated on peas instead of rice, a new
sesquiterpene derivative (13) and two known compounds (12 and 14) were obtained. Addition of 2%
tryptophan to rice medium led to the isolation of a new bismacrolactone (15). The structures of the new
compounds were elucidated by HRESIMS, 1D and 2D NMR as well as by comparison with the literature.
A combination of TDDFT-ECD, TDDFT-SOR, DFT-VCD and DFT-NMR calculations were applied to
determine the absolute and relative configurations of 13 and 15. Compounds 7, 11 and 15 exhibited

Received 16th July 2019
Accepted 20th August 2019

BOEI02059adrata409c strong cytotoxicity against the L5178Y mouse lymphoma cell line with IC5q values of 0.3, 0.5 and 0.2 uM,
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Introduction

Paclitaxel, a well-known and widely used anti-cancer
compound, was first isolated from the bark of Taxus brevifolia
by Wani et al. in 1971." Later in 1993, Stierle et al. discovered
that the endophytic fungus Taxomyces andreanae from the yew
tree is able to produce taxol and other taxane derivatives.” This
sparked detailed investigations of natural products from
endophytes which confirmed these organisms as a promising
source of new bioactive compounds.® In continuation of our
ongoing investigations on bioactive metabolites from fungi,**
an endophytic fungus Trichocladium sp. was isolated from roots
of the plant Houttuynia cordata known in Vietnam as “fish
mint”. Prior to renaming as Trichocladium, Trichocladium
species have been listed in the literature under the genus
Humicola.” Fungi of the genus Trichocladium have been reported
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and computational calculations. See DOI: 10.1039/c9ra05469¢
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to produce several bioactive secondary metabolites including
inhibitors of serine proteases of the coagulation pathway,
asterriquinones CT1, CT3 and CT4,” a cytotoxic phenolic tetra-
lone, humicolone,” and inhibitors of human diacylglycerol
acyltransferases (DGAT), amidepsines A-K.*

In this study, fermentation of Trichocladium sp. on solid rice
medium yielded ten natural products (1, 3-11) including two
new compounds (1 and 3). Co-cultivation of Trichocladium sp.
with Bacillus subtilis led to the production of a new compound
(2) and a 10-fold increase of 11. In addition, when the fungus
was cultivated on peas instead of rice, a new sesquiterpene
derivative (13) and two known compounds (12 and 14) that were
not detected when the fungus was grown on rice medium were
obtained. Compound 14 is a tryptophan derivative, inspiring us
to add 2% tryptophan to rice medium in order to stimulate
production of tryptophan derived compounds, Feeding of
tryptophan led to the isolation of the new compound 15, which
represents a macrolide linked to an anthranilic acid moiety. The
latter moiety is likely to be derived from feeding of tryptophan

(Fig. 1).

Results and discussion

Compound 1 was obtained as pale yellow powder. Its molecular
formula was determined as C,oH,;NO,; by HREISMS, indi-
cating seventeen degrees of unsaturation. The NMR data of 1
(Table 1) were similar to those of amidepsine J previously iso-
lated from Humicola sp. FO-2942." Six aromatic protons at dy

RSC Adv. 2019, 9, 27279-27288 | 27279
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Fig. 1 Structures of isolated compounds from Trichocladium sp.

6.66 (H-12), 6.63 (H-14), 6.57 (H-4), 6.54 (H-6), 6.37 (H-20), and
6.31 (H-22) as well as three aromatic methyl groups at dy 2.37
(Me-16), 2.28 (Me-24), and 2.24 (Me-8) were observed. However,
the NMR spectra of 1 showed signals of only one methoxy group
at d¢ 55.8 and dy 3.79, instead of two methoxy groups as found
for amidepsine J. The position of this methoxy group at C-19
was evident from the ROESY correlations between the protons
of this methoxy group and H-20, and between H-20/21-OH (dy
9.96), 21-OH/H-22, H-22/Me-24. In addition, signals of a valine
moiety were replaced by signals of an aspartic acid moiety (from
C-25 to C-28) in 1. The COSY correlations between 26-NH/H-26/

27280 | RSC Adv., 2018, 9, 27279-27288
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H-27ab and the HMBC correlations from 26-NH to C-1 together
with the ROESY correlation between 26-NH and Me-8 indicated
the linkage between the aspartic acid moiety and C-1 through
an amide bond. The absolute configuration of the aspartic acid
moiety was determined after acid hydrolysis of 1 followed by
Marfey's method which indicated that the aspartic acid moiety
was present in the L-form. Thus, the structure of compound 1
was elucidated as shown, representing a new amidepsine
derivative, for which a trivial name amidepsine L is proposed.

The molecular formula of 2 was determined as C;5;H,,05
based on the HRESIMS data. The NMR data of 2 (Table 2) were

64



Publication 2

Open Access Article. Published on 30 August 2019. Downloaded on 9/2/2019 3:55:14 PM.

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Paper

Table 1 'H and **C NMR data of compound 1%

Position bc, type” 6 (J in Hz)

1 166.4, C

2 1232, C

3 155.1, C

a 106.5, CH 6.57,d (2.1)

5 150.6, C

6 113.4, CH 6.54, d (2.1)

7 137.7,C

8 18.9, CH; 2.24, 5

9 165.8, C

10 118.6, C

11 156.1, C

12 107.0, CH 6.66, d (2.0)

13 152.1,C

14 114.1, CH 6.63, d (2.0]

15 137.8, C

16 19.2, CH; 2.37, 8

17 165.7, C

18 1128, C

19 158.5, C

20 97.0, CH 6.37,d (2.0]

21 160.1, C

22 109.1, CH 6.31, d (2.0)

23 138.0, C

24 19.4, CH; 2.28, 5

25 172.6, C

26 48.8, CH 4.69, dt (7.6, 6.6)

27 36.2, CH, 2.78, dd (16.4, 6.6)
2.61, dd (16.4, 6.6)

28 171.8,C

11-OH 10.44, s

19-OMe 55.8, CH, 3.79, s

21-OH 9.96, 5

26-NH 8.47,d (7.6)

4 Measured in DMSO-d, ('H at 300 MHz and **C at 75 MHz). * Data were
extracted from the HSQC and HMBC spectra.

very similar to those of pestafolide A." However, the smaller
coupling constants between H-5 and H-6ab (both 3.5 Hz) in 2
compared to those in pestafolide A (10.0 and 5.8 Hz) suggested
that the orientation of H-5 was different in 2. This was further
supported by the ROESY correlations between H-5 (dy; 3.98)/Me-
15 (8y 1.30), Me-15/H-6a (64 2.70), and H-6a/H-5, indicating that
these protons were on the same face of the cyclohexenone ring.
The remaining substructure and stereochemistry of 2 were
identical to those of pestafolide A as concluded after detailed
analysis of the 2D NMR spectra of 2. Thus, compound 2 was
identified as 5-epi-pestafolide A.

Comparison of the 'H and "*C NMR data between 2 and 3
(Table 2) revealed the appearance of an additional acetoxy group
(6c 170.5 and 21.1, 6y 2.01) in 2, which was also evident from the
molecular formula of 3 (C7H»404) being 42 amu larger than
that of 2, The downfield-shifted H-5 signal (6 5.29, dd, J = 3.6,
2.3 Hz) in 3 compared to that in 2 (dy 3.98, t, ] = 3.5 Hz) sug-
gested the location of this additional acetoxy group at C-5,
which was confirmed by the HMBC correlation from H-5 to
the carbonyl carbon of the acetoxy group. The coupling
constants of H-5 were similar in 2 and 3, indicating the same
stereochemistry at C-5 for 2 and 3. In conclusion, compound 3
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was elucidated as 5-O-acetyl-epi-pestafolide A. Storage of 2 in
EtOAc over one week did not yield 3 indicating that 3 is a true
natural product and not an artifact arising from 2 during
workup of the extract.

The remaining known compounds isolated from rice
medium were identified as cochliodones A (4), E (5) and H
(6),"*** chateochromin A (7),"* ustilaginoidin D (8)," 5-hydrox-
yemodin (9),' methyl 2-O-methyllecanorate (10),”” and colleto-
ketol (11)."%2°

In an OSMAC approach, the medium was changed from rice
to peas. Investigation of the fungal culture on pea medium led
to the isolation of colletodiol (12)* and asteriquinone CT4 (14)*
as well as of a new compound (13).

Compound 13 was isolated as white amorphous powder. On
the basis of the HRESIMS data, the molecular formula of 13 was
established as C,,H;3NO; with seven degrees of unsaturation,
The "H NMR spectrum (Table 3) of 13 exhibited six methyl
groups at dy 1.88 (s, 1-OAc), 1.30 (s, Me-10), 1.03 (s, Me-14), 0.99
(s, Me-15), 0.97 (d, Me-20), and 0.95 (d, Me-19) as well as four
oxygenated protons at dy 4.98 (t, H-1), 4.85 (dt, H-13a), 4.50
(ddd, H-13b), and 4.04 (d, H-17). The COSY correlations
between H-1/H-2ab/H-3ab, and between H-5/H-6ab/H-7ab
together with the HMBC correlations from Me-10 to C-1, C-5,
C-8 and C-9, from Me-14 to C-3, C-4, C-5 and C-15, from H-
7ab to C-8 and C-11, and from H-13ab to C-8, C-11 and C-12
established a bicyclic sesquiterpene skeleton (from C-1 to C-
15) as shown (Fig. 2). In addition, the HMBC correlations
from the protons of the methyl at éy 1.88 and H-1 to the
carbonyl carbon at ¢ 173.4 indicated the location of an acetoxy
group at C-1. The remaining signals suggested the presence of
a valine moiety, which was confirmed by the COSY correlations
between H-17/H-18/Me-19(20) and the HMBC correlations from
H-17 and H-18 to C-16. The above substructures accounted for
six degrees of unsaturation, suggesting the presence of an
additional ring. In the HMBC spectrum, H-13ab showed corre-
lations to C-16 while H-17 showed a correlation to C-12, indi-
cating the linkage between the sesquiterpene moiety and the
valine moiety through ester and amide bonds to form the third
seven-membered ring. The relative configuration of the
sesquiterpene part was assigned by coupling constants and
NOE relationships. The large value of */i.5a44.30 (13.8 Hz) and
the small values of /i1 4100 and Y112 (both 2.6 Hz) sug-
gested trans diaxial orientation of H-2a (dy 2.07) and H-3a (dy
1.60) and equatorial orientation of H-1. Assuming that H-1 was
on the B-face of the cyclohexane ring, H-2a and H-3b (6, 1.35)
are suggested to be on the p-face of the ring whereas H-2b (6
1.78) and H-3a are orientated on the «-face. The ROESY corre-
lations from Me-10 to H-1, H-2a and Me-15 placed Me-10 on the
B-face of the ring whereas the ROESY correlations from H-5 to
H-3a and Me-14 placed H-5 on the «-face of the ring. After acid
hydrolysis of 13 followed by Marfey's reaction, the valine moiety
was determined to have L absolute configuration (175).

In order to elucidate the absolute configuration of the other
chirality centers in 13, the solution TDDFT-ECD method was
applied on the (15,55,95,175) and (1R,5R,9R,175) stereoiso-
mers.”** The Merck Molecular Force Field (MMFF) conforma-
tional search resulted in 16 and 11 conformers in a 21 k] mol™"
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Table 2 *H and **C NMR data of compound 2 and 3
2° 3k
Position dc, type dy (J in Hz) éc, type éy (J in Hz)
1 58.1, CH, 4.41,d (15.6) 57.0, CH, 4.55, d (15.8)
4.01, d (15.6) 4.07, d (15.8)
2 127.7, C 126.9,C
3 200.0, C 197.4, C
4 77.2,C 74.1,C
5 75.0, CH 3.98,t (3.5) 74.7, CH 5.29, dd (3.6, 2.3)
6 37.3, CH, 2.70, dd (18.8, 3.5) 34.3, CH, 2.74, dd (19.5, 3.6)
2.44, dd (18.8, 3.5) 2.47, dd (19.5, 2.3)
7 149.2, C 147.2,C
8 41.8, CH, 2.35,d (18.9) 10.8, CH, 2.30, d (18.9)
2.11,d (18.9) 2.10, d (18.9)
96.4, C 91.9, C
10 34.9, CH, 1.69, m 33.8, CH, 1.70, m
1.54, m 1.51, m
11 20.0, CHz 1.92, m 18.9, CH, 1.92, m
1.62, m 1.63, m
12 33.4, CH 1.62, m 32.2, CH, 1.61, m
1.20, m 1.19, m
13 68.2, CH 3.80, m 66.9, CH 3.77, m
14 22.0, CH, 1.08, d (6.3) 21.7, CH,4 1.09, d (6.4)
15 22.7, CH, 1.30, s 23.7, CH, 1.40, s
5-0OA¢ 170.5,C
21.1, CH; 2.01, s

4 Measured in CD,0D ('H at 600 MHz and **C at 150 MHz). * Measured in CDCI, (*H at 600 MHz and *C at 150 MHz).

Table 3 *H and **C NMR data of compound 13¢

Position bc, type” 6y (7 in Hz)
1 75.9, CH 4,98, t (2.6)
2 23.1, CH, 2.07, dddd (15.2, 13.8, 4.2, 2.6)
1,78, dddd (15.2, 4.3, 2.6, 2.6)
3 36.2, CH, 1.60, ddd (13.8, 13.8, 4.3)
1.35, ddd (13.8, 4.2, 2.6)
4 33.7,C
5 46.6, CH 1.85, dd (12,6, 1.8)
6 18.8, CH, 1.97, m
1.66, m
7 22.5, CH, 235, m
211, m
8 1703, C
9 42.3,C
10 21.3, CH, 130, s
11 126.3, C
12 1724, C
13 69.9, CH, 4.85, dt (17.2, 2.8)
4,50, ddd (17.2, 3.6, 1.3)
14 33.6, CH, 1.03, s
15 21.8, CH, 0.99, s
16 1717, C
17 61.1, CH 4,04, d (7.1)
18 31.0, CH 2.02, m
19 19.5, CH, 0.95, d (6.8)
20 19.1, CH; 0.97, d (6.8)
1-OAc 173.4,C
22.0, CH; 1.88,s

4 Measured in CD,;0D ('H at 600 MHz and '*C at 150 MHz). * Data were
extracted from the HSQC and HMBC spectra.

27282 | RSC Adv, 2019, 9, 27275-27288

energy window, respectively, which were reoptimized separately
at the B3LYP/6-31+G(d,p), the wB97X/TZVP**** PCM/MeCN, the
CAM-B3LYP/TZVP* PCM/MeCN and the SOGGA11-X/TZVP*'=*
SMD/MeCN levels of theory. Interestingly, Boltzmann-averaged
ECD spectra of both diastereomers computed for conformers
over 1% Boltzmann-population at various levels of theory gave
moderate to good mirror-image agreement with the experi-
mental ECD spectrum of 13 indicating that the seven-
membered ring with C-17 chirality center has the major
contribution to the ECD spectrum?® and suggested (17R) abso-
lute configuration, opposite to that of the Marfey's analysis.
However, while almost all low-energy conformers of
(15,55,95,175)-13 gave similarly mirror-image spectra to the
experimental one, for (1R,5R,9R,175)-13 even highly populated
conformers (and the lowest-energy wB97X/TZVP PCM/MeCN
one) gave moderate agreement with the measured ECD and
the ratio of the Boltzmann-weights of conformers with
congruent and mirror-image spectra is comparable at all
applied levels of theory. Although some of the best performing
DFT functionals were utilized as suggested by Bremond et al. in
a recent study,* no combination of methods could be found,
which would suggest the (1R,5R,9R,175)-13 absolute configura-
tion. With the result of Marfey's analysis in hand, this demon-
strated that the small difference in the two ensembles of
conformers, having opposite ECD spectra, could not be pre-
dicted properly, which is the reason of the failure. Specific
optical rotation (SOR) calculations were also performed for the
CAM-B3LYP/TZVP PCM/MeOH conformers but resulting in
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Fig. 2 COSY and key HMBC correlations of 13.

similarly large negative average values with both levo- and
dextrorotating low-energy conformers for both stereoisomers,
which did not allow a solid assignment of the absolute config-
uration. The limited amount of 13 did not allow a VCD
measurement. Thus, based on the Marfey's reaction and the
ECD results, the structure of 13 was tentatively elucidated as
shown, for which a trivial name humigriseamide is proposed.

Asteriquinone CT4 (14) is a dimeric tryptophan derivative. In
rice approximately 8% of the dry weight consists of proteins
whereas the tryptophan content amounts to approximately
1.7% of the total amino acid content.*” Since peas are much
richer in proteins compared to rice (20% vs. 8% of the dry
weight), we assumed that a higher tryptophan content in peas
might be responsible for the formation of 14 during the OSMAC
experiment. To test this hypothesis, we added 2% tryptophan to
the rice media in order to simulate an excess of tryptophan
which resulted in the formation of compound 14 together with
another new compound 15 and the known compounds
anthranilic acid and N-formyl anthranilic acid.

Compound 15 has the molecular formula C,;H,;NOg as
deduced from the HRESIMS data, corresponding to ten degrees
of unsaturation. The 'H and *C NMR data of 15 (Table 4) were
similar to those of the co-isolated bismacrolactone colletoketol
(11)"*2* except for the disappearance of signals of the isolated
double bond (C-12/C-13) and the presence of additional signals
of one methine group (& 49.8 and 4y 4.57, CH-13), one meth-
ylene group (6c 41.8 and &y 3.16, 2.95, CH,-12) and of four
aromatic protons at 6y 7.81 (H-21), 7.38 (H-19), 6.69 (H-18) and
6.64 (H-20) in 15. An anthranilic acid moiety was established by
the COSY correlations between H-18/H-19/H-20/H-21 and the
HMBC correlations from H-19 to C-17 (¢ 149.2) and from H-21
to C-17 and C-23 (éc 169.7) taking also into account the
molecular formula of 15. In addition, the COSY correlations
between H,,-12/H-13/13-NH along with the HMBC correlations
from H-12ab to C-11 (é¢ 209.1) and C-14 (6 172.3), from H-13 to
C-11, C-14 and C-17, and from 13-NH to C-14 indicated the
attachment of the anthranilic acid moiety at C-13 through an
amide bond. Detailed analysis of the 2D NMR spectra of 15
revealed that the remaining substructure of 15 was identical to
that of colletoketol (11). Thus, compound 15 was identified as
13-N-(2-carboxyphenyl)colletoketol. Based on the biogenetic
relationship and similarity of coupling constants and NOE
correlations between 11 and 15, the stereochemistry at C-2, C-8
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Table 4 *H and *C NMR data of compound 15°

Position ¢, type Oy (J in Hz)

2 71.2, CH 4.68, ddq (11.9, 2.7, 6.1)

3 37.1, CH, 2.49, ddd (11.9, 8.0, 2.7)
2.33, td (11.9, 8.0)

4 143.6, CH 6.67, dt (15.8, 8.0)

5 125.1, CH 5.77, d (15.8)

6 164.5, C

8 65.2, CH 5.08, ddq (11.3, 1.9, 6.3)

9 38.4, CH, 2.17, dd (14.2, 11.2)
1.96, ddd (14.2, 7.5, 1.9)

10 73.0, CH 4.03, d (7.5)

11 209.1,C

12 41.8, CH, 3.16, dd (18.8, 6.0)
2.95, dd (18.8, 2.0)

13 49.8, CH 4,57, ddd (7.1, 6.0, 2.0)

14 172.3,C

15 20.0, CH,4 1.17, d (6.3)

16 20.5, CH, 1.29, d (6.1)

17 149.2, C

18 111.4, CH 6.69, br d (7.9)

19 134.5, CH 7.38, td (7.9, 1.6)

20 115.5, CH 6.64, br t (7.9)

21 131.9, CH 7.81, dd (7.9, 1.6)

22 111.2,C

23 169.7, C

13-NH 8.13,d (7.1)

“ Measured in DMSO-d,, (*H at 600 MHz and »*C at 150 MHz).

and C-10 in 15 was suggested to be identical to that in 11, where
the absolute configuration had been determined by X-ray
analysis.” In order to confirm this and determine the abso-
lute configuration of the additional C-13 chirality center, the
experimental ECD, VCD, '*C NMR chemical shifts and charac-
teristic */,y i coupling constants were calculated for the stereo-
isomers (2R,8R,10R,13R)-15 and (2R,8R,10R,135)-15.%*

The MMFF conformational search of (2R,8R,10R,13R)-15 and
(2R,8R,10R,135)-15 resulted in 197 and 246 conformers,
respectively, which were reoptimized at the B3LYP/6-31+G(d,p),
the B3LYP/TZVP PCM/CHClj, the wB97X/TZVP PCM/MeCN and
the mPW1PW91/6-311+(2d,p) SMD/CHCIl; levels of theory,
separately. '>*C NMR shift calculations performed both at the
mPW1PW91/6-311+(2d,p) in vacuo and the mPW1PW91/6-
311+(2d,p) SMD/CHCI; levels for the B3LYP/6-31+G(d,p)
conformers gave similar results for the two stereoisomers
indicating no preference of any of the two diastereomers.?*=°
The wB97X/TZVP PCM/MeCN conformers (>1%) of
(2R,8R,10R,13R)-15 and (2R,8R,10R,135)-15 showed different
conformations for the macrolactone ring, which was also
manifested in the dihedral angles tiyi3,0-13,0-12,1-12ap aNd 6y
13,ca3nn- Thus the coupling constants *fyyys nuy Jrazapas and
RJH..ZD,H..; were selected for calculations, for which 7.1, 6.0 and
2.0 Hz values were measured, respectively. The computed
coupling constants of (2R,8R,10R,13R)}-15 gave consistently
better agreement with the experimental values than those of
(2R,8R,10R,135)-15, which had systematically larger values
(Table 5). The largest and decisive difference could be observed
for 6.0 Hz */y1.1 24,113 experimental value, which was calculated
5.5 Hz for (2R,8R,10R,13R)-15 and 11.2 Hz for (2R,8R,10R,13S)-
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Table 5 Comparison of characteristic experimental and computed
[MPW1PW91/6-311+G(2d,p)//B3LYP/6-31+Gid.p)]  *Jyy  coupling
constants of 15

3JrH-l.I.NH 3..fH-lZZ!,H-l.\ erH-lZ.h.I{-lJ
Experimental 7.1 6.0 2.0
(2R,8R,10R,13R)-15 8.6 5.5 2.9
(2R,8R,10R,135)-15 9.2 11.2 4.1

15. H-13 and H-12a had gauche orientation in (2R,8R,10R,13R)-
15 with small @yy.13,043,012,112a dihedral angles and coupling
constants, while H-13 and H-12a had near trans-periplanar
arrangement in the computed conformers of (2R,8R,10R,135)-
15, which gave rise to large coupling constant (11.2 Hz). The
computed "]H,H coupling constants clearly suggested that 15 has
(2R*,8R*,10R* 13R*) relative configuration.

'3C NMR shifts were also computed for the mPW1PW91/6-
311+(2d,p) SMD/CHCI; conformers at the same level and
although this level gave worse agreement for both stereoiso-
mers because of the rather limited number of compounds
utilized for the NMR parameter generation,* it gave consider-
ably better agreement for (2R,8R,10R,13R)-15 than for
(2R,8R,10R,135)-15 in line with the result of the coupling
constant calculations. ECD calculations performed at various
levels for the B3LYP/6-31+G(d,p) and the wB97X/TZVP PCM/
MeCN conformers gave similarly good agreement for both
stereoisomers verifying the (2R,8R,10R) absolute configuration
of the three stereocenters but giving no information about the
C-10 chirality center (Fig. 3 and 4). However, with the combi-
nation of the (2R* 8R*,10R*13R*) relative configuration from
the coupling constants and (2R,8R,10R) absolute configuration
from the ECD calculations allowed determining the
(2R,8R,10R,13R) absolute configuration for 15. VCD measure-
ment and calculations were also carried out to check whether it
can differentiate  between the (2R,8R,10R,13R)
(2R,8R,10R,135) stereoisomers independently from other

and

——measured ECD
—— As (B3LYP/TZVP, average
of 6 conformers)
I R (B3LYP/TZVP, conformer A)
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Fig. 3 Experimental ECD spectrum of 15 in MeCN compared with the
Boltzmann-weighted B3LYP/TZVP PCM/MeCN ECD spectrum of
(2R.8R,10R,13R)-15. Level of optimization: wB97X/TZVP PCM/MeCN.
Bars represent the rotatory strength values of the lowest-energy
conformer.
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Fig.4 Experimental ECD spectrum of 15 in MeCN compared with the
Boltzmann-weighted CAM-B3LYP/TZVP PCM/MeCN ECD spectrum
of (2R.8R.10R,135)-15. Level of optimization: wBI7X/TZVP PCM/
MeCN. Bars represent the rotatory strength values of the lowest-
energy conformer.

methods (Fig. 5). VCD calculations performed on the B3LYP/
TZVP PCM/CHCI; conformers at the same level gave accept-
able agreement for both stereoisomers with a slight preference
for the (2R,8R,10R,13R) stereoisomer. Similarity indexes (ESI{)**
computed with the CDSpecTech package™** gave considerably
higher number (0.335 and a confidence level of 85.4%) for this
stereoisomer than for (2R,8R,10R,135)-15 (0.128). Although this
ESIT number is below the limit that Covington and Polavarapu
suggested for a safe elucidation of configuration with vCD,*
similarly to the ECD calculations it allowed determining the
absolute configuration of 15 as (2R,8R,10R,13R) when combined
with the result of the coupling constant calculations.

All compounds except for compounds 9 and 14 due to their
low amounts were submitted to a cytotoxicity assay using the
L5178Y mouse lymphoma cell line and to antimicrobial assay
against Mycobacterium tuberculosis, Staphylococcus aureus,
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Fig. 5 Experimental VCD spectrum (black line) of 15 in CDCls

compared with the Boltzmann-weighted B3LYP/TZVP PCM/CHCls

VCD spectra of (2R,8R,10R,13R)-15 (red line) and (2R,8R,10R,135)-15
(blue line).
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Enterococcus faecalis, Acinetobacter baumannii, Pseudomonas
aeruginosa and Escherichia coli. Chateochromin A (7), colleto-
ketol (11) and the new compound 15 exhibited strong cytotox-
icity with ICs, values of 0.3, 0.5 and 0.2 pM, respectively. Only
chateochromin A (7) showed antibacterial activity against E.
Jfaecalis with an MIC value of 6.3 pM. The remaining compounds
were inactive when tested at a dose of 10 pM.

In conclusion, an axenic fermentation of Trichocladium sp.
on rice medium yielded ten natural products including two new
compounds (1 and 3). Co-cultivation of the fungus with B,
subtilis led to the production of a further new compound (2) and
a 10-fold increase of 11. The latter compound is known as
aweak broad-spectrum antibiotic,” implying a possible defense
reaction of the fungus against B. subtilis. A switch from solid
rice to peas as medium for fungal cultivation resulted in the
production of an additional new compound 13, representing
a sesquiterpene connected with an amino acid. In addition,
a dimeric tryptophan derivative 14 was isolated. These results
indicate that a protein rich medium such as peas induces the
accumulation of different compounds compared to a carbohy-
drate rich medium like rice. Addition of tryptophan to the rice
medium which was done trying to mimic the higher protein
content of peas vs. rice caused the accumulation of the new
compound 15 which in addition to colletoketol (11) includes
anthranilic acid, the latter probably being a fungal biotrans-
formation product of added tryptophan.*

Experimental section
General experimental procedures

Optical rotations were measured on a PerkinElmer-241 MC
polarimeter. ECD spectra were recorded on a J-810 spec-
tropolarimeter. VCD measurements were performed on a BioTools
ChirallR-2X spectrometer at a resolution of 4 em ™' under ambient
temperature for 18 x 3000 scans, respectively. Sample was dis-
solved in CDCI; at a concentration of 0.095 M (15), and the solu-
tion was placed in a 100 pm BaF, cell. NMR spectra were recorded
on Bruker ARX 300 or AVANCE DMX 600 NMR spectrometers.
Mass spectra were obtained from a Finnigan LCQ Deca XP mass
spectrometer while high resolution mass spectra were recorded on
a FTHRMS-Orbitrap (Thermo-Finnigan) mass spectrometer. A
Dionex P580 system was used in combination with a diode array
detector (UVD340S) and an Eurosphere 10 C,g column (125 x 4
mm) for HPLC analysis and recording UV spectra. Semi-
preparative HPLC was conducted on a Lachrom-Merck Hitachi
system (pump L7100, UV detector L7400, Eurospher 100 Cig
column, 300 x 8 mm, Knauer Germany). Sephadex-LH20 and
Merck MN silica gel 60M (0.04-0.063 mm) were used as stationary
phases for column chromatography. TLC plates precoated with
silica gel 60 F254 were used for monitoring separation. For spec-
troscopic measurements spectral grade solvents were used.

Fungal material

Houttuynia cordata was grown in a local garden at Willich,
Germany. The identification of the plant used in this study was
performed by Dr Marc Appelhans (Department of Systematics,
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Biodiversity and Evolution of Plants with Herbarium, Géttingen
University). A voucher specimen of the plant (code
GOET038305) has been deposited in Gottingen University
Herbarium. Fresh roots were harvested in April 2016 and
washed with sterilized water, surface sterilized with 70%
ethanol for 1 min, and cut into small pieces (around 1 x 1 x 1
cm) using a flame sterilized blade. These pieces were put on
malt agar plates (15 g L' malt extract, 15 g L~ agar, and 0.2 g
L' chloramphenicol in distilled water, pH 7.4-7.8 with sodium
hydroxide or hydrochloric acid), and then incubated at room
temperature for several days. A fungus that was growing out
from the root segments was identified as Trichocladium sp.
using a molecular protocol as described previously.* Sequence
data were submitted to GenBank with the accession number
MK241585. A voucher strain (code HCRSW) is kept in the
Institute of Pharmaceutical Biology and Biotechnology,
Heinrich-Heine University, Diisseldorf, Germany. After surface
sterilization we also imprinted the surface sterilized roots on
agar plates, Following incubation of these agar plates no fungal
growth was detected which proofs that the fungus is an endo-
phyte and not an exophyte.

Fermentation and co-cultivation

Fermentation of the fungus was conducted in 11 Erlenmeyer
flasks on solid rice medium (100 g rice in 110 mL water followed
by autoclaving) at 20 °C at static conditions. After 33 days each
flask was extracted with 600 mL EtOAc. The rice medium was
cut into small pieces and shaken for 8 hours followed by
evaporation of EtOAc.

Co-cultivation experiment with Bacillus subtilis (ATCC168)
was conducted on solid rice medium. A total of 15 flasks was
prepared (5 axenic fungal cultures as controls, 5 co-cultures
with bacteria and 5 axenic bacterial cultures as controls). After
addition of 10 mL bacteria solution to each flask, the flasks were
incubated at 30 °C for three days. Then a constant number of
pieces from agar plates containing Trichocladium sp. were
transferred to the co-culture flasks, All flasks were inoculated at
20 °C under static conditions. After 33 days 600 mL EtOAc was
added to each flask in order to terminate the cultivation.

OSMAC experiments

In addition to rice, peas (Pisum sativum, from Miillers Miihle,
Germany) were used as medium (100 g of peas in 110 mL of H,O
followed by autoclaving). The cultivation procedure was the
same as described for cultivation on rice medium. For the
feeding experiment using tryptophan, the rice medium was
spiked with 2% tryptophan prior to autoclaving.

Extraction and isolation

The crude extract (12 g) obtained from axenic fungal rice cultures
was subjected to silica gel vacuum liquid chromatography (VLC)
using a step gradient of n-hexane/EtOAc and CH,Cl,/MeOH to
give 11 fractions (V1-V11). Fraction V4 (4.6 g) was further frac-
tionated by reversed phase vacuum liquid chromatography using
a step gradient of HyO and MeOH to yield 10 subfractions
(V4RP1-V4PR10). Subfraction V4RP5 was subjected to
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a Sephadex LH-20 column using MeOH as eluent followed by
purification by semi-preparative HPLC using 55% MeOH-H,0 to
give 1 (6.4 mg), 9 (1.2 mg) and 11 (4.5 mg). Following a similar
procedure as described for VARP5, 3 (2.4 mg) and 5 (5.2 mg) were
isolated from subfraction VARP6. Compounds 4 (5.4 mg) and 10
(6.4 mg) were isolated from subfraction VARP7, while 8 (6.8 mg)
was obtained from subfraction V4RP9. Compounds 6 (2.8 mg)
and 7 (3.2 mg) were obtained from fractions V6 and V9, respec-
tively, after separation by Sephadex LH-20 column chromatog-
raphy with MeOH as eluent.

The chromatographic work up of the OSMAC extracts fol-
lowed the same procedure as described for the axenic rice
cultures. Silica gel vacuum liquid chromatography using a step
gradient of n-hexane/EtOAc and CH,Cl,/MeOH was used for
separation of the crude extracts obtained from co-cultivation,
pea medium and rice medium with addition of tryptophan, A
total of ten fractions (CV1-CV10) was obtained from the co-
culture extract. Fraction CV4 (2.4 g) was separated by a Sepha-
dex LH-20 column with MeOH as mobile phase followed by
purification using semi-preparative HPLC with 45% MeOH-
H,O as eluting system to afford 2 (4.3 mg). The pea culture
vielded nine subfractions (PV1-PV9) after VLC. Compounds 12
(6.4 mg) and 13 (5.4 mg) were isolated from fraction PV6, while
14 (0.5 mg) was obtained from fraction PV9 by semi-preprative
HPLC using a gradient of MeOH-H,O (from 10 : 90 to 90 : 10),

Fraction TV6 (854 mg) was obtained from rice medium after
addition of tryptophan. The fraction was submitted to silica gel
VLC and purified using reversed phase VLC and a step gradient
of H,0 and MeOH to give 15 (22.5 mg).

Amidepsine L (1). Pale yellow powder; [a]p = +50 (¢ 0.2,
MeOH); UV (MeOH) A, 255 and 213 nm; 'H and '*C NMR data
see Table 1; HRESIMS m/z 620.1370 [M + NaJ (caled for
C9H,7NO,3Na, 620.1375).

5-Epi-pestafolide A (2). White amorphous solid; [a]p, = —55 (¢
0.05 CH3;OH); UV (MeOH) Anqx 248 nm; "H and *C NMR data
see Table 2; HRESIMS m/z 283.1544 [M + H]" (caled for
C,5H,,;05, 283.1540).

5-0-Acetyl-epi-pestafolide A (3). White amorphous solid; [a]p
= —51(c 0.05 MeOH); UV (MeOH) A ax 246 nm; 'H and *C NMR
data see Table 2; HRESIMS mj/z 325.1651 [M + H]" (caled for
Cy7H,504, 325.1646).

Humigriseamide (13). White amorphous solid; [a], = +34 (¢
0.05, MeOH); UV (MeOH) Aax 216 nm; ECD (MeCN, A [nm] (Ae),
€ 0.128 mM): 289sh (+0.04), 243 (+0.47), 212 (—2.33), 191sh
(~2.33); '"H and C NMR data see Table 3; HRESIMS m/z
392.2433 [M + H]' (caled for C,,H34NOs, 392.2431).

13-N-(2-Carboxyphenyl)colletoketol (15). Light red oil; [a]p, =
—50 (¢ 0,05, CHCl,); UV (MeOH) A0y 348, 252 and 214 nm; ECD
(MeCN, A[nm] (Aé), ¢ 0.075 mM): 348 (+1.56), 264 (—2.11), 237sh
(—1.41), 220 (—14.20), 203sh (+4.49), 196 (+5.02); 'H and “*C
NMR data see Table 4; HRESIMS m/z 420.1660 [M + H]" (calc. for
C,:H,NO, 420.1653).

Marfey's analysis

Marfey's analysis was conducted following a previously
described protocol.*” Acid hydrolysis of the isolated compounds
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1 and 13 was conducted using 0.2 mg of each compound. After
addition of 2 mL of 6 N HCI and incubation for 24 h at 110 °C,
the acid was removed by drying under a nitrogen stream. 50 puL
of each sample was treated with 100 pL of FDNPL (1% N-(5-
fluore-2,4-dinitrophenyl)-i-leucin amide) in acetone together
with 20 pL 1 M NaHCO;. Then the mixtures were incubated at
40 °C for 1 h under constant mixing. Next 10 uL of 2 N HCL was
added to each vial followed by evaporation to dryness. For
injection to HPLC, 1 mL MeOH was added to each vial. 1- and p-
amino acids which were used as standards were treated in the
same manner. Analysis of the derivatized amino acids was
performed by comparing their retention times with those of
standards.

Computational methods

Mixed torsional/low-mode conformational searches were
carried out by means of the Macromodel 10.8.011 software
using the MMFF with an implicit solvent model for CHCI;
applying a 21 k] mol ™" energy window.” Geometry reoptim-
izations of the resultant conformers [B3LYP/6-31+G(d,p) level in
vacuo, B3LYP/TZVP PCM/CHCl;, wB97X/TZVP and CAM-B3LYP/
TZVP with PCM solvent model for MeCN, SOGGA11-X/TZVP
SMD/MeCN and mPW1PW91/6-311+G(2d,p) SMD/CHCL;] and
DFT VCD, TDDFT ECD and SOR calculations were performed
with Gaussian 09 for ECD and SOR using various functionals
(B3LYP, BH&HLYP, CAM-B3LYP, 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 the sum of
Gaussians with 3000 em ' half-height widths, using dipole-
velocity-computed rotational strengths.* VCD spectra were
calculated with 8 em ' half-height width and scaled by a factor
of 0.98.* Boltzmann distributions were estimated from the
B3LYP, wB97X, CAM-B3LYP, SOGGA11-X and mPW1PW91
energies. ESIT values were computed with the CDSpecTech 22.0
software package.** The MOLEKEL program was used for
visualization of the results.*

Cytotoxicity assay

Cytotoxicity against the L51178Y mouse lymphoma cell line was
measured using the MTT assay.” Kahalalide F and 0.1%
ethylene glycol monomethyl ether in DMSO were used as posi-
tive and negative control, respectively.

Antimicrobial assay

Antimicrobial activity of the compounds was conducted using
the microdilution method. Compounds were dissolved in
DMSO and added to the broth. The resulting final DMSO
concentration in the assay was 0.1%. The direct colony
suspension method was employed for preparation of the inoc-
ulum, and MIC values for each strain were determined
according to the recommendations of the Clinical and Labora-
tory Standards.** Two known antibiotics, ciprofloxacin and
moxifloxacin (analytical standard, Sigma-Aldrich) were used as
positive controls.
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Figure S11. The HRESIMS of compound 2
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Figure S21. The 3C NMR (150 MHz, CDCl3) spectrum of compound 3
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Figure S33. The UV spectrum of compound 13
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Figure S34. Experimental ECD spectrum of 13 in MeCN compared with the Boltzmann-
weighted PBEO/TZVP SMD/MeCN ECD spectrum of (15,55,95,175)-13. Level of
optimization: SOGGA11-X/TZVP SMD/MeCN. Bars represent the rotatory strength
values of the lowest-energy conformer.
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Figure $35. Experimental ECD spectrum of 13 in MeCN
compared with the Boltzmann-weighted PBEO/TZVP
SMD/MeCN ECD spectrum of (1R,5R,9R,175)-13. Level of
optimization: SOGGA11-X/TZVP SMD/MeCN. Bars represent
the rotatory strength values of the lowest-energy conformer.
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Figure $36. Experimental ECD spectrum of 13 in MeCN
compared with the lowest-energy PBEO/TZVP PCM/MeCN
ECD spectrum of (1R,5R,9R,175)-13. Level of optimization:
wB97X/TZVP PCM/MeCN. Bars represent the rotatory
strength values of the lowest-energy conformer.
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Figure S37. Structure and population of the low-energy SOGGA11-
X/TZVP SMD/MeCN conformers (>1%) of (15,55,9S,17S)-13.
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Figure $38. Structure and population of the low-energy
SOGGA11-X/TZVP SMD/MeCN conformers (>1%) of
(1R,5R,9R,175)-13.
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Figure $39. Structure and population of the lowest-energy
(24.5%) wB97X/TZVP PCM/MeCN conformer of
(1R,5R,9R,175)-13 giving moderate normal agreement with
the experimental spectrum.
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Table S1. Boltzmann populations and specific optical rotations of the low-energy conformers of (15,55,95,175)-13 computed at various
levels for the CAM-B3LYP/TZVP PCM/MeOH conformers.

Conformer Boltzmann population B3LYP/TZVP BH&HLYP/TZVP CAM-B3LYP/TZVP PBEO/TZVP
Conf. A 40.93 -187.33 -147.95 -162.42 -186.18
Conf. B 19.22 -151.15 -125.76 -134.37 -147.79
Conf. C 11.88 -121.90 -103.53 -108.98 -120.47
Conf. D 10.01 -203.98 -158.23 -176.23 -200.78
Conf. E 6.80 -103.16 -83.91 -90.43 -99.13
Conf. F 4.68 150.48 108.11 116.47 149.72
Conf. G 2.39 -191.12 -146.17 -162.36 -188.44
Conf. H 1.38 -36.76 -13.57 -23.89 -31.78
Conf. | 1.14 -83.09 -50.83 -62.13 -77.51
Average N/A -148.95 -119.64 -130.55 -146.88

Table S2. Boltzmann populations and specific optical rotations of the low-energy conformers of (1R,5R,9R,175)-13 computed at various
levels for the CAM-B3LYP/TZVP PCM/MeOH conformers.

Conformer Boltzmann population B3LYP/TZVP BH&HLYP/TZVP CAM-B3LYP/TZVP PBEO/TZVP
Conf. A 27.71 -232.94 -173.86 -189.03 -233.36
Conf. B 26.26 -226.28 -179.97 -188.62 -224.40
Conf. C 17.71 61.33 36.20 45.85 57.12
Conf.D 7.84 -109.95 -74.11 -82.49 -109.60
Conf. E 6.68 -215.93 -157.75 -171.23 -216.53
Conf. F 6.16 -156.34 -113.01 -121.56 -155.20
Conf. G 2.44 45.40 27.45 38.13 42.88
Conf. H 1.78 61.30 38.97 49.17 57.60
Conf. | 1.72 57.21 33.29 42.28 47.30
Conf.J 1.38 165.66 128.77 143.60 162.51
Average N/A -140.76 -108.97 -115.04 -141.41
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Figure S40. The HPLC chromatogram of L-Valin L-FDAA for Marfey’s method
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Figure S42. The HPLC chromatogram of compound 13 with L-FDAA for Marfey’s method
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45

118

[mlrin]

20

i5

14

My

a5

a0

WH 900 BT T B2 2107 S0TE Vo0 S S| UeLe), CRugLoui U - 3 wie Doy ey Ty

PS80 SI0CS0PT



Publication 2

o8

0.5

Awaibancd

0%

02

0.0

r- 7§ - —

D-FDAA

HCRIK-P-¥5-P3 D-FDAA_22.05.2018 19_01_35_006 - S 2600: Chaamel 1

Sample

D-FDAA Adduct

Figure S44. The HPLC chromatogram of compound 13 with D-FDAA for Marfey’s method

46

119

[ml/frmin]
20

15

12 F
05

92

15:60 810 S0t

O

AT D)

i

Wit 2007 6ETT0AT BTOT S0 TT W04-0 £d-Shd- AOEIH) e



Publication 2

Figure S45. The HRESIMS of compound 15
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Figure $46. The *H NMR (600 MHz, CDs0D) of compound 15 48
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Figure S47. The 3C NMR (150 MHz, CD30D) of compound 15 49
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Figure S49. The HSQC (600 MHz, CD30D) of compound 15
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Figure S51. The ROESY (600 MHz, CDs0D) of compound 15
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Figure S52. The UV spectrum of compound 15
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Figure S53. Structure and population of the low-energy
wB97X/TZVP PCM/MeCN conformers (>1%) of
(2R,8R,10R,13R)-15.
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Figure S54. Structure and population of the low-energy
wB97X/TZVP PCM/MeCN conformers (>1%) of (2R,8R,10R,13S)-15.

56

129



Publication 2

Table S3. Comparison of the experimental and the mPW1PW91/6-311+(2d,p) // mPW1PW91/6-311+(2d,p) 1*C NMR data of
(2R,8R,10R,13R)-15 and (2R,8R,10R,135)-15. For a better comparison Ad values over 2.5 were marked with yellow and those over 5.0

with red.

Carbon EXp. calcd (2R,8R,10R,13R)-15 calcd (2R,8R,10R,135)-15 A8 (2R,8R,10R,13R)-15 A8 (2R,8R,10R,135)-15
c-2 71.2 72.60 75.77 1.40 4,57
C-3 37.1 40.37 41.11 3.27 4.01
c-4 143.6 151.29 153.11
C-5 125.1 125.68 127.42 0.58 2.32
C-6 164.5 165.97 168.99 1.47 4.49
C-8 65.2 64.45 68.31 0.75 3.11
c-9 38.4 39.82 41.32 1.42 2.92
C-10 73.0 76.04 77.86 3.04 4.86
C-11 209.1 212.93 216.57 3.83
c-12 41.8 41.47 43.92 0.33 2.12
C-13 49.8 50.90 55.79 1.10
C-14 172.3 172.06 173.68 0.24 1.38
C-15 20.0 19.89 20.31 0.11 0.31

C-16 20.5 20.06 20.72 0.44 0.22
C-17 149.2 149.65 152.29 0.45 3.09
C-18 111.4 109.11 113.10 2.29 1.70
C-19 134.5 136.70 139.34 2.20 4.84
C-20 115.5 113.53 116.62 1.97 1.12
C-21 131.9 133.99 135.79 2.09 3.89
C-22 111.2 106.80 109.53 4.40 1.67
C-23 169.7 168.29 172.23 1.41 2.53
CMAE N/A N/A N/A 1.95 3.48
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Figure S55. HPLC overlays of the crude extracts.
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Table S7. Yield (mg/flask) of compound 11 in axenic fungal control and in coculture with Bacillus subtilis.

flask number Control Coculture
1 13.4 72.3
2 1.8 65.1
3 1.9 51.5
4 14.0 74.7
i 2.3 76.8
" 6758 68.149.2
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Figure S56. The 'H NMR (600 MHz, CDsCl) spectrum of compound 2 after storage in EtOAc.
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Figure S57. LCMS of compound 2 after storage in EtOAc.
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Table S8. Raw data of compound 7 against the L51178Y mouse lymphoma cell line.

135

Blank Mean ';Ilzirl](_ Growth in % Growt?nl;hibition (Sg/r:'l) SD
0.039 | 0.039| 0.039 | 0.024 | 0.039| 0.015
0.197 | 0.483 | 0.498 | 0.391 | 0.451| 0.406 0.446 0.249 100.0 0.0 0 0.05
0.204 | 0.358 | 0.351 | 0.328 | 0.418 | 0.379 0.367 0.163 65.4 34.6 0.1 0.03
0.205 | 0.203 | 0.206 | 0.196 | 0.207 | 0.187 0.200 -0.005 -2.1 102.1 0.3 0.01
0.2 | 0.209 | 0.187 | 0.197 | 0.187 | 0.201 0.196 -0.004 -1.5 101.5 1 0.01

0.23 | 0.238 | 0.211 | 0.228 | 0.204 0.23 0.222 -0.008 -3.1 103.1 3 0.01

0.367 | 0.358 | 0.343 0.36 | 0.352| 0.351 0.353 -0.014 -5.7 105.7 10 0.01
ICso
0.039 | 0.039| 0.026 | 0.039| 0.011| 0.037 0.14 pg/mL
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Figure $58. Dose-dependence curve of compound 7 against the L5178Y mouse lymphoma cell line.
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Table S9. Raw data of compound 11 against the L51178Y mouse lymphoma cell line.

137

Blank Mean ';Ilzirl](_ Growth in % Growt?nl;hibition (Eg/r:;i) SD
0.038 | 0.012 | 0.006 | 0.034 | 0.034 | 0.068
0.153 | 0.709 0.65 | 0.749| 0.637 | 0.831 0.715 0.563 100.0 0.0 0 0.08
0.164 | 0.342 | 0.357 | 0.563 | 0.559 0.63 0.490 0.326 58.0 42.0 0.1 0.13

0.15 | 0.153 | 0.176 0.24 | 0.278 0.31 0.231 0.081 14.5 85.5 0.3 0.07
0.146 | 0.112 | 0.149 | 0.169 | 0.264 | 0.272 0.193 0.047 8.4 91.6 1 0.07

0.14 | 0.149| 0.157 | 0.168 | 0.294 | 0.276 0.209 0.069 12.2 87.8 3 0.07
0.153 | 0.236 0.177 | 0.309 | 0.279 0.250 0.098 17.3 82.7 10 0.06

ICso
0.03 | 0.035| 0.005 | 0.001 | 0.073 | 0.062 0.14 pg/mL
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Figure S59. Dose-dependence curve of compound 11 against the L5178Y mouse lymphoma cell line.
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Table $10. Raw data of compound 15 against the L51178Y mouse lymphoma cell line.

139

Blank Mean ';Ilzirl](_ Growth in % Growt?nI;)hibition (E;/r:z'l) SD
0.206 | 0.075| 0.204 | 0.181 | 0.283 | 0.264
0.521 | 0.695| 0.925| 0.933 | 1.043 | 1.045 0.928 0.407 100.0 0.0 0 0.14

0.5 0.539 | 0.578 | 0.639 | 0.659 0.604 0.104 25.5 74.5 0.1 0.06
0.539 | 0.312| 0.427 | 0.463 | 0.542 0.57 0.463 -0.076 -18.7 118.7 0.3 0.10
0.513 | 0.338 | 0.414 | 0.505| 0.534 | 0.611 0.480 -0.033 -8.0 108.0 1 0.11
0.488 | 0.365 0.38 | 0.481 | 0.497 | 0.589 0.462 -0.026 -6.3 106.3 3 0.09
0.526 | 0.444 | 0.391 | 0.912| 0.527 | 0.604 0.576 0.050 12.2 87.8 10 0.20

ICso
0.266 0.15| 0.134 | 0.252 | 0.232 | 0.292 0.065 pg/mL
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Figure $60. Dose-dependence curve of compound 15 against the L5178Y mouse lymphoma cell line.
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1 | INTRODUCTION

Endophytic fungi are a prominent source for the dis-
covery of new compounds.'” There are an estimated

Sandor Balazs Kiraly® |
Zhen Liu! | Peter Proksch!

Abstract

The endophytic fungus Coniothyrium sp. was isolated from leaves of Quercus
robur. Fermentation of this fungus on solid rice medium yielded two new
furoic acid derivatives (1 and 2) and two additional known compounds. The
structures of the new compounds were determined by extensive analysis of 1D
and 2D nuclear magnetic resonance spectra as well as high-resolution mass
spectrometry data. Compound 1, containing three aromatic chromophores
attached by rotatable sigma bonds and a chirality center in benzylic position,
was found to be a scalemic mixture with an excess of the (S) enantiomer, the
absolute configuration of which was elucidated as by the solution time-
dependent density functional theory-electronic circular dichroism approach.
The @B97X/TZVP PCM/MeCN and SOGGA11-X/TZVP SMD/MeCN methods
were used for geometry reoptimization to reproduce the solution conforma-
tional ensemble. All isolated compounds were tested for their cytotoxicity but
proved to be inactive.

KEYWORDS

Coniothyrium sp, electronic circular dichroism, furoic acid derivatives, TDDFT-ECD calculation

deciduous tree Quercus robur. Literature search for nat-
ural products from Coniothyrium species revealed sev-
eral bioactive compounds. Conioimide that was
isolated from the Baltic sea alga-derived fungus

1.5 million fungal species on Earth, of which only
about 70 000 are currently described.’ Some endo-
phytic fungal genera such as Aspergillus and Penicil-
lium are well investigated, and their metabolic patterns
are well known, even though new compounds are still
reported.*® In this study, the endophytic fungus
Coniothyrium sp. was isolated from leaves of the

Coniothyrium cereale showed prominent and selective
inhibitory activity towards the protease human leuko-
cyte elastase with an ICsy value of 0.2 pg/mL.” Con-
ioscleroderolide, a phenalenone derivative, displayed
antibacterial activity against Staphylococcus aureus
8G511 with an MIC value of 24 pM.* Coniothyrione, a
chlorocyclopentandienylbenzopyrone, was shown to be

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
© 2020 The Authors. Chirality published by Wiley Periodicals, Inc.
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a bacterial protein synthesis inhibitor and was isolated
from Coniothyrium cerealis MF7209.°

In this study, fermentation of Coniothyrium sp. on
solid rice medium yielded two new furoic acid derivatives
(1 and 2) and two additional known compounds
2,3-dihydroxy-2,4-diphenylcyclopent-4-en-1-one (3)'® and
2-anhydromevalonic acid (4).'' The structure elucidation
of the new compounds and the results of cytotoxicity
assay are described in this paper (Figure 1).

2 | MATERIALS AND METHODS

21 | General experimental procedures
Optical rotations were measured on a PerkinElmer-241
MC polarimeter. 1D and 2D nuclear magnetic resonance
(NMR) spectra were recorded with Bruker ARX 300 or
AVANCE DMX 600 NMR spectrometers. Mass spectra
were obtained from a Finnigan LCQ Deca XP mass spec-
trometer, while high-resolution mass spectra were
recorded by a FTHRMS-Orbitrap (Thermo-Finnigan)
mass spectrometer. A Dionex P580 system was used for
high-performance liquid chromatography (HPLC) separa-
tions in combination with a diode array detector
(UVD340S) and an Eurosphere 10 C;3 column (125 x
4 mm). Semipreparative HPLC was conducted on a
Lachrom-Merck Hitachi system (pump L7100, ultraviolet
(UV) detector L7400, Eurosphere 100 C,5 column, 300 x
8 mm, Knauer Germany). Merck MN silica gel 60M
(0.04-0.063 mm) was used as stationary phase for column
chromatography. TLC plates precoated with silica gel
60 F254 were used for monitoring separation. UV and
electronic circular dichroism (ECD) spectra were
recorded on a J-810 spectropolarimeter. The HRESIMS,
UV, and NMR spectra were included in the Supporting
Information.
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FIGURE 1
Coniothyrium sp

Structures of compounds isolated from

2.2 | Fungal material and fermentation
Leaves of Quercus robur were collected in 2017 in
Juelich, Germany. The fresh sample was washed by
sterilized water, surface sterilized with 70% ethanol for
1 minute, and cut into small pieces (around 1 x 1 x
1 cm® using a flame sterilized blade. These pieces
were put on malt agar plates (15 g/L malt extract,
15 g/L agar, and 0.2 g/L chloramphenicol in distilled
water, pH 7.4-7.8), and then incubated at room
temperature for several days. The purified fungus was
later transferred to solid rice medium for fermentation.
All steps were conducted in an aseptic environment.
The identification of the fungus was done using a
molecular protocol as described previously."? Sequence
data were submitted to GenBank with the accession
number MN043344. A voucher strain (2BEY) is kept in
the Institute of Pharmaceutical Biology and
Biotechnology, Heinrich-Heine University, Diisseldorf,
Germany.

Large-scale fermentation of this fungus was con-
ducted in five Erlenmeyer flasks on solid rice medium
(100 g rice in 110-mL water and autoclaved) at 20°C
under static condition. After 20 days, every flask was
treated with 600-mL EtOAc and left overnight. Then the
EtOAc extract was evaporated under vacuum to obtain
the crude extract.

23 | Isolation of compounds

The crude extract (11.65 g) was subjected to silica gel vac-
uum liquid chromatography (VLC) using a step gradient
of n-hexane/EtOAc and CH,Cl,/MeOH to give 11 frac-
tions (V1-V11). Fraction V4 was further fractionated with
RP18-VLC using a gradient of MeOH/HO to yield 10 sub-
fractions (V4-1 to V4-10). Compound 3 (6.4 mg) was iso-
lated from subfraction V4-3 by semipreparative HPLC
with 30% MeOH/H,O as mobile phase. Fraction V8 was
further subjected to RP18-VLC using a step gradient of
MeOH/H,0 to give 10 subfractions (V8-1 to V8-10). Sub-
fraction V8-1 was purified by semipreparative HPLC
using 10% MeOH/H,0 to yield 4 (2.1 mg), while sub-
fraction V8-4 was further purified with semipreparative
HPLC using 40% MeOH/H,O to give 1 (1.2 mg) and
2 (2.4 mg).

Coniofuroic acid A (1): white amorphous solid; o],
= -4 (¢ = 0.2 in CHCL); UV (MeCN) imax (log €)
263 (3.41), 221 (3.82) nm; ECD (MeCN, A [nm] (Aeg), ¢
0.212 mM): 264 (—0.36), 214 (+0.39); 'H and >C NMR
see Table 1; high-resolution mass spectrometry (HRMS)
(ESI, m/z): [M-H]™ caled for C;3H,50,, 293.0814; found
293.0820.
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TABLE 1 'Hand"C NMR data of compounds 1 and 2
1% 2
Sy (Jin Sy (Jin
No. &.Type" Hz) 5. Type®  Hz)
1 nd. nd.
2 141.0,C 1447, C
3 135.5,C 134.9,C
4 1121,CH  641,s 1234,CH 7495
5 160.8, C 152.8,C
6 709,CH 581,s 184.0,C
ol 1423,C 1378, C
8,12 1279,CH 749,d(8.0) 130.7,CHH  8.11,d(8.1)
9,11 129.5,CH  7.38,t(8.0) 129.8, CHL  7.58,t(8.1)
10 1290,CH  7.32,t(80) 1344, CH 7.9t (8.1)
13 1338,C 132.7,C
14,18 1304,CH  7.56,d(7.8) 130.5,CH  7.66,d (7.9)
15,17 1289,CH 735 t(7.8)  1292,CH 742, 1(7.9)
16 1291, CH  7.31,t(7.8) 1294, CH  7.38,1(7.9)

Abbreviations: HMBC: heteronuclear multiple bond correlation; HSQC:
heteronuclear single-quantum correlation; n.d.: not detected; NMR: nuclear
magnetic resonance.

“Recorded at 600 MHz ("H) and 150 MHz (*C) in CD;0D.

"Data were extracted from HSQC and HMEC spectra.

Coniofuroic acid B (2): white amorphous solid; 'H
and *C NMR see Table 1; HRMS (ESI, m/z): [M - H]~
caled for CygH,,0,, 291.0657; found 291.0664.

24 | Cytotoxicity assay

Cytotoxicity against the L5178Y mouse lymphoma cell
line was measured using the MTT assay.'* Kahalalide F
and 0.1% ethylene glycol monomethyl ether in DMSO
were used as positive and negative control, respectively.

2.5 | Computational methods

Mixed torsional/low-mode conformational searches were
carried out by means of the Macromodel 10.8.011 soft-
ware' using the Merck Molecular Force Field (MMFF)
with an implicit solvent model for CHCI; applying a
21 kJ/mol energy window. Geometry reoptimizations of
the resultant conformers [wB97X/TZVP"® with PCM sol-
vent model for MeCN and SOGGA11-X/TZVP'® with
SMD solvent model for MeCN] and time-dependent den-
sity functional theory (TDDFT) calculations were per-
formed with Gaussian 09'7 using various functionals
(B3LYP, BH&HLYP, CAM-B3LYP, and PBEO), the TZVP
basis set, and the same solvent model as applied in the

preceding DFT reoptimization step. ECD spectra were
generated as the sum of Gaussians'® with 3000 cm™" half-
height width, using dipole-velocity-computed rotational
strengths. Boltzmann distributions were estimated from
the wB97X and the SOGGA11-X energies. The MOLEKEL
software package was used for visualization of the
results. '

3 | RESULTS AND DISCUSSION
Compound 1 was isolated as a white amorphous solid. Its
molecular formula was determined as Cj;zH1404 by
HRMS, containing 12° of unsaturation. The "H NMR data
of 1 showed 11 aromatic protons at dy 7.56 (d, H-14 and
H-18), 7.49 (d, H-8 and H-12), 7.38 (t, H-9 and H-11), 7.35
(t, H-15 and H-17), 7.32 (t, H-10), 7.31 (t, H-16), and 6.41
(s, H-4) as well as one oxygenated methine at y 5.81 (s,
H-6) (Table 1). Two monosubstituted benzene rings were
assembled by correlation spectroscopy (COSY) correla-
tions between H-8(12)/H-9(11)/H-10 and between
H-14(18)/H-15(17)/H-16 together with heteronuclear
multiple bond correlation (HMBC) correlations from H-8
to C-10 and C-12, from H-9 to C-7 and C-11, from H-10 to
C-8(12), from H-14 to C-16 and C-18, from H-15 to C-13
and C-17, and from H-16 to C-14(18) (Figure 2). The
attachment of an oxygenated methine at C-7 was deduced
from HMBC correlations from H-6 to C-7 and C-8(12). In
addition, HMBC correlations from H-4 to C-2 (5 141.0),
C-3 (8¢ 135.5), C-5 (6 160.8), and C-13; from H-6 to C-4
and C-5 (6 112.1)% and from H-14(18) to C-3 indicated
the presence of a furan ring and the linkages between
C-5/C-6 and C-3/C-13. The location of a carboxy group at
C-2 was suggested by the molecular formula of 1. Thus,
the planar structure of 1 was elucidated for which the
trivial name coniofuroic acid A is suggested.

For the configurational assignment of 1, the solution
TDDFT-ECD method was applied on the arbitrarily cho-
sen (S) stereoisomer.”®" Since 1 is conformationally flex-
ible and the relative orientation of the three aromatic
chromophores produced by rotation along the C-3-C-13
biaryl axis and the sigma bonds of the C-6 chirality center

— COsY

~~ HMBC

FIGURE 2 Correlation spectroscopy (COSY) and key
heteronuclear multiple bond correlation (HMBC) correlations of
compound 1
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is expected to be fundamental for the sign and shape of
the ECD transitions, a thorough conformational search is
inevitable.>”* Consequently, the initial 37 MMFF con-
formers of (S)-1 were reoptimized at both the
®B97X/TZVP'> PCM/MeCN and the SOGGA11-X/
TZVP' SMD/MeCN levels of theory.*®*" (see Supporting
Information) ECD calculations were performed for
both sets of conformers at the B3LYP/TZVP,
BH&HLYP/TZVP, CAM-B3LYP/TZVP, and the PBEO/
TZVP levels with the same solvent model as applied for
the preceding DFT reoptimization level. Although as
expected the individual conformers gave rather diverse
ECD spectra, the Boltzmann-averaged spectra obtained at
all applied combinations of levels reproduced well the
experimental ECD allowing elucidation of the absolute
configuration as (§) with high confidence (Figures 3 and
4). The low-energy conformers could be classified into six
groups (Figure 5) according to the relative orientation of
the three aromatic chromophores, ie, by rotation around
the C-3-C-13, C-5-C-6, and C-6-C-7 bonds. The contribu-
tion of conformer ingroups A and C with a sum
Boltzmann population of 56.6% at the SOGGA11-X/TZVP
SMD/MeCN level reproduced already the overall shape
of the experimental spectrum (Figure 4). It is also worth
to note that the averaged computed ECD spectra obtained
at any combinations were much more intense than the
experimental one. The experimental ECD spectrum had
to be multiplied by 20 to be comparable with the calcu-
lated ECD spectra, which implies about more than one
order of magnitude difference. This indicated that the
sample is probably a scalemic mixture with slight excess

» 8 ~—— measured ECD * 20
3 — & (PBEOITZVP, aversge
3 of 21 contormers)
= R (FBEOTZVP. conformer A)
14
2
(]
=
P
-8 T T
250 300 350 400
wavelength (nm)
FIGURE 3 Comparison of the experimental electronic

circular dichroism (ECD) spectrum of 1 measured in MeCN
(multiplied by 20) with the PBE0/TZVP SMD/MeCN spectrum of
(S)-1 (level of optimization: SOGGA11-X/TZVP SMD/MeCN). The
bars represent the rotational strength values of the lowest energy
conformer

30

20 4

104/

«20 4

Ac(M'em™) and R (10%cgs)
o

-30 T r r
250 300 350

wavelength (nm)

FIGURE 4 Comparison of the experimental electronic
circular dichroism spectrum of 1 (black curve) with the PBE0/
TZVP SMD/MeCN spectra of the lowest-energy representative
conformers of the six conformational ensembles of (S)-1 (level of
optimization: SOGGA11-X/TZVP SMD/MeCN). (red: conf. A, blue:
conf. B, olive: conf. G, orange: conf. I, purple: conf. O, green: conf.
P.) Sum conformational ensembles were found as group A: 43.3%
with conformers A, C, D, F, L, Q, and T; group B: 24.0% with
conformers B, E, K, and M; group C: 13.3% with conformers G,

I, N, and U; group D: 104% with conformers H and J; group E:
3.2% with conformers O and R; group F: 3.1% with conformers P
and S

of the (S) stereoisome.?®° Partial racemization of the chi-
rality center is certainly aided by the benzylic position,
since the C-6 chirality center is « position to both a

Conf. O

FIGURE 5 Lowest-energy representatives of the 6 conformer
groups of (5)-1
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benzene and a furan ring. For the (S) enantiomer of 1, a
relatively strong negative Cotton effect is expected at
~215 nm and a strong positive one at around 265 nm.
Although separation of the enantiomers on various chiral
HPLC columns was attempted, no successful separation
could be achieved with the tested conditions.

The molecular formula of 2 was determined as
C,gH,0, based on the HRMS data, lacking two protons
when compared to 1. The "H NMR data of 2 were similar
to those of 1 except for the disappearance of the oxygen-
ated methine in 2 (Table 1). In addition, H-4 (§y 7.49)
and H-8(12) (5 8.11) in 2 were deshielded (6 6.41 and
7.49, respectively in 1). The above data suggested that the
oxygenated methine was replaced by a ketone group in 2,
which was further confirmed by HMBC correlations from
H-8(12) to the carbon of this ketone group (§: 184.0).
Detailed analysis of 2D NMR spectra of 2 revealed that
the remaining substructures of 2 were identical to that of
1. The trivial name coniofuroic acid B is given to
compound 2.

All isolated compounds were submitted for bioassay
against the L5178Y mouse lymphoma cell line but proved
to be inactive when tested at an initial concentration of
10 pM.
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Figure S7. Experimental UV spectrum (black curve) of 1 in acetonitrile compared with the

Boltzmann-weighted PBEO/TZVP SMD/MeCN ECD spectrum of 21 SOGGA11-X/TZVP

SMD/MeCN conformers of (S)-1 (purple curve). The computed intensity was scaled to the
experimental value.
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Figure S8. Structure and population of the low-energy SOGGA11-X/TZVP SMD/MeCN
conformers (= 1%) of (S)-1.
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Figure S9. Comparison of the experimental ECD spectrum of 1 measured in MeCN with
the PBEO/TZVP PCM/MeCN spectrum of (S)-1 (level of optimization: wB97X/TZVP

PCM/MeCN). The bars represent the rotational strength values of the lowest energy
conformer.
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8. Discussion

8.1 Fungal metabolites as a promising source for drug discovery

Fungal metabolites are an interesting source for drug discovery and offer a huge diversity of
compounds possessing various functions such as virulence factors, defense compounds, or as cross talk
metabolites. (Mdbius, Hertweck, 2009, Schulz et al., 1999, Sheridan et al., 2014) These metabolites can
be isolated using a standardized cultivation protocol such as fermentation on rice medium. However,
because more than 70% of secondary metabolite gene cluster remain silent under standard cultivation
procedures, OSMAC approaches can be applied to activate silent gene clusters. (Chiang et al., 2011,
Ozkaya et al., 2018, Pan et al., 2019, Ren et al., 2017) Thereafter, the isolated compounds are analyzed
structurally, subjected to various bioassays and in case of active compounds subjected to computational

methods with the aim for target finding.

8.2.  Expanding the metabolic profile of the endophytic fungus Trichocladium sp. by applying
OSMAC approaches

Implementing OSMAC approaches on the endophytic fungus Trichocladium sp. isolated from
the traditional medicinal herb Houttuynia cordata (Sauraceae), which has been described in this

dissertation, yielded several new natural products. (Tran-Cong et al., 2019)

-l -NT171024 #2 HCRSW control 1 1:5 Uv_vIs_1
IR -NT 171024 #4 HCRSW-Bacillus subtilis1 1:5 UV_VIS_1
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Figure 6 HPLC analysis of different crude extracts obtained from different fermentations of
Trichocladium sp. Figure is modified after (Tran-Cong et al., 2019)
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When the fungus was cultured on peas medium, the yield of the crude extract was much lower

than the yield obtained from cultivation on rice medium. A feeding experiment where L-tryptophan (2g

per flask) had been added to solid rice medium in order to mimic the higher tryptophan content of peas

compared to rice led to an approximately equal crude extract yield when compared to the rice medium.

Eventually, this experiment resulted in the isolation of tryptophan derivatives such as anthranilic acid

and n-formylanthranilic acid (see figure 7a+b) which can be interpreted as catabolic products resulting

from metabolism of added tryptophan.

00T 180426 42 HCRSVT ypVERPI020-P2
AL

Library At MAcelanhranilic sdd 33267

&

b)

Figure 7 a) HPLC — Chromatograms of peaks at 12.293 min and 16.957 min. b) Typical UV spectrum
of anthranilic acid which is directly identified by comparison to the in house UV-library of the

Chromeleon HPLC system.

Interestingly, these two L-tryptophan metabolites were not detectable when the fungus was

fermented on solid rice or on peas. The L-tryptophan crude extract showed one peak with a retention

time of 25 min exhibited a UV spectrum similar to that of anthranilic acid. Structure elucidation of the

metabolite using 1D/2D NMR and HRESIMS analyses indicated the compound to be a new natural

product. The new compound was named 13-N-(2-carboxyphenyl) colletoketol (15). This compound is

a derivative of the co-isolated compound colletoketol (12). (Tran-Cong et al., 2019) Like for anthranilic

acid and N-anthranilic acid the origin of the anthranilic acid moiety of compound 15 is probably

tryptophan.

In fungi the pyrrole ring of the tryptophan moiety is cleaved and kynurenine is formed by L-

tryptophan oxygenase and formamidase. (Wat, Towers, 1979) In the next step kynurenine is metabolized

by kynureninase yielding anthranilic acid. Basically, there are two types of kynureninase enzymes. One

is involved in the catabolism of tryptophan and it is inducible by tryptophan and the other one is involved

in the biosynthesis of NAD from tryptophan but this enzyme is not inducible. (Soda, Tanizawa, 1979).
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Figure 8 L-Tryptophan catabolic pathway modified after Wat et al. (Wat, Towers, 1979)

When the enzyme kynureninase is upregulated this will lead to an accumulation of anthranilic
acid. The main reason for the upregulation of this enzyme may be the potential toxicity of indole
derivatives such as tryptophan derivatives which inhibit fungal growth. (Kamath, Vaidyanathan, 1990).
In particular, the upregulation of the PKS-NRPS pathway can be considered as a way to dispose L-

tryptophan in the form of anthranilic acid derivatives.

8.2.1 Bioactivity of anthranilic acid derivatives

Many bioactive natural products bearing the anthranilic acid moiety have been described in the
literature. (Li et al., 2013, Peng et al., 2014, Teponno et al., 2017b) For example, from the endophytic
fungus Dendrothyrium variisporum isolated from the Algerian plant Globularia alypum, three new
anthranilic acid derivatives werereported. One of these compounds is 2-phenylethyl 3-
hydroxyanthranilate which exhibited cytotoxic activity against KB3.1 cancer cells with an ICsy value of
0.07 uM. (Teponno et al., 2017a) In addition, five new anthranilic acid derivatives were isolated from
the liquid culture medium of the marine fungus, Penicillium paneum. The new compounds possess an

amidine moiety due the linkage of anthranilic acid with an enamine. Two new anthranilic acid
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derivatives, namely penipacid A and E exhibited cytotoxic activity against the RKO cell line with ICsg
values of 8.4 and 9.7 uM, respectively. However, antimicrobial screening showed that none of the
compounds exhibited activity against S. aureus or E. coli. (Li et al., 2013) Collectively these findings

emphasize that fungi are able to incorporate L-tryptophan or anthranilic acid into natural products.

Comparison of the bioactivity of the reported anthranilic acid derivatives from Trichoderma sp
with the new 13-N-(2-carboxyphenyl) colletoketol-derivative (15), from Trichocladium sp. fermented
on rice medium with added L-tryptophan, indicated that these compounds exhibited strong cytotoxicity
against the mouse lymphoma cells. Additional cytotoxicity assays of compound 15 showed moderate to
strong activity also against human Ramos and Jurkat cancer cell lines with ICso values of 30 uM and 22
uM, respectively. However, when incubated for a longer period such as 72h, ICso values against the

latter two cell lines were even lower at 10 uM and 6 uM, respectively.

For determining whether the cytotoxicity of the new compound (15) was caused through
apoptosis or necrosis, further experiments were conducted to explain the mode of action. The results of

these experiments are shown in the following figure.

HO o]
% I—LN—( :J
Q
AN
13-N-(2-Carboxyphenyl) colletoketol
Compound 4
RAMOS 24 h Jurkat 24 h
UM compound 4 UM compound 4
DMSO 1 3 10 30 30 STS STS DMSO 1 3 10 30 30 STS
Qvp - - - . . + - + avp - - - - - + -
116 e o Y 116 S am FED .
P PARPP PARP
p85 - p85 —_—
———— e —— — | ACIN -y oW e " =  /Actin

Figure 9 Western Blot results of 24h of incubating RAMOS and Jurkat cell lines with the new
compound 15 (in the figure it is labeled as 4) , DMSO as control, added staurosporine (STS) as
positive control. Actin is a house keeping protein serving as a proof for equal protein concentrations.
PARP is a substrate of the effector caspase 3. P116 is the uncleaved PARP. Activation of caspase 3
cleaves PARP. Cleaved PARP is in this plot a marker for apoptosis. P85 is the cleaved PARP. A
longer incubation time such as 48h led to no activity of caspase 3 because all cells were already dead.

Compound 15 induced activation of caspase 3 with increasing concentration in Ramos as well
as Jurkat cell lines. However, in Ramos cell lines the Western Blot shows weak actin bands, especially
when 30 puM of compound 15 was used, indicating intensively damaged cells possibly caused by

necrotic processes. To conclude, compound 15 is an inducer of apoptosis but in comparison to the used
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control staurosporine (2.5 uM), compound 15 is a weak inducer of apoptosis and probably also induces

cell necrosis.

Using OSMAC to expand the diversity of secondary metabolites is a promising tool which
should not be neglected. Not only the media can be changed but also adding inorganic salts such as
sodium nitrite to the media can result in an interesting upregulation of cryptic compounds. From a solid
rice fermentation of the endophytic fungus Aspergillus aculeatus one new compound exhibiting a L-
tryptophan-L-phenyllactic acid moiety was obtained. In addition, an OSMAC approach was conducted
for the same fungus by adding 3.5% sodium nitrite to rice medium. This OSMAC approach yielded 10
new substituted L-tryptophan-L-phenyllactic acid conjugates. (Wang et al., 2018)

8.2.2 Michael addition in natural products

HOOC

anthranilic acid
polyketide moeity

moeity

13-N-(2-carboxyphenyl) colletoketol
Compound 15

Figure 10 Structure of compound 15 exhibiting two different moieties

The new compound 15 is a derivative of the known compounds colletoketol (11) (Gurusiddaiah,
Ronald, 1981a) and colletodiol (12). (Keck et al., 1989) Based on the proposed biosynthesis of
compound 11 and 12, a plausible biosynthesis can be suggested (see figure 11). (O'Neill et al., 1993,

Simpson, Stevenson, 1985)
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Figure 11 Proposed biosynthesis of the new compound (15) Red : Colletoketol (11 moiety The
anthranilic acid moiety is shown in blue.

The anthranilic acid moiety was possibly conjugated by the enzyme complex Type I —
Polyketide synthase-non ribosomal protein synthase via N-aza Michael addition. (Miyanaga, 2019)
Typically, Michael additions occur under basic conditions. (Bergmann et al., 2011) The main enzymes
responsible for Michael additions in biosynthesis of natural products are PKS/Polyketide Synthases.
(Miyanaga, 2019) Michael addition is not selective, these reactions are able to form diastereomers due

to two possibilities of nucleophilic attack. (Bergmann et al., 2011)

In order to exclude the possibility of the occurrence of other Michael-products, the L-tryptophan
crude extract was screened but no further products or side products were detected verifying that the new
compound 15 is a new natural product possibly derived from PKS-synthase type I on the basis of a N-

aza Michael addition described for organic synthesis. (Kang, Kim, 2014)
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Compound 11 Compound 15
Colletoketol new natural product

Figure 12 Possible location for a nucleophilic attack at an a-B-unsaturated carbonyl function. Three
possible locations are shown. Due the nature of Michael addition, the number of possible Michael
reaction products can be calculated as at least six different diastereomers. Blue : Anthranilic acid moiety
, red : Colletoketol moiety.

Many other natural products exhibiting an anthranilic acid moiety such as auranthine, isolated
from Aspergillus clavatus, were described in the literature. The carboxylic group of anthranilic acid can
be connected with an amino function and the amino function of the anthranilic acid moiety forms an
enamine. (Penn et al., 1992) Further feeding studies with radio labeled anthranilic acid revealed that the
fed anthranilic acid was incorporated into auranthine (Penn, 1992) demonstrating that fungi were able

to directly incorporate anthranilic acid into a natural product .

A culture of Penicillium cyclopium fed with radiolabeled tryptophan, mevalonic acid and acetate
led to biosynthesis of a known compound, namely alpha-cyclopiazonic acid. During this biosynthesis,
tryptophan was connected with two acetate units. Moreover, the biosynthetic gene cluster was elucidated
and determined as CpaA PKS-NRPS including nonfunctional PKS domains. Firstly, the carboxylic acid
group of tryptophan was connected to the peptidyl carrier protein forming a thioester intermediate.
Secondly, the amino function of tryptophan acts as a nucleophile attacking the thioester carbonyl atom
of the polyketide carried by the acyl carrier protein.(Seshime et al., 2009) The obtained results suggested
that addition of L-tryptophan or of anthranilic acid to a growing fungal culture is a promising OSMAC
tool for enhancing silent gene clusters in order to obtain bioactive secondary metabolites such as those

that result from activating PKS-NRPS.

8.3.  Co-cultivation

Co-cultivation of fungi with different bacteria can be considered as another approach to activate
silent gene clusters. In general, soil-derived bacteria such as Bacillus subtilis, Streptomyces lividans or
Streptomyces coelicolor can be used for co-cultivation with fungi. (Bentley et al., 2002, Graham, Istock,
1978, van Dijl, Hecker, 2013) (Wellington et al., 1990) Due to their ubiquitous occurrence, these

bacteria are good model organisms for co-cultivation with fungi.
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When the endophytic fungus Trichocladium sp. was co-cultured with Streptomyces lividans or
with Streptomyces coelicolor, no changes in the fungal metabolite pattern could be observed. However,

culturing Trichocladium sp. with Bacillus subtilis led to a change in the metabolite profile of the fungus.

One of the upregulated compounds that were detected following upon co-cultivating the fungus
with Bacillus subtilis was colleketol (11). This macrolide is a weak broad spectrum antibiotic. Its ICs
value against Bacillus subtilis was determined as 28.4 pM (Gurusiddaiah, Ronald, 1981b). The
upregulation of colleketol (11) and its high yield (1.5 g/per flask) provided proof that the fungus reacted
to the presence of Bacillus subtilis. On the other hand, Bacillus subtilis is also known as a producer of
antifungal drugs (Landy et al., 1948, Singh, Deverall, 1984) showing that co-cultivation is a tool to

simulate natural competition. (Marmann et al., 2014)

When the marine endophyte, Pestalotia sp., isolated from the surface of the alga Rosenvingea
sp. was cultured together with a gram negative unicellular bacterium CNJ-328, this co-cultivation
approach led to the isolation of thenew antibiotic pestalone. (Cueto et al., 2001) This example also
demonstrated that cultivation of a fungus with another microorganism is a promising tool to induce silent

gene clusters.

8.4. Drug discovery - antiplatelet compounds from the endophytic fungus Talaromyces sp.
One chapter of this dissertation is devoted to the investigation of antiplatelet compounds from
the endophytic fungus Talaromyces sp. isolated from the traditional Vietnamese medicinal herb
Houttuynia cordata (Saururaceae). Twelve compounds were isolated and identified as known natural
products with all of them bearing a hydroxyl benzoyl moiety. Target finding approaches using docking
experiments and information obtained from a patent (Lavecchia, Di Giovanni, 2015, Luiz Antonio
Soares RomeiroCarolyn CumminsLilia Magomedova. Ppar modulators) showed that altenusin, one of
the isolated compounds, possesses binding affinity to the peroxisomal proliferated receptor (PPAR)
indicating PPAR as one of the promising targets in platelets that may be addressed by altenusin. Zheng

et al. however, reported that altenusin is also a farsenoid X receptor modulator. (Zheng et al., 2017)

Farsenoid X receptors and PPARs can also be found in human platelets. (Moraes et al., 2016,
Shih, Chou, 2012, Spinelli et al., 2008). Farsenoid X receptors belong to the same receptor class like
peroxisomal proliferated activated receptors (PPARs). They are ligand activated transcription factors.
(Wang et al., 2008) Due to the fact that platelets have no nucleus, PPAR and FXR exhibit also non
genomic effects on platelets regulating their functions such as inhibiting platelet aggregation. (Unsworth

et al., 2018)

Generally, PPARs are linked with pain and inflammation providing a suitable target for future
analgesics or anti — inflammatory drugs. (Daynes, Jones, 2002, Maeda, Kishioka, 2009) Analgesics as
well as anti-platelet agents are widely used drugs. (Melnikova, 2010) Analgesics are drugs which are

used to treat long lasting pain or to stop the feeling of pain. Inflammation is a process causing tissue to
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swell due to the migration of immune cells and release of inflammatory cytokines as well as vasodilators

mediators.

It is worth to mention that inhibiting platelet functions may reduce the possibility to get cancer.
(Yuri Gasparyan et al., 2011, Zarbock et al., 2007) Furthermore, constant inflammation may also lead
to cancer (Rakoff-Nahoum, 2006) pointing out the importance of anti-inflammatory compounds in
prevention of cancer (Aggarwal et al., 2009) and reducing the probability for tumor progression. Pro-
inflammatory transmitters such as TNF-a activate NF-kB which is then translocated into the nucleus
leading to an increase of the transcription of pro — inflammatory — proteins. By blocking one of the steps
of the TNF-a induced pathway of NF-«kB activation, inflammation can be reduced as well as a decreased

feeling of pain is achieved.

So far, not many fungal derived compounds have been isolated and proven to possess analgesic
and anti-platelet activities. Further investigations are still needed to find lead structures for potential
anti-inflammatory, anti — platelet or for analgesic drugs. Particularly, secondary metabolites obtained

from some fungi are reported to exhibit interesting analgesic properties.

For example, the endophytic fungus Phomopsis sp., isolated from the medicinal plant Erythrina
crista galli, when fermented in 1 L of KGA medium yielded the new compound phomol, which exhibits
a polyketide moiety with hydroxyl-functions. Phomol was able to inhibit induced mouse edema by 53.2
% while the known anti-inflammatory compound indomethacin reduced this inflammation by 66 %.
(Weber et al., 2004) Interestingly a study demonstrated that the water extract of Erythrina crista galli
likewise exhibited anti-inflammatory properties. (Mino et al., 2002)

From an ethanolic extract of the fungus Schizophyllum commune, five phenolic acid derivatives
were obtained. An animal pain model revealed that compounds with phenolic acid moieties inhibit
volted gated sodium channels. (YAO et al., 2016) Interestingly, inhibition of these channels results in
interrupting the signal transduction with the effect of local anesthetization and pain perception reduction.
(Wood et al., 2004)

In summary, in the search for analgesic and anti-inflammatory drugs, secondary metabolites

obtained from fungi can be promising candidates for future drug discovery.
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9. Conclusion

In the search for anticancer and antibacterial metabolites from endophytic fungi derived from
medicinal plants, OSMAC approaches andco-cultivation experiments were carried out in order to
expand the chemical diversity of these fungi. The results obtained from the three projects conducted in
this dissertation, demonstrated that fermentation of endophytic fungi on solid rice media as well as
cultivation on different media as carried out in OSMAC experiments has a high impact on the chemical
diversity of secondary metabolites including the induction of new metabolites. The same is true for co-
cultvaton of fungi with bacteria which likewise induces silent biogentic gene clusters. Natural product
discovery from endophytic fungi is still a promising field to obtain new natural product derived active
pharmaceutical ingredients especially when new methods of fermentation that aim at inducing silent

biogenetic gene clusters are enrolled.
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