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Abstract

Abstract

Fungi are valuable in the pharmaceutical industry, as well as in other areas, by providing
a wide variety of bioactive and structurally novel secondary metabolites. This dissertation
describes the investigation of secondary metabolites from the coprophilous fungus
Aphanoascus fulvescens, the mangrove derived endophytic fungus Pseudopestalotiopsis theae
and the endophytic fungus Pestalotiopsis lespedezae. Halogen incorporation experiments were
successfully applied to expand the diversity of secondary metabolites from Pestalotiopsis
lespedezae, yielding ten new natural products including a remarkably rare iodo organic natural
product in the case of pestallic acid Q. The structures of the isolated compounds were
established by interpretation of 1D and 2D NMR spectroscopic data together with MS data. In-
depth comparison of the NMR and optical rotation data with related literature, modified
Mosher’s method and TDDFT-ECD calculations were applied to determine the absolute
configuration of the new compounds. Okaramines A, C, G, H and cytosporin W showed
significant cytotoxicity against the mouse lymphoma cell line L5178Y. Cytosporins V and W
showed moderate antibacterial activity against drug-resistant Acinetobacter baumannii (ATCC
BAA-1605) in combination with sublethal colistin concentrations. This dissertation consists of
the following three publications or submitted manuscripts.

Indole alkaloids from the coprophilous fungus Aphanoascus fulvescens

Xiaoqin Yu, Werner E.G. Miiller, Zhiyong Guo, Wenhan Lin, Kun Zou, Zhen Liu and
Peter Proksch. Fitoterapia, 2019, 136, 104168.

The ascomycete fungus Aphanoascus fulvescens isolated from goose dung was
investigated for its secondary metabolites, yielding five new indole alkaloids okaramines V—-Z
(1-5) and eleven known derivatives (6—16). Their structures were determined by 1D, 2D NMR
spectra and MS data. Okaramines A, C, G and H showed significant to moderate cytotoxicity
against the mouse lymphoma cell line L5178Y with ICso values ranging from 4.0 to 14.7 uM.
Preliminary structure-activity relationships were discussed.

Polyketide derivatives from mangrove derived endophytic fungus Pseudopestalotiopsis
theae

Xiaoqin Yu, Werner E. G. Miiller, Dieter Meier, Rainer Kalscheuer, Zhiyong Guo, Kun



Abstract

Zou, Blessing O. Umeokoli, Zhen Liu and Peter Proksch. Marine drugs, 2020, 18, 129.

Chemical investigation of secondary metabolites from the endophytic fungus
Pseudopestalotiopsis theae led to the isolation of eighteen new polyketide derivatives,
pestalotheols I-Q (1-9) and cytosporins O—W (15-23), together with eight known analogues
(10-14 and 24-26). The structures of the new compounds were elucidated by HRMS and 1D
and 2D NMR data, as well as by comparison with literature data. Modified Mosher’s method
was applied to determine the absolute configuration of some compounds. Cytosporins W (23)
showed significant cytotoxicity against the mouse lymphoma cell line L5178Y with an ICso
value of 3.0 uM. Furthermore, cytosporins V (22) and W (23) showed moderate antibacterial
activity against drug-resistant Acinetobacter baumannii (ATCC BAA-1605) in combination
with sublethal colistin concentrations.

Induction of ambuic acid derivatives by the endophytic fungus Pestalotiopsis lespedezae
through an OSMAC approach (submitted)

Xiaoqin Yu, Ying Gao, Marian Frank, Attila Mandi, Tibor Kurtan, Werner E. G. Miiller,
Rainer Kalscheuer, Zhiyong Guo, Kun Zou, Zhen Liu, Peter Proksch

Ten new ambuic acid derivatives, pestallic acids H-Q (1-10) including one new
iodinated natural product (10) along with two known compounds (11 and 12) were obtained
through fermentation of the endophytic fungus Pestalotiopsis lespedezae on solid rice medium
with 3.5% Nal. Compounds 1-10 were undetectable in cultures of this fungus growing on solid
rice medium where Nal was either absent or had been replaced by NaCl or NaBr. The structures
of the new metabolites were established on basis of 1D/2D NMR and HRESIMS data. Their
absolute configurations were determined by modified Mosher’s method and TDDFT-ECD
calculations. The compounds failed to show antibacterial activity against S. aureus
(ATCC29213), drug-resistant Acinetobacter baumannii (BAA1605) or Mycobacterium

tuberculosis, as well as cytotoxicity against the mouse lymphoma cell line L5178Y.



Zusammenfassung

Zusammenfassung

Pilze sind fiir die pharmazeutische Industrie und andere Bereiche wertvoll. Sie liefern
eine grofe Auswahl an bioaktiven und strukturell neuartigen Sekunddrmetaboliten. Diese
Dissertation beschreibt die Untersuchungen des koprophilen Pilzes Aphanoascus fulvescens,
des Mangrovenpflanzen-assoziierten endophytischen Pilzes Pseudopestalotiopsis theae und
des endophytischen Pilzes Pestalotiopsis lespedezae. Es wurden erfolgreiche
Halogeninkorporationsexperimente an Pestalotiopsis lespedezae durchgefiihrt, die zu einer
Erweiterung der Sekunddrmetabolitdiversitit fiihrten. Hierbei wurden zehn neue Naturstoffe
isoliert, einschlieBlich pestalsdure Q, welche eine bemerkenswert seltene iodorganische
Verbindung darstellt. Die Strukturen der neuen Verbindungen wurden durch die Interpretation
von 1D und 2D NMR spektroskopischen und massenspektrometrischen Daten aufgeklért. Zur
Autkldrung der absoluten Konfiguration der neuen Verbindungen wurden detailierte Vergleiche
der NMR Spektren und optischen Aktivitdten, die modifizierte Mosher Methode und TDDFT
ECD Berechnungen herangezogen. Okaramine A, C, G, H und Cytosporin W zeigten
signifikante Zytotoxizitit gegen die Mauslymphomzelllinie L5178Y. Cytosporine V und W
zeigten moderate antibakterielle Aktivitit gegen Acinetobacter baumannii (ATCC BAA-1605),
wenn sie mit einer subletalen Dosis Colistin kombiniert wurden. Diese Dissertation gliedert
sich in drei bereits veroffentlichte oder eingereichte Manuskripte.

Indolalkaloide aus dem koprophilen Pilz Aphanoascus fulvecens

Xiaoqin Yu, Werner E.G. Miiller, Zhiyong Guo, Wenhan Lin, Kun Zou, Zhen Liu und
Peter Proksch. Fitoterapia, 2019, 136, 104168.

Der ascomyzetische Pilz Aphanoascus fulvescens wurde aus Génsekot isoliert.
Untersuchungen der Sekundidrmetaboliten forderten die fiinf neuen Indolalkaloide
OkaramineV—Z (1-5) und elf bekannte Derivate (6—16) zu Tage. Ihre Struktur wurde anhand
von NMR Spektren und MS Messungen aufgeklart. Okaramine A, C, G und H zeigten
signifikante bis moderate Zytotoxizitit gegen Mauslymphomzelllinie L5178Y mit ICso Werten
zwischen 4.0 und 14.7 uM. Eine vorldufige Struktur-Wirkungsbeziehung wurde erarbeitet.

Polyketidderivate aus dem Mangrovenpflanzen-assoziierten endophytischen Pilz
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Zusammenfassung

Pseudopestalotiopsis theae.

Xiaoqin Yu, Werner E. G. Miiller, Dieter Meier, Rainer Kalscheuer, Zhiyong Guo, Kun
Zou, Blessing O. Umeokoli, Zhen Liu und Peter Proksch. Marine drugs, 2020, 18, 129.

Chemische Untersuchungen der Sekundédrmetaboliten des endophytischen Pilzes
Pseudopestalotiopsis theae fiihrten zur Isolation der achtzehn neuen Polyketidderivate
Pestalotheole I-Q (1-9) und Cytosporine O—W (15-23), neben acht bekannten Analoga (10-14
und 24-26). Die neuen Strukturen wurden durch HRMS, sowie 1D und 2D NMR Messungen
aufgeklart. Zur Bestimmung der absoluten Konfiguration wurde bei einigen Verbindungen die
modifizierte Mosher Methode angewandt. Cytosporin W (23) zeigte signifikante Zytotoxizitit
gegen Mauslymphomzelllinie L5178Y mit einem ICso Wert von 3.0 uM. Aullerdem zeigten
Cytosporine V (22) und W (23) moderate antibakterielle Aktivitit gegen einen resistenten
Stamm Acinetobacter baumannii (ATCC BAA-1605) in Kombination mit einer subletalen
Dosis Colistin.

Induktion von Ambuicsdurederivativen im endophytischen Pilz Pestalotiopsis
lespedezae durch einen OSMAC Ansatz (eingereicht)

Xiaoqin Yu, Ying Gao, Marian Frank, Attila Mandi, Tibor Kurtan, Werner E. G. Miiller,
Rainer Kalscheuer, Zhiyong Guo, Kun Zou, Zhen Liu und Peter Proksch

Die zehn neuen Ambuicsdurederivative Pestalsduren H-Q (1-10), unter ihnen ein neuer
iodierter Naturstoff (10), wurden zusammen mit zwei bekannten Verbindungen (11 und 12) aus
einer Fermentation des endophytischen Pilzes Pestalotiopsis lespedezae auf festem
Reismedium nach Zusatz von 3.5% Nal isoliert. Die Verbindungen 1-10 waren weder in
Kulturen des Pilzes auf Reismedium ohne Nal, noch in denen mit NaCl oder NaBr nachweisbar.
Die Struktur der neuen Metaboliten wurde anhand der 1D/2D NMR Spektren und der
HRESIMS Messungen bestimmt. Thre absolute Konfiguration wurde durch den Einsatz der
modifizierten Mosher Methode und TDDFT ECD Berechnungen bestimmt. Die Verbindungen
zeigten weder antibakterielle Aktivitit gegen Staphylococcus aureus (ATCC29213), resistenten
Acinetobacter baumannii (BAA1605) oder Mycobacterium tuberculosis, noch zytotoxische

Aktivitdt gegen Mauslymphomzelllinie L5178Y.



Introduction

1. Introduction

Fungi are one of the key organisms among microbes. Although they share many
common characteristics with animals, plants and other eukaryotic organisms, fungi set
themselves apart by their unique chitinous cell wall. Today our understanding of the evaluation
and application of fungi is still improving driven by advancing technology. The recent discovery
of a 1-0.9-billion-year-old fossil fungus from the shale of the Grassy Bay Formation (Shaler
Supergroup, Arctic Canada) showed that early fungi may have appeared half a billion years
earlier than previously thought (Loron ef al., 2019). Fungi, as our “old friends”, are using their

way to participate in human life.

1.1. Fungi, important participants in food technology and beverages

When people talk about “fungi” and “food”, mushrooms may be the first ones to come
to mind. Mushrooms, which refer to the sexual structures of basidiomycetes and ascomycetes,
are considered as one of the earliest natural foods for humans. The first record for their use
dates back to 900 BC (Chang, 1977). Mushrooms can either grow on the ground or underground.
Edible mushrooms are popular all over the world since they are rich in protein and low in fat.
The existence of edible fungi has historically improved the health and quality of human life
(Valverde et al., 2015). In China, around 80 species of mushrooms are used as direct food
sources. The examples include Phallus indusiatus, Tricholoma matsutake and Termitomyces
albuminosus. Cultivation of edible mushrooms has great potential for expansion of trade all
over the world.

In addition to the value as direct food, fungi have participated in production of
fermented food and beverages very early. The fact that milk residues were found in pottery
vessels in north-western Anatolia, provided the earliest evidence for cheese making around
sixth millennium BC in Europe (Salque et al., 2013). Under the right conditions, food molds
such as Penicillium roqueforti on blue cheese contribute to the aroma and blue spots by
producing beneficial secondary metabolites. However, they may also cause contamination with
mycotoxins such as roquefortine and PR-toxin if not handled with care (Garcia-Estrada and

Martin, 2016). Besides Penicillii, Scopulariopsis species such as S. candida and S. fusca also
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Introduction

play important roles in the production of hard cheese. With the increasing demands for
fermented dairy products like yogurt, sour cream and cheese which are rich in multiple vitamins
and minerals, functional fungi display more advantages as necessary factors for industrial scale
production.

Fungi have also influenced the evolution of human drinks. In regard to the beverage
industry, especially the production of many fermented alcoholic beverages, such as beer, cider,
rum, vodka and whisky, Saccharomyces cerevisiae plays an essential role (Parapouli et al., 2020;
Patel, 2000). In vinegar production and winery, glucoamylases from Rhizopus oryzae are
applied to initiate the hydrolysis of starch (Chu et al., 2014). Existing in lots of vegetables and
fruits, the weak organic acid, citric acid, is used as a flavoring and preservative in production
of candies and soft drinks (Verhoff and Bauweleers, 2000). In industrial scale production for

citric acid, species of Penicilliums and Aspergillus are commonly involved (Show et al. 2015).

1.2. Rich sources and diversity of fungi

Natural products, which refer to secondary metabolites in the field of medicinal
chemistry, are important sources for drug leads. In addition to prokaryotic bacteria and archaea,
eukaryotic fungi, plants and animals are well known producers of bioactive natural products
(Zaffiri et al., 2012; Cochrane and Vederas, 2016). Fungal research is a hotspot because the data
for approved therapeutic agents show that fungal products and their derivatives account for a
considerable proportion of the clinically used drugs (Newman and Cragg, 2020).

Fungi are abundant worldwide and grow in a wide range of habitats. Wild fungal strains
can be bio prospected from diverse sources such as the marine environment, associated with
animals or plants and even in extreme environments including deep seas, deserts and areas with
high salinity. These environments demand a high degree of adaptability and thus contribute to
the diversity of fungi and their secondary metabolites. Based on culture-dependent and -
independent surveys of the same samples, there are around 12 (11.7-13.2) million estimated
fungal species on earth (Wu et al., 2019).

1.2.1. Coprophilous fungi

As saprobic fungi, coprophilous fungi are distributed close to the tracks of herbivores,
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such as ducks, rabbits and deer. Decomposing and recycling nutrients from animal dung, dung-
inhabiting fungi are of great value for the environment, as well as a source of bioactive agents.
Fungal species from genus Podospora are well studied and are known as producers of
metabolites with antifungal activities. Examples include the new antifungal natural products
appenolides A—C, from the coprophilous fungus Podospora appendiculata and the polyketide
decipinin A produced by coprophilous fungus Podospora decipiens when it was cultured in
liquid medium (Wang et al., 1993; Che et al., 2002). Furthermore, three undescribed
sesquiterpenoids named hypocoprins A—C were obtained during the investigation of
coprophilous fungus Hypocopra rostrata (TTI-0009, NRRL66178), which was isolated from a
sample of horse dung collected in Texas. Hypocoprin A displayed antibacterial activity against
the Gram-positive bacteria Staphylococcus aureus (ATCC 29213) and Bacillus subtilis (ATCC
6051) in disk diffusion assays with 13—14 mm inhibitory zones at 200 pg/disk (Jayanetti et al.,
2015).

1.2.2. Endophytic fungi

Endophytic fungi are microorganisms that live harmoniously in certain parts of plants,
such as flowers, leaves, roots and fruits without causing any evident disease (Tan and Zou,
2001). In this case a symbiotic relationship between the host and endophytic fungi may be
assumed. Host plants provide necessary nutrition for endophytic fungi, while the latter can
enhance the growth and resistance of their host (Jia et al., 2016). For instance, Piriformospora
indica was suggested to help rice plants with higher tolerance towards root herbivory through
changes in gibberellin and jasmonate signaling (Cosme et al., 2016).

Fungal endophytes produce different categories of natural products including steroids,
terpenoids, xanthones, alkaloids and flavonoids (Tan and Zou, 2001; El-hawary et al., 2020;
Newman and Cragg ,2015). Notably, a number of endophytic fungi are able to produce the same
metabolites as their hosts with even higher yields. For example, the highly functionated
tetracyclic diterpenoid paclitaxel (Taxol) was discovered in 1971 within the bark of Taxus
brevifolia, a conifer native to the Pacific Northwest of America (Wani et al., 1971). It is used to
treat different types of cancers, such as prostatic, breast, lung and ovarian cancers. However,

the limited extractable amount of paclitaxel from wild 7axus plants was not able to meet the
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increasing demands of the market. Different measures, like complicated chemical synthesis and
field cultivation had to been taken, until the appearance of paclitaxel producing fungal
endophyte Taxomyces andreanae which was derived from the inner bark of pacific yew (Zaxus
brevifolia) in 1993. This discovery could make a higher yield and less time-consuming
fermentation possible (Stierle, Strobel and Stierle, 1993).

Fungal endophytes are a prospective reservoir of natural products with unrevealed
structures and biological activities. In recent years, numerous research groups have been
actively involved in the search for biologically active secondary metabolites (Newman and
Cragg, 2020; Jakubczyk and Dussart, 2020). The following natural products are examples of
the current endophyte research projects. The nonadride derivative rubratoxin acid A was
obtained from the endophytic fungus Talaromyces purpurogenus, which was isolated from the
leaves of the toxic medicinal plant Tylophora ovata. Rubratoxin acid A was able to inhibit nitric
oxide (NO) production in lipopolysaccharide (LPS)-induced RAW264.7 cells with an ICsg
value of 1.9 uM (Zhao et al., 2019). Chemical investigation of the secondary metabolites from
the endophytic fungus Chaetomium nigricolor F5, which was derived from the medicinal plant
Mahonia fortunei, led to the isolation of a novel cytochalasin chamiside A, which possesses a
new 6/6/5-fused tricyclic core skeleton and showed moderate antibacterial activity against
Staphylococcus aureus (Wang et al.,2019). An unusual pyridone alkaloid, asperpyridone A with
a pyrano[3,2-c] pyridine scaffold and a 1,3-dimethyl-cyclohexane motif, was produced by
endophytic fungus Aspergillus sp. TJ23 when it was cultured on solid rice medium.
Asperpyridone A improved the uptake of glucose by insulin-resistant in HepG2 liver cells,

acting as a potential hypoglycemic agent (Qiao et al., 2019).
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rubratoxin acid A

W

chamiside A asperpyridone A

Figure 1.2.2. Structures of compounds from endophytic fungi.
1.2.3. Endolichenic fungi

Compared to endophytic fungi, lichen-associated fungi are even less researched. Until
now, only approximately 2% of endolichenic fungi have been investigated for their chemical
diversity. However, several reported metabolites produced by endolichenic fungi displayed
interesting pharmacological properties (Agrawal et al., 2020). Violaceol-I and violaceol-II
produced by the endolichenic fungal strain Aspergillus sp. exhibited significant inhibitory
activity against AB42 aggregation with ICso values of 5.1 and 2.3 uM, respectively (Zhao et al.,
2014). One of the first naturally occurring thiopyranchromenones, preussochromone A and its
derivative preussochromone C were obtained from the solid cultures of the endolichenic fungus
Preussia africana. Both of them displayed potent cytotoxicity against human lung cancer cell
line A549, with 1Csg values of 8.34 and 5.75 uM, respectively (Zhang et al., 2012).

The a-pyrones dothideopyrones E and F were produced by the endolichenic fungus
Dothideomycetes sp. EL003334. Dothideopyrone F was able to inhibit nitric oxide (NO)
production in lipopolysaccharide (LPS)-induced BV2 cells with ICso values of 15.0 + 2.0 uM

and decreased the mRNA expression levels of pro-inflammatory cytokines, such as tumor
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necrosis factor o (TNF-a), interleukin (IL)-1P as well as IL-6. (Kim et al., 2018). As shown by
these examples of secondary metabolites from endolichenic fungi, this potential treasure trove
for the discovery of natural compounds with novel structures and bioactivities deserves more
attention in the future.

1.2.4. Marine-derived fungi

What are marine-derived fungi? Most of the time, marine-derived fungi refer to fungi
which are isolated from marine animals, seawater, sediments, algae or other related habitats
(Pang et al., 2016). The ocean ecosystems cover more than 70% of the earth’s surface, harboring
a wide variety of marine-derived fungi. They contribute to the fast-growing cosmeceuticals and
nutricosmetics industry by providing valuable bulk compounds, such as the color agent
mutatoxanthin andthe whitening agent chrysophanol. Moreover, some of them, for example,
marine Trichoderma species are able to make use of plant pathogenic fungi through antibiosis
competition for nutrients, space and halo tolerance (Chalearmsrimuang et al., 2019). Marine-
derived fungi play an important role as a rich source of drug leads (Carroll et al.,2020). From
2000 to 2018, 133 fungal metabolites from marine sources were reported for anti-inflammatory
activity (Xu et al., 2019). Moreover, around 131 peptides were known from 17 marine-sourced
genera, among them, more than 50% exhibited cytotoxic, antimicrobial and/or antiviral activity.
Meanwhile a few of them were reported for antidiabetic, lipid lowering and anti-inflammatory
activity (Willems et al., 2020).

Currently, at least thirteen marine-sourced molecules are undergoing advanced clinical
trials, while nine drugs of marine origin have already been approved by the Food and Drug
Administration (FDA) (Martins et al., 2014 ). With the development of metabolomic tools used
in search of new bioactive marine natural products (Stuart et al., 2020), more drugs derived

from marine natural products can be expected in the near future.

1.3. Pharmaceutical agents originating from fungi
Since the discovery of penicillin G from Penicillium notatum (Fleming, 1979), fungal
metabolites have successfully attracted public attention to searching for new drugs. The wide

distribution and rich diversity of fungi make it possible for them to provide different types of
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secondary metabolites, including polyketides, terpenes, alkaloids, steroids and peptides. Their
various biological activities make them well-suited candidates for antimicrobial, anticancer,
antiviral and anti-inflammatory agents (Zhou et al., 2018; Ariantari ef al., 2019; Tran-Cong et
al., 2019; Yu et al., 2019; El-hawary et al., 2020).

Every year, millions of patients suffer from microbial diseases. Meanwhile, they are
being treated with medicines derived from fungi or other microorganisms. Cephalosporin C is
one of the famous f-lactam antibiotics firstly isolated from the fungus Cephalosporium in the
year 1948. So far, five improved generations of cephalosporin analogues have been applied for
clinical use with developed activities over those of the natural one (Bryskier, 2000; Hwu, Ethiraj
and Hakimelahi, 2003; Singh, 2004; Butler and Paterson, 2020). Similar to the function of
penicillins, cephalosporins can inhibit the cell wall synthesis of bacteria by blocking the activity
of enzymes which are responsible for crosslinking peptidoglycan, a vital component in the
formation of bacterial cell wall.

The first discovered statin was a polyketide derivative named mevastatin (=compactin),
which was isolated from Penicillium citrinum (Endo, Kuroda and Tsujita, 1976). It was
considered as a cholesterol lowering agent (Endo, 2004). However, instead of mevastatin,
lovastatin, obtained from culture broths of Aspergillus terreus, became the first statin drug
approved by the FDA and available to the general public for strong inhibition of 3-hydroxy-3-
methyl-glutaryl (HMG)-CoA reductase (Vagelos, 1991). Since lovastatin have been
commercialized, more statin derivatives including the hydrophilic statin rosuvastatin, as well
as the lipophilic statin, simvastatin, have been introduced to the market successfully (Endo,
2017).

Fingolimod is known as a manufactured analogue related to sphingosine which
originated from the fungal secondary metabolite myriocin produced by Isaria sinclairii (Fujita
et al., 1994). In the year 2010, fingolimod was approved by the U.S. FDA for treatment of
multiple sclerosis (Strader, Pearce and Oberlies, 2011). As an immunomodulatory drug for
multiple sclerosis, fingolimod acts as functional antagonist of sphingosine-1-phosphate
receptors (Chun and Hartung, 2010; Fyrst and Saba, 2010). New progress in surgical techniques

makes it possible for organ transplantation with incorporation of organs such as liver and heart.
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However, the possible rejection following an organ transplantation poses a great challenge.
Fungal drug mycophenolic acid (MPA) was approved by FDA in 2000 as immunosuppressive
agent which is now marketed as CellCept® (Eugui et al, 1991; Guzera et al., 2016).
Immunosuppressive drugs refer to drugs which can inhibit or prevent the activity of the immune
system. Mycophenolic acid, originated from the fungus Penicillium glaucum and related fungi
(Lafont et al., 1979; Chen et al., 2015), is usually applied in the form of mycophenolate
sodium and mycophenolate mofetil to specifically prevent the rejection following kidney, heart

and liver transplantations (Knoll et al., 2003; Kobashigawa and Meiser, 2005).

Y- JJ

J—~OH
O/\
penicillin G cephalosporin C Egg:g:;‘nRE;CHS
OH NH
NH 2
2 CH,0H
COOH
fingolimod myriocin mycophenolic acid

Figure 1.3. Structures of pharmaceutical agents originated from fungi.

1.4. Strategies to expand the diversity of secondary metabolites of fungi

Biosynthetic gene clusters (BGCs) refer to groups of genes which are able to encode a
biosynthetic pathway for the production of a specialized metabolite (Pan ef al., 2019). It was
discovered that fungal species usually harbor 30—-100 BGCs. However, the majority of these
gene clusters are kept silent under standard laboratory conditions. In order to unlock the trove
of metabolic treasures, several successful methods have been developed. Strategies such as the
genetic engineering (Choi et al., 2018), One Strain MAny Compounds (OSMAC) approach
(Meng et al.,2017), co-cultivation (Liu et al., 2016) and mutagenesis (Zhang and Moore, 2020)

have all been successfully applied to activate silent BGCs in bacteria and fungi
12
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(Tomm ,Ucciferri and Ross, 2019).
1.4.1. OSMAC approach

One Strain MAny Compounds (OSMAC) approach is regarded as the most common
and effective way to achieve the diversity of secondary metabolites from fungi by cultivating
fungi under different conditions, such as media composition, salinity, temperature, pH, oxygen
concentration and cultivation status (Pan et al., 2019).

There are several examples which highlight the power of OSMAC approach.
Penicanone was reported as the first naturally occurring polyketide that featured a unique highly
oxygenated 6/6/8 tricyclic carbon scaffold with a rare bicyclo [5.3.1] hendecane moiety. This
compound and its derivative penicanesone A were isolated from the solid rice culture broths of
Penicillium canescens. Two novel aromatic polyketide dimers which exhibit a special core
structure of 6/6/5/6 tetracyclic ring were produced by the same fungus when it was cultured in
a liquid medium (zp-2) (Zang et al., 2020). Nine new polyketides were obtained from the fungus
Dothideomycete sp. CRI7 cultured in Czapek medium prepared from seawater and media
containing halide salts, such as potassium bromide (KBr) and potassium iodide (KI). Moreover,
different production levels of fungal metabolites indicated that the halide salts can significantly
enhance the yields of a crude extract and fungal secondary metabolites (Wijesekera et al., 2017).
Through OSMAC approach, fruit and vegetable juice were added to the solid rice media for the
cultivation of fungal endophyte Fusarium tricinctum, resulting in the isolation of two known
compounds fusarielins A and B, and induction of new metabolites fusarielins K and L, along
with the upregulation of new natural product fusarielin J as much as 80-fold compared to that

from solid rice culture broths. (Hemphill ez al., 2017).

13
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penicanesones B penicanesones C

Figure 1.4.1. Structures of compounds produced by Penicillium canescens.
1.4.2. Co-cultivation

Most of the time, co-cultivation means mixed fermentation in the same vessel, which
includes systems of fungi and bacteria, fungi and fungi, as well as bacteria and bacteria. The
competitive environment may force the interactions between them to trigger natural product
biosynthesis which usually contribute to the accumulation of constitutively present natural
products or new secondary metabolites.

Recent successful cases of this method include the mixed fermentation of the fungal
strain Fusarium tricinctum together with the bacterium Bacillus subtilis 168 trpC2. Co-
cultivation on solid rice medium led to a 78-fold upregulation of constitutively expressed
secondary metabolites such as lateropyrone and the lipopeptide fusaristatin A. The new
secondary metabolites named macrocarpon C, 2-(carboxymethylamino) benzoic acid, and (-)-
citreoisocoumarinol were produced only during the co-cultivation (Ola et al., 2013). A series of
structurally related Ci> polyketides which were different in the geometry and substitution
pattern were produced by fungi-fungi co-cultivation of Phoma sp. YUD17001 and Armillaria
sp. Interestingly, none of these metabolites was detected when either fungus grew as axenic
cultures thus highlighting the power of co-cultivation (Li ef al., 2020).

1.4.3. Genetic modification

Technologies related to the genetic modification for engineering BGCs of microbial

14
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natural products are relatively new compared to the strategies above (Li ef al., 2017). It is a
powerful tool that can be used to delete unnecessary BGCs to improve the expression of target
BGC (Baltz, 2016), or to directly clone (Wang et al., 2016) and edit BGCs to optimize a natural
product biosynthetic pattern (Shao et al., 2011). More and more successful cases indicate a
bright future for the genetic manipulation of BGCs for natural products as lead compounds.
1.5. Aims of the study

Every moment, millions of people are suffering from different diseases, while at the
same time, new kinds of diseases emerge. This generates a great demand for new drugs. As
described above, fungi, as rich producers of bioactive natural products bearing novel structures,
have attracted a lot of attention for studies on their secondary metabolites. The aim of this study
is to search for new bioactive natural products from promising fungal strains including the
coprophilous fungus Aphanoascus fulvescens, the mangrove derived endophytic fungus
Pseudopestalotiopsis theae and the endophytic fungus Pestalotiopsis lespedezae. These fungi
were selected for their putative metabolite novelty based on their research status in scientific
databases such as SciFinder and HPLC-DAD analysis of crude extracts combined with an in-
house UV spectra library. An OSMAC approach was applied to expand the chemical diversity
of fungus Pestalotiopsis lespedezae.

The goose-dung-derived coprophilous fungus Aphanoascus fulvescens produced five
new okaramines indole alkaloids and eleven known analogues. The study on secondary
metabolites from mangrove derived endophytic fungus Pseudopestalotiopsis theae led to the
isolation of twenty-six isoprenylated cyclohexanols, eighteen of them are new natural products.
Fermentation of the endophytic fungus Pestalotiopsis lespedezae on solid rice containing 3.5 %
sodium iodine yielded ten new polyketide derivatives including one new iodinated compound.
The absolute configurations of new compounds were determined by comparison of the NMR
and specific optical rotation data to the related literature, modified Mosher’s method and
TDDFT-ECD calculations.

All of the isolated natural products were evaluated for cytotoxicity against the mouse
lymphoma cell line L5178Y and for antibacterial activities against Streptomyces lividans,

Bacillus subtilis, Bacillus cereus and Mycobacterium tuberculosis.
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Cytedoseity

The Ascomycete fungus Aphanoascus fubvescens isolated from goose dung was investigated for its secondary
metahaolites, yielding five new indole alkaloids okaramines ¥-Z (1-5) and eleven known derivatives [6-16).
Their structures were determined by 1D, 2D NMR spectra and HRMS data. Compounds &, 8, 11 and 12 showed
dgnificant to modemte cytotoxidty againa the mouse lymphoma cell line L5178Y with ICs, values ranging from
4.0 to 14.7 pM. Preliminary structure-activity relationships are discussed.

1. Introduction

Okaramines, mostly reported from Penicillim simplidssimum and
Aspergillus aculerms, constitute a family of prenylated indole alkalodds
[1]. They are insecticidal compounds duve to their toxicity against
sillkworm larvae and selective activity on glitamate-gated chloride
channels (GluCls) [2,3]. These compounds have also inspired many
efforts on both biosynthetic research and total synthesis [4-6]. In our
ongoing search for new bioactive compounds from Ascomycetes, we
isolated the fingus Aphanoasas fulvescens from goose dung collected
close to the North Sea shore in Northern Germany. A fulvescens belongs
to the Ascomycota, and is commonly found in keratin-rich tissues, such
as hair, nafls and dung that have been cast away from the host [7]. The
fungus was reported to have the ability to degrade native feather Jer-
atin at pH7.58 and at a temperature of 28.7 °C [8]. However, its sec-
ondary metabolites were rarely investigated except for two amines,
WF14865A and B, that were reported as new cathepsins B and L in-
hibitors with ICs; values in the range of 8.4-72 nM in vitro [9].

Our chemical investigaton of A fulvescens led to the isolation of five
new okaramine-type indole alkaloids (1-5) together with eleven known
derivatives (6-16) (Fig. 1). In this paper, the isolaton, structure elu-
cidation and bioactivity of these compounds are reported.

2. Results and discussion

Compound 1 had the molecular formula CaaHagN4Oy as determined

* Corresponding authars.

by HRESIMS, containing an addidonal oxygen atom when compared to
the co-isolated known compound, okaramine C (6) [10]. The H NME
data of 1 (Table 2) displayed the signals for two sets of ao—dimethy-
lallyl groups, eight olefinic protons assigned to two ortho-disubstituted
benzene rings, two methylenes and two methines, suggesting a pre-
nylated indole diketopiperazine skeleton similar to okaramine C (6).
However, the presence of signals due to an isolated methylene group at
C-3 [ 3.26 (d) and 2.26 (d)] and the disappearance of the signal of H-
2in1 indicated that C-2 of 1 was a quaternary carbon. The attachment
of an additional hydroxy group at C-2 in 1 was confirmed by the HMBC
correlations from Hy,-3, H-8a (8 5.48) and 3-NH (§,; 5.83) to C-2 (&
88.9), and from the hydroxy group (& 5.99) and Hy-3 to C-9 (&
166.4). The remaining substructure was determined to be identical to
that of okaramine C(6) after detailed analysis of the 2D NMR spectra of
1. Moreover, the relativwe configuration of 1 was suggested o be iden-
tical o that of okaramine C (6) based on the similar NOE correlations.
Thus, the structure of 1 was as elucidated as shown in Fig. 1, and the
compound was given the trivial name okaramine V. The absolute con-
figuration of okaramine C (6) has been determined by Marfey's method
[11] and wtal synthesis [5]. Olaramine V (1) is assumed to share the
same absolute configuration as okaramine C (6) based on the biogenetic
relationship between both compounds.

The molecular formula of okaramine W (2) was determined as
CazHl 3N, 0, from the HRESIMS data, The "H NMR data of 2 (Table 2)
were similar to those of olaramine C (6) except for the replacement of a
singlet methine proton at C8a (§y 552) in 6 [10] by a water-

E-muail addreses: zhenfeizili@sina.com (Z Liu), proksch@uni-duesseldorf de (P. Proksch).
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Fig. 1. Structures of compounds 1-16.
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Table 1

3¢ NMR Data of Compounds 1-5.
g g i i 4= g
2 BR9,C 514, CH S&7, CH 867, C 55.2, CH
3 48.2, CH, 428, CH, 429, CH, 823, CH 30.7, CH,
3a 85.1,C T46, C B&S,C B4.5,C 106.7, C
3b 131.3,C 1331, C 1316, C 139.7,C 1287, C
4 123.3, CH 124.1, CH 1208 CH 1248 CH 1191, CH
5 118.7, CH 1228, CH 1191,CH 1225 CH  119.3,CH
3 129.8, CH 1291, CH 1290,CH 129.0,CH 121.2,CH
7 1123, CH 114.7, CH 1230, C 117.3,CH  113.9,CH
7a 147.2,C 1433, C 1469, C 149.8,CH  1359,C
Ba 103.4, CH 1802, C 846, CH 931, ¢ 1252, CH
g 166.4, C 1686, C 1641, C 1638, C 167.2,C
10 57.2,C 607, C 03 CH, 626C 50.1,C
11 145.6, CH 145.2, CH 1221, CH 405, CH 143.9, CH
12 1128 CH: 1131, H:; 134, C 0.7, CHy 1136, CH:
13 6.8, CHy 279, CHy 256,CHy 259,CH;  280,CHs
14 24.8, CHy 256, CHy 17.7,CHy  24.8,CHy  27.9,CHy
1 276, CH: 306, CHa 246,CHz  113.6,CH
- 54.2, CH 560, CH 614, CH 147.3,C
4 1127,CH, 1116 CH, 158 CH 121.7,CH
5 145.4, CH 1472, CH 1389 CH  139.0, CH
& 30.0,C 308, C 372.C 35.9,C
6a’ 141.6,C 1424, C 140.7, C 147.2,C
7a' 134.1,C 1358, C 158 C 133.9,C
B 110.8, CH 1115, CH 1.6, CH  110.7, CH
g 1221, CH 1216, CH 121.3,CH  134.6,C
10 120.2, CH 1195, CH 1189, CH  121.3, CH
11 117.7, CH 1188, CH 119.9,CH 1161, CH
11a’' 1289, C 1300, C 129.7,C 127.8,C
11k 1035, C 1054, C 104.6, C 104.2, C
1 168.8, C 1678, C 166.8, C 162.0, C
13 27.7, CHa 28 4, CHy 321,CHy  27.7,CHa
14 27.7, CHy ZET CHy 300,CHy  27.0, CHs
15 335, CH:
16" 123.7, CH
17 131.0,C
18 253, CH,
19 17.4, CH,
3-0Me 50.5, CH,

Recorded in CDHCl; at 150 MHz.

Reconded in acetone-d; at 150 MHz
Recorded in DMS0-ds at 150 MHz.

Diata were extracted from HSQC and HMBC.

N PR

exchangeable signal (§y 5.52, br 5, 1-NH) in 2. The COSY correlations
between 1-NH/H-2/Hy,-3 together with the HMBC correlations from
Hop-3 to C-2, C-3a, C-3b, C8a (8 180.2) and C9 indicated cleavage
between 1-N and C-8a and the presence of a carbonyl group at C-8a in
2. Detailed analysis of the 2D NMR spectra of 2 revealed that the re-
maining substructure and the relative configuration of 2 was identical
to those of ockaramine C (6).

Based on the HRESIMS data, the molecular formula of 3 was es-
tablished as CypHyaN404, containing two addiional H atoms compared
to the co-isolated known compound, okaramine J (7] [11]. Comparison
of the 'H and "*C NMR data (Tables 1 and 2) of 3 with 7 revealed the
disappearance of a water-exchangeable proton (§; 573, 3-NH in 7)
and the replacement of an olefinic methylene group (§y 5.13 and 5.07)
by an olefinic methine (8 5.97, H-47) in 3. This latter proton showed a
COSY correlation with H-5" (& 5.76) and HMBC correlations with C-9
(fc 169.1) and C-6" (8c 37.2), confirming the linage between 3'-N and
C4" to form an additional ring. The remaining substructure and the
relative configuration of 3 was identical to that of okaramine J (7) as
indicated by the 2D NMR spectra of 3. The absolute configuration of 3 is
suggested to be likewise identical to that of okaramine J (7) based on
their biogenetic relationship, Marfey's method [11] and total synthesis
[6] had previously been performed to confirm the absolute configura-
tion of okaramine J (7).

Okaramine Y (4) had the molecular formula CagHepN,Os as evident
from the HRESIMS data. When compared o okaramine B (9) [12],

okaramine Y (4) exhibited signals of an additdonal isoprenyl unit (C-15
to C-19, Tables 1 and Z) in addition to the replacement of signals of an
ortho-disubstituted benzene ring by signals of an 1,24-trisubstituted
benzene ring at &y 6.96 (dd, J=82, 1.3Hz, H-10), 7.19 (4
J=13Hz, H8) and 749 (d, J= 8.2Hz, H-11). Furthermore, the
HMBC correlations from 7*-NH, H-1°, H-8, and H-10" to C-11a’, from H-
& and H-10" to C-15" and from H,-15" to C-8, C-9" and C-10" indicated
the location of the additional isoprenyl side chain at the C-9* position.
Based on the similar NOE relationships, okaramine Y (4) shared the
same relative configuration as okaramine B (9).

The molecular formula of compound 5 was determined by HRESIMS
as CazHzeN 05 The UV and *H NMR data of 5 (Table 2) were similar to
those of co-isolated cycloL-Trp-L-Trp (13) [11]. The only difference
between both compounds is the presence of signals attributed to two
additional, chemically equivalent eo-dimethylallyl units at & 6.07
(dd, J=17.5, 10.7 Hz, H-11), 5.19 (d, J=10.7Hz, H,-12), 5.16 (d,
J=17.5Hz, Hr-12), 1.71 (5, Me-13) and 1.68 (s, Me-14) in 5, which
was further supported by the COSY correlations between H-11/H 412
and the HMBC correlatdons from Me-13 and Me-14 to C-10 and C-11.
The attachment of the ao-dimethylallyl unit to N-8 was confirmed by
the chemical shift of C-10 (dc 59.1) and the HMBC correlation from H-
Ba (8 6.64) to C-10. Based on the biogenetic relationship, the absolute
configuration of 5 is suggested to be the same as cycloL-Trp-L-Trp (13),
whose absolute configuration had previously been determined by
Marfeys method [11].

The remaining known compounds wene identified as okaramines C
(6) [10], 4 (7) [11], G (8) [12], B (9) [12], D (10 [14], A (11) [12], H
(12) [15], eyeloL-Trp-L-Trp (13), cyclo{6a’a,a-dimetheylallyl-L-Trp)-
L-Trp (14), cyclo{N*a,a-dimetheylallyl- L-Trp)-L-Trp (15), cyclo{N®-
aa—dimetheylallyl-L-Trp)-(6a '« a-dimetheylallyl- L-Trp) (16) [11]
based on comparison of their spectral data with the lterature.

All isolated compounds were tested for their cytotoxicity against the
mouse lymphoma cell line L5178Y using the MTT assay. Among them,
okaramines H (12), G (8), A (11), and C (6) showed cytotoxicity with
1Ce, values of 4.0, 128, 13.8 and 14.7 uM, respectively. Some pre-
liminary structure-activity reladonships can be concluded based on the
bioassay results. Hydroxylation at C-2 (1 vs 6) or cleavage between 1-N
and C8a (2 vs 6) led to total loss of cywtoxicity. When an
o, a—dimethylallyl group is attached at 8-N, cleavage between 3™-N and
C-4' (8 vs 11) or reduction at A™ ¥ (6 vs 11) had lnle effect on cyto-
toxdcity. However, when an isoprenyl group is attached at C-7 instead of
8N, reduction at A™™ ¥ (3 or 7 vs 12) resulted in toml loss of cyto-
vood city.

3. Experimental section
3.1. General experimental procedures

Optical rotations were obtained with a Perkin-Elmer-241 MC po-
larimeter. 1D and 2D NMR spectra were recorded on a Bruker AVANCE
DMX 600 NME spectrometer. Mass spectra (ESI) were recorded with a
Finnigan LCQ Deca mass spectrometer and HRMS (ESI) spectra were
obtained from a FTHREMS-Orbitrap (Thermo-Finnigan) mass spectro-
meter. Solvents were distilled prior to use and spectral grade solvents
were used for spectroscopic measurements. HPLC analysis was per-
formed with a Dionex UltiMate3400 SD equipped with an LPG-34005D
Pump coupled to a photodicde array detector (DADI000ORS) and the
following gradient was used (MeOH, 0.1% HCOOH in H,0) Omin
(10% MeOH); 5min (10% MeOH); 45min (100% MeOH); 60min
(100% MeOH). Column chromatography included Sephadex LH-20 and
Merck MN Silica gel 60 M (0.04-0.063 mim). Semi-preparative HPLC
was performed using a Merck Hitachi HPLC System (UV detector L-
7400; Pump L-7100; Eurosphere-100 C18, 300 x 8 mm).
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Table 2
'H MMR Data of Compounds 1-5.
N 1" z° 3° & 5"
2 475, m 459, dd (110, 6.2) 418, m
3 3.26, d (14.1) 240, dd (148, 4.8) 251, dd {130, 6.2) 4.19, 5 319, dd (14.4, 34)
226, d (14.1) 1.86, dd (148, 7.5) 1.75, dd (130, 11.00 238 dd (144, B3)
4 7.31, dd (7.3, 1.0) 739, dd (7.4, 1.4) 6.99, d (7.6) 7.39, dd (7.5, 1.2) 755, dd (75, 1.2)
5 6.80, td (7.3, 0LE) 706, td (7.4, 1.1) 657, L {76) 7.00, td (7.5, 0LB) 709, (75, 1.0)
3 7.15, ddd (8.2, 7.3, 1.0) 723 ddd (B0, 74, 1.4) 680, d (76) 7.21, ddd (7.9, 7.5, 1.2) 7.13, ddd (B0, 75,1.2)
7 6.52, dd (8.2, 0LE) 7.18, dd (8.0, 1L1) 6.73, dd (7.9, 0LE) 749, dd (8.0, 1.0)
Ba S48, 5 526, brs 6, &
10 286, m
279, m
11 6.01, dd (17.5, 10.7) 6.19, dd (175, 10.8) 516, L (7.3 607, dd (175, 107)
12 5.17, d (17.5) 5.24, d {1786) 1.23, = 519, d{10.7)
5.13, d (10.7) 5.18, d (10.8) 5.16, d{175)
13 1.43, 5 1825 173, 5 0.86, 5 171, 5
14 1.40, 5 173, 8 166, 5 1.66, 5 168, 5
3.72, dd (15.1, 4.00 359, dd (148, 37) 369, brd (14.7) 7.35, %
3.16, dd (15.1, 11.6) 331, dd (148, 10.1) 347, brd (14.7)
> 4.50, dd (11.6, 4.00 433, m 443, brs
4 519, d (17.5) 5.14, d {175) 5.97, d (BB 5.66, d(83)
5.18, d (10.4) 5.07, d{1086)
5 6.14, dd (17.5, 10.4) 635, & (175, 10.6) 576, d (8.8 5.91, d (8.2)
B 7.35, dd (8.0, 0L9) 728, &l (7.9, 1.00 716, d (8.0) 7.19,d {1.3)
g 7.20, ddd (8.0, 7.6, 1.1) 7.03, did (79, 74,1.1) 6.96, m
10 7.14, ddd (8.0, 7.6, 0.9) 6.08, d&id (78, 7.4, 1.00 697, m 6.96, dd (82, 1.3)
11° 7.50, dd (8.0, 1.1) 752, & (78, 1.1) 773, d (8.0 7.49, d (8.2)
13 1.56, 5 159, s 144, 5 1.56, 5
14 1.56, 5 158, 5 149, 5 1.65, 5
15 3.39, d (7.5)
16" 5.33, t{7.5)
18 1.72, 5
19 1.71, 5
1-NH 735, br s 572 brs
ZOH 5.99, 5
3-0Me 373,
3a-0H 6.08, 5 492 5
B-NH 481, brs
3-NH 5.83, br s 674, br 5
T-NH B.09, 5 98D, 5 979, 5 11.31, 5

* Recorded in CDOCly at 600 MHz.
* Recomded in acetone-d; at 600 MHz.
® Recorded in DMS0-ds at 600 MHz.

3.2 Fungal material

The endophytic fingus was isolated from goose dung collected in St
Peter- Ording (North Germany) in March 2017, It was identified as
Aphanoasass fulvescens by DNA amplification and sequencing of ITS
region as previously described [16]. A fulvescens was cultivated on
solid rice medium in 30 Edenmeyer flasks. The rice medium was pre-
pared with demineralized water (110 mL) and rice (100 g) in an Er-
lenmeyer flask, followed by autoclaving (121 °C, 20 min). The fungus,
after it covered the whole surface of a petri dish, was inoculated onto
this sterile rce medium under the clean bench and then allowed to
grow at 20°C for 28 days under static conditions.

3.3, Extraction and isolation

The crude EtOAc extract (5.85 g) was subjected to a vacuum liquid
chromatography on silica gel with a step gradient elution of n-hexane-
ErQAc and CH,Cl-MeOH to give six fractions (Fr.A w FrF). Fr. B
(eluted by 60% n-hexane and 40% EtOAc) was subjected to a Sephadex
LH-20 column eluted with CH,Cl,-MeOH (1:1), followed by purification
using semi-preparative HPLC (MeOH-H0: 0-2min, 55%; 2-25min,
from 55% to 80%; 25-30 min 100%) to yield 1 (2.8 mg), 4 (1.5 mg), 8
(1.2mg) and 12 (3.3mg). Fr. C (eluted by 40% n-hexane and 60%
ErOAc) was fractionated on a Sephadex LH-20 column with MeOH and
then separated by semi-preparative HPLC (MeOH-H,O: 0-2min, 35%;
2-28min, from 35% to 58%; 28-30min, 100%) to yield 9 (1.1 mg), 10

4
20

(1.3mg) and 11 (4.8mg). Fr. D (eluted by 25% n-hexane and 75%
EtQAc) was subjected to a silica gel column using CH,Cl-MeOH (15:1)
and further separated by semi-preparative HPLC (MeOH-Ha0: 0-2 min,
40%; 2-15min, from 40% to 55%; 15-30min, from 55% to B0%,
30-32 min, 100%) to give 2 (2.1 mg), 6 (9.3 mg), 7 (5.8 mg) and 16
(6.4mg). Fr. E (eluted by 70% CHyQ; and 30% MeOH) was fractio-
nated on a C-18 reverse phase column using a step gradient of MeCN/
Hy0, resulting in 4 subfractions (Fr.E1 to Fr.E4). Fr.E3 were further
purified by semi-preparative HPLC (MeOH-Hz0: 0-2 min, 25%;
2-15 min, from 25% to 40%; 15-30min, from 40% to 65%, 30-32 min,
100%) w yield 3 (2.4mg), 5 (1.4mg), 13 (2.1 mg), 14 (1.8 mg) and 15
(2.0mg).

Okaramine V (1): colorless oil; [@]20 D + 30.4 (¢ 0.1, MeOH); 'H
and C NMR data, Tables 1 and 2; HRESIMS m/z 541.2810 [M + H]*
(CazHz N0y, caled. 541.2800).

Okaramine W (2): light yellow oil; [a]20 D — 19.6 (¢ 0.15, MeOH);
'H and ¥C NMR data, Tables 1 and 2; HRESIMS m/z 541.2799
[M + H] ™ (CazHarN4O,, caled. 541.2809).

Okaramine X (3): colorless oil; [¢]20 D + 52.4 (c 0.15, MeOH); 'H
and ®C NMR data, Tables 1 and 2; HRESIMS m/z 523.2706 [M + H]*
(CazHas N0y, caled. 523.2704).

Okaramine Y (4): yellow powder; [a]20 D + 351 (c 0.1, MeOH); 'H
and ®C NMR data, Tables 1 and 2; HRESIMS m/z 635.3227 [M + H]*
(CaaHggN40s, caled. 635.3228).

Okaramine Z (5): colorless oil; [a]20 D — 327 (¢ 0.2, MeOH); 'H
and C NMR data, Tables 1 and 2; HRESIMS m/z 509.2903 [M + H]*
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(CazH N0, caled. 509.2911).
3.4. Cyroroxicity assay

Cytomxicity was tested against the L5178Y mouse lymphoma cells
using a MTT assay [17]. Experiments were repeated three times and
carried out in triplicate. Kahalalide F and 0.1% EGMME/DMS0O were
used as positive and negative controls, respectively.
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Figure S2. UV spectrum of 1.

24



Publication 1

5] 1] 3 ] 5] 8 3 1] 3 5] o o o o S
8 8 § 8 8 8 8 8 8 8 8 8 8 8 =]
N g g § 5o o o4 om e 8 F N e
$I0b'T
ObELT
0655°T
S595°T
by .
Emm.m; 426¢
6LbT'E Z0HE
yILTE 8
S9TT'S
1821°S ﬁ .
TS FoLT
6SkT'S 040
665T'S
919T's
0£LT'S :
9LT'S ﬁ e
£L08T'S 160
£781°S
768T'S F58°'0
6061°S
0861°S
L66T'S
€20T°S 2860
6£07°S1
88L+'S) ]
018+°S 880
97€8°S, 06°0
mﬂmm.m; 180
0089 96°0
msm.w; w00
2£08°91 g0y
5808'9 Hﬁ.m T
L0289 040
07289y
T6ETL ﬁ JT6T
80vTZ 58T
€8pT mﬁmm.o
CopT L 580
veoz'L] 1670
€12 0097°L ] oo
LE0EL
850€°] ]
99TEY ] =00T
BEPEL
bebEL
685E/

4.0 35 3.0 25 2.0 15 1.0 0.5

f1 (ppm)

8.0 i 7.0 6.5 6.0

8.5

"H NMR (600 MHz, CDCI5) spectrum of 1.

Figure S3.

(wdd) 74

40 35 30 25 20 15 10 05

4.5
2 (ppm)

75 70 65 60 55 50
Figure S4. 'H-'H COSY (600 MHz, CDCls) spectrum of 1.

8.0

8.5

25



Publication 1

IIJJ Ih 2 P

80 75 70 65 60 55 50 45
f2 (ppm)

Figure S5. HSQC (600 MHz, CDCI3) spectrum of 1.

i T, ™

0
'@“,ﬂllm
o '
] :,i I.IQ
! LI} o
R | ; i !
N L
—_ W
\ [] [ ’
(] " ]
[ | 7 "
B B
G‘nul : ¢
yq ] '
E | oy ] ¥ .. L] .
Ll '
| e ) Sl
I ] L]
L}

4.0 35 3.0 25 2.0 1.5 1.0

85 80 725 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
f2 (ppm)

Figure S6. HMBC (600 MHz, CDCl3) spectrum of 1.

26

f1 (ppm)

fi (ppm)



Publication 1

f1 (ppm)

95 90 85 80 75 70 65 60 55 5?2 45 40 35 30 25 20 15 10 05 00
m
Figure S7. ROESY (600 MHz, CDCl3) spectrum of 1.
Acquisition Parameter '
Source Type ESI lan Palarity Paositive Set Nebulizer 0.3 Bar
Focus Not active Set Capillary 4000 V Set Dry Heater 180°C
Scan Begin 50 miz Set End Plate Offset  -500V Set Dry Gas 4.0 Vmin
Scan End 1500 miz Set Collision Cell RF  600.0 Vpp Set Divert Valve Source
Intens. +MS, 3.8-4.0min #227-241)
A0 799
1.04 G
0.8
]
0.6
0.4 542.2833
= o 543.2863
540.2678 i -
i) o - wamm R i sess
538 539 540 541 542 543 544 545 miz
Meas.miz # lon Formula mfz err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
5392644 1 (C32H35MN404 539.2653 1.7 649.1 1 100.00 175 ewven ok
2 C31H3808 530.2638 0.8 671.9 2 030 125 even ok
5412799 1 C32H3ITN4O4 541.2808 18 6.3 1 90.04 16.5 even ok
2 C31H4108 541.2796 0.6 17.8 2 10000 115 even ok

Figure S8. HR-ESI-MS of 2.

27




Publication 1

No spectra library hits found!

Peak#3 100% at 29.23 min

%

213.3

270282.8

nm
T

70,0

Figure S9. UV spectrum of 2.

3 8 8888888888838 ¢ o o o 8
2 $ 8 8 8 83 8 8 &8 8 8 8 8 8 8 8 S
LI LB L L, B A UL S A S O AL - . AL IO~ .
+08S'T g7
mmmm.ﬂw B cgT
282/ T - ~G6'T
——G6ER = N - )
02z(£ad) 00S0°C Mm.m
8+90°'S
8990°S
#280°51— == ¢80
S¥80°S B
1921°S
T8CTS
ZssT'S
CLST64 = 1660
¥eLTS
SELT'S
£0615f == F60
$161°S
6077°S
0222's ._
€05Z'S .
e1sz’s F160
9591°9
SEBTOY 20"
6v61°9 No.H
821z 06°0
meumW = ¥00T
$SbZ9 ¥60
04529 680
SbLT9Y
64£6°9
65207
SHS0%L -J #9870
595 m.m 4670
L06TZ 680
ST6TL 060
£90T¢ FTQ.H
06077 — 71260
681Z: Mmm.o
11227 060
9T = 1860
858 = H€6°0
998¢ 780
£96€°L 00T
066£Z 00T
SSISY
58257

3.5

4.0

4.5

5.0

5.5

6.0

7.0 6.5

75

8.0

15

2.0

2.5

3.0

f1 (ppm)

Figure S10. '"H NMR (600 MHz, Acetone-ds) spectrum of 2.

28



Publication 1

T T T T T T T T

T T T

50 45

50

60

-70

80
100
110

r120

140

150

85 80 75 70 65 6.0 55 40 35 30 25 20 15 10
f2 (ppm)
Figure S11. '"H-'H COSY (600 MHz, Acetone-ds) spectrum of 2.
o @&?; '
o @ L- B
@
& @
‘e
°
. =]
o O )
°.? .
o . °
&
8:5 B.‘U 7.‘5 7.'0 6.‘5 5.‘0 5:5 5‘.0 4:5 4:0 3:5 3.‘0 2:5 2.‘0 1:5 1:0
f2 (ppm)

Figure S12. HSQC (600 MHz, Acetone-ds) spectrum of 2.

29

1 (ppm)

f1 (ppm)



Publication 1

LA Rk L

g ‘el LANLL] (T
B LAt} [
Ay “d'?“‘m“ - 0

;“G %’ 8—H L[] (TR

85 80 75 720 65 60 55 50 45 40 35 30 25 20 15
f2 (ppm)

Figure S13. HMBC (600 MHz, Acetone-ds) spectrum of 2.

JMMLU@UJM

0o r P 8 e “'”". g

210

80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0
f2 (ppm)

Figure S14. ROESY (600 MHz, Acetone-ds) spectrum of 2.

30

f1 (ppm)

1 (ppm)



Publication 1

Acquisition Parameter

Source Type ESI lon Polarity Positive Set Nebulizer 0.3 Bar
Focus Not active Set Capillary 4000 V Set Dry Heater 180 °C
Scan Begin 50 miz Set End Plate Offset  -500 V - Set Dry Gas 4.0 Ymin
Scan End 1500 miz Set Collision Cell RF  600.0 Vpp Set Divert Valve Source
Intens. | +MS, 3.5-3.7min #210-221
x1 . 5232706
E..
4+ v
2_
425626 545.2513
459.1976 |
0 r b MF’?SQ} i : . ] . Ly . ._._I._..ulu i iy L -
400 420 440 460 480 500 520 540 560 miz
Meas.m/iz # lonFormula miz err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
4253626 1 C26H4904 4253625 0.0 6.1 1 100.00 25 even ok
5232706 1 C32H35N403 5232704 0.4 36 1 10000 175 even ok
Figure S15. HR-ESI-MS of 3.
7 Peak#2 100% at 30.01 min
0,0
7A) No spectra library hits found!
| 2054
1 2800.8
-10,0~— —— — —— —— — R — 0
200 250 300 350 400 450 500 550 595

Figure S16. UV spectrum of 3.

31



/500
5000
4500
4000
3500
3000
2500
2000
1500
1000
500

(wdd) 74

) Y|

2.0

1) PP Eedik - - = -

Publication 1

3.0

e — S ——— - = =

=TT+
HIT

2.0 1.5 1.0

2.5

4.0

4S0°T
WO
880
=/8°0|
=60
“860

5.0

T
5.5

=001
=€670|

f1 (ppm)

6.0

J18°0}
£0'T
ch.ﬁ
1T

560

6.5

7.0

— =207

9.0

3.0

35

5 40
ppm)
32

(

7.5 70 65 6.0 55 5.0 f;

8.0

9.5

66177 IJ %60

7]5
Figure S17. "H NMR (600 MHz, Acetone-ds) spectrum of 3.

Figure S18. '"H-'H COSY (600 MHz, Acetone-ds) spectrum of 3.



Publication 1

Xiao.753.ser
AF-30-1-P4 (large)

(100

110

120

r130

(140

8.0 75 7.0 6.5 6.0 5.5

50 45 40 35
f2 (ppm)

Figure S19. HSQC (600 MHz, Acetone-ds) spectrum of 3.

[} %ﬂ@ﬂ T
R TI
]

06 !

3.0

2.5

2.0

1.5

k=2
=4
=
-
-
=
O e

1.0

T T T T T T T T T T T

85 80 7.5 720 65 60 55 50 45 40 35
f2 (ppm)

Figure S20. HMBC (600 MHz, Acetone-ds) spectrum of 3.

33

f1 (ppm)

f1 (ppm)



Publication 1

-

.
b o
F

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10
f2 (ppm)

Figure S21. ROESY (600 MHz, Acetone-ds) spectrum of 3.

f1 (ppm)

Acquisition Parameter

Source Type ESI lon Polarity Positive Set Nebulizer 0.3 Bar
Facus Mot active * Set Capillary 4000 V Set Dry Heater 180°C
Scan Begin 50 m/z Set End Plate Offset  -500 V Set Dry Gas 4.0 Urmin
Scan End 1500 mfz Set Collision Cell RF 600.0 Vpp Set Divert Valve Source
Intens, i +MS, 2,8-3,0min #165-182
%104
6353227
4.
3«
2] 636.3256
13
] 637.3286
o A A 638.3319
633 634 635 636 837 638 638 640 miz
Meas.mfz # lonFormula mfz err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
6353227 1 C3TH4TO9 635.3215 -1.8 51 1 5847 145 even ok
2 C38H43N40O5 6353228 02 6.8 2 10000 19.5 even ok

Figure S22. HR-ESI-MS of 4.

34



Publication 1

No spectra library hits found!

Peak#2 100% at 33.61 min

%

2321

383.5

nm
T

70,0

- 206.2

-10,0

595

200

Figure S23. UV spectrum of 4.

2 3 8 8 8 =] ] 8 8 1] 8 =
4 . 9 & & K 2 @m § o & =@ o ;
L. HEY:
(=]
- 56%| ©
¥Z8'S
689'T M_m 4
om:@ ki
SETLT
9p-0OSWd 0005°Z Fd
0/80°€ .
8660°€ a2
¢N:.mVJ S
osere’ S
€SErE— ESRT)
6981} L2
mhm.m/f =460
1£2€'S Fa
S67€°S
ZTEES g
6IHE'S s96'0
STTH'S” *66°0| L
10s9's] 680
££99°S ool 9F
msm.mﬁ il &
SST6'S___ | 46T T8
0zT2L'9 060
BbEL 9 . Mmm.ﬁ S
#5569 — S0'T
8ls6'9t— 68'0f
0696°9 080 o
S146°9] e
#1001 mm.m
mms.ﬂ_J obsl %
et i £
z86T°L] -
goTZ L i
oczz ] °
zbse ] e
zosE'L '
LT6EL rs
ST8bL S
75662 i
bTb L -— =96'0[ 1n
Emv.w\ E=
LTTETT -
o~

Figure S24. 'H NMR (600 MHz, DMSO-d) spectrum of 4.

35



Publication 1

aill i
ey e x T F

T |

9

10

F11

r12

—
&
L] Qal
1(;.0 9;5 9:0 sis 8:0 7:5 7.‘0 6j5 6;0 Sg 5.k0 4i5 4:0 3:5 3j0 2:5 2:0 1:5 1:0 0..5
ppm
Figure S25. '"H-'H COSY (600 MHz, DMSO-dj) spectrum of 4.
J L_.LLLI 1 ‘_LJMJL—*_MAU&
o L3
e’ P
4
-
hﬂ
L]
..® W -
o & ? e
Y 4
8;5 8?0 7.‘5 7:0 655 6.I0 515 S.IO 4.‘5 4:0 3:5 3.‘0 2.IS 2.‘0 1f5 1.‘0
f2 (ppm)
Figure S26. HSQC (600 MHz, DMSO-dg) spectrum of 4.

36

o0

r100

r110

120

r130

140

150

f1 (ppm)

f1 (ppm)



Publication 1

|

50 45 40 35 30 25
f2 (ppm)

Figure S27. HMBC (600 MHz, DMSO-dg) spectrum of 4.

T T T T T T T T
90 85 80 75 70 65 60 55

el =

|

T
2.0

T
15

T
1.0

r120

r150
160
r170
r180
r190
200
~210

f1 (ppm)

T T T T T T T T T T T T T T T T T T T
95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0

f2 (ppm)

Figure S28. ROESY (600 MHz, DMSO-ds) spectrum of 4.

37

f1 (ppm)



Publication 1

Acquisition Paramater
Source Type ESI lon Polarity Positive Set Nabulizer 0.3 Bar
Focus Mot active Sat Capillary A000 W Set Dry Heatar 180°C
Scan Begin 50 miz Sat End Plale Offset  -500 W Set Dry Gas 4.0 lfmin
Scan End 1600 miz Sel Cofision Cefl RF - &00.0 Vpp el Divert Valve Source
Intens. | & +I5, 3.2-3 Amin #190-205)
’”ﬂ“i 4253618 H+ +
5 +
207 t +H
W 1
154 4 Vrq P 2
104 1+
LY f
.
05y . 2 1+
13912835 ) 5312712
.01l ; N r-Lh . ’ - | NP PR i
) 400 420 440 460 4B0 500 520 540 miz
Meas. miz # lon Formula miz emr[ppm] mSigma #mSigma Score rdb e Conf M-Rule
425 3618 1 C26H4804 428 3525 1.5 70 ] 9502 25 even ok
7 C25H4GM4Na 4253615 -1.0 B8 2 10000 45 even ok
4423884 1 C2EHS2NOL 442 3891 16 24T 1 B5.25 1.5 even ok
2 C25H49M5Ma 4423880 0.8 251 2 100.00 A5 even ak
4473430 1 C26H48Na04 447 2445 13 214 1 g274 25 even ok
2 C24H43NB02 447 3442 or 38 2 10000 6.5 even ak
052903 1 C3IZHATM402Z 509.2011 16 3o 1 10000 165 even ok
2 CHH4106 509.2898 -1.0 147 2 @742 115 aven ok
Figure S29. HR-ESI-MS of S.
70,0 I:/eak#Z 100% at 32.70 min
| ° No spectra library hits found!
| 224.1
1201
| 285.8
-10,0 : —T— — T — T — ‘ nm|
T T T L T —
200 250 300 350 400 450 500 550 595

Figure S30. UV spectrum of 5.

38



Publication 1

60000

50000

40000

30000

20000

10000

£Dad Smm.m;
s6Ly L ——
ST8+41
bESLL |
Sheb Lk
o6t

S LA
[

9LpS L
€552
06552
2095°]
vT9S'L

m

00°€
60T

Fso1

Fsot

1960

Moo..ﬁ
£6°0
=60'T

Feg0

=660
Mco:ﬁ
60

»86°0
00T

15

2.0

2.5

75 7.0 6.5 6.0 55 45 4.0 3.5 3.0
fi (ppm)

8.0

Figure S31. 'H NMR (600 MHz, CDCls) spectrum of 5.

(wdd) 74

3.0 2.5 2.0 15

35

7.0 6.5 6.0 55 5.0 45 4.0
f2 (ppm)

Z5

8.0

Figure S32. '"H-'H COSY (600 MHz, CDCl;) spectrum of 5.

39



Publication 1

NEETE B T

Figure S34. HMBC (600 MHz, CDCI3) spectrum of 5.
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Abstrack Chemical investigation of secondary metabolites from the endophytic fungus
Pseudopestalotiopsis theae led to the isolation of eighteen new polyketide derivatives, pestalotheols
FQ (1-9) and cytosporins O-W (15-23), together with eight known analogs (10-14 and 24-26).
The structures of the new compounds were elucidated by HEMS and 1D and 2D NMR data, as well
as by comparison with literature data. Modified Mosher’s method was applied to determine the
absolute configuration of some compounds. Compound 23 showed significant cytotoxicity against
the mouse lymphoma cell line L5178Y with an ICs, value of 3.0 uM. Furthermore, compounds 22
and 23 showed moderate antibacterial activity against drug-resistant Acinetobacter baumannii (ATCC
BA A-1605) in combination with sublethal colistin concentrations.

Keywords: Pseudopestalotiopsis theae; endophytic fungus; polyketide; cytotoxicity

1. Introduction

Since the discovery of antibacterial penicillin from Penicillium notatum, there have been tremendous
achievements with regard to the development of fungal drugs [1]. The antifungal medicine griseofulvin,
whichwas initially isolated from Penicillium griseofultum, has been applied for the treatment of ringworm
in skin and nails in animals and humans [2]. Lovastatin, the first commercial statin isolated from a
fermentation broth of Aspergillus terreus, has been used to treat high blood cholesterol and reduce the
risk of cardiovascular disease [3]. The immunosuppressant agent cyclosporine was isolated from the
tungus Tolypocladium inflatum [4]. Endophytic fungi occur in all plants investigated up to now and are
important for the fitness and survival of their hosts [5]. The chemically remarkably creative fungal
genus Pestalotiopsis contains around 234 described fungal species listed in Index Fungorum, including
44 taxol producers [6,7]. Pestalotiopsis has attracted considerable attention due to the abundance
and diversity of secondary products found in members of this genus [8,9]. Pestalachloride A, a new
chlorinated benzophenone alkaloid produced by Pestalotiopsis adusta, showed potent antifungal activity
against Fusarium culmorum with an ICsy value of 0.89 uM [10]. The first chlorinated pupukeanane
derivative, chloropupukeananin, which was isolated from fermentation broth of Pestalotiopsis fici,
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(C-9), 70.8 (C-15), and 68.9 (C-5), two methylene groups at dc 34.0 (C-3) and 25.7 (C-8), together with
four methyls at &c 27.2 (C-14), 25.9 (C-17), 25.8 (C-16), and 20.5 (C-13), accounting for three degrees
of unsaturation. Thus, compound 1 was suggested to be bicyclic in nature. The COSY correlations
between H-2/H-3ab, OH-5/H-5/H-6, H-8/H-9, together with the HMBC correlations from H-2 to H-9,
from OH-4 to C-3, C-4, C5, and C-9, from H-5 to C-4 and C-9, from H-6 to C-4 and C-8, and from H-8ab
to C-4, C-6, C-7, and C-9, established the presence of a tetrahydrofuranocyclohexene moiety with two
hydroxy groups at C-4 and C-5. Additional HMBC correlations from Me-14 to C-11, C-12, and C-13,
and from H-11, H-6 and H-8a to C-10 indicated the attachment of a 3methyl-1-oxobut-2-en-1-y1 side
chain at C-7. Moreover, the location of a 2-hydroxyisopropyl subunit at C-2 was confirmed by the
HMBC correlations from Me-16(17) to C-2, C-15 and (C-17(16), and from OH-15 to C-2, C-15, C-16, and
C-17. Thus, the planar structure of 1 was established as shown. The relative configuration of 1 was
elucidated by coupling constants and NOE correlations (Figure 2). The large values of Jiy 5113, (9.9 Hz)
and Jig1sb (10.7 Hz) suggested trans-diaxial orientation of these protons. The NOE correlations from
H-9 to Me-16, H-3a, OH-5, and H-8a, and between H-3a and OH-5 indicated these protons to be on the
same side, whereas the NOE correlations from OH-4 to H-2, H-3b, H-5, and H-8b confirmed they were
in opposite orientation. Based on the summarized results (Figure 3) of the modified Mosher’s method,
the absolute configuration of C-5 was determined to be S, thereby assigning 2R, 4R, 55, 95 absolute
configuration for pestalotheol I (1).

Table 1. NME Data of compounds 1-3.

Nao. 1@ 2 3k
b, Type &g (J in Hz) 5c, Type &g (] in Hz) &c, Type &g (] in Hz)
2 84.2, CH 3.95, dd (9.9, 6.4) 84.1, CH 3.57, dd (8.3, 5.7) 86.0, CH 4.7, dd (9.4, 6.7)
2.20, dd (12.4,9.9) 2.08, dd (13.5, 8.3) 2.55, dd, (13.3, 9.4)
= e bl 160, dd (12.4, 6.4) ek, Eh 1.81, dd (13.5,5.7) Al 172, dd, (13.3,6.7)
4 778, C 825, C 9.5, C
5 689, CH 405, dd (5.3, 46) 723, CH 4.24, dd (5.0, 2.5) 0.1, CH 3.75, d (2.8)
6 1380,CH  671,dd (46 2.3) 141.0,CH 6.6, t (25) 4.6, CH 4.65, dd (&8, 2.8)
7 1387, C 137.8,C 1355, C
2.53, dd (16.0,5.3) 2.54, dd (16.9, 3.9)
8 257, CHy 2.09, ddd (16.0, 26.8,CH,  2.14,ddd (169,54, 354, CH; g:‘: ‘j‘; '[:f;; 1;'?:
10.7, 2.3) 2.5) FEEdT
9 763, CH  3.63,dd (107, 53) 827, CH 4.05, dd (5.4, 3.9) 777,CH 386, dd (115, 48)
10 191.9,C 190.1,C 127.6, CH 625 d (117)
1 1207, CH 6.57, 8 120.0, CH 659, 8 122.8, CH 629, d (117)
12 1537, C 153.6,C 1399, C
13 2.5, CH; 200, s 20.5, CH; 2.00, s 60.9, CHy :'f;: j: H;: ::;
14 27.2, CH; 1.90, s 27.1, CH; 1.90, s 22.0, CHs 185 s
15 708, C 709, C 719, C
16 5.8, CH; 147, s 26.0, CHs 1.09, s 26.6, CHs 123, =
17 5.9, CH, 1.0, s 267, CH, 099, s 5.8, CH, 109 s
40H 454, 537, 8
50H 5.38 d (5.3) 5.52,d (5.0
60H 3.97, d (8.8)
13-0H 3.70, t (5.3)
15-0H 416, 475, 8 334 s

2 Recorded at 600 Mz (*H) and 150 MHz (**C) in DMS00d;. P Recorded at 600 MHz (*H) and 150 MHz (™*C) in
Agetone-ds. © Data extrached from the HSQC and HMBC spectra.
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C1H205 by HRESIMS, suggesting the replacement of the chlorine atom at C-4 by a hydroxy group in
4, which was supported by the observation of four hydroxy groups at 6y 5.08, 5.05, 477, and 431 in
the 'H NMR spectrum of 4 rather than three signals of hydroxy groups in truncateol K. On the basis of
the 2D NMR spectroscopic data of 4, the remaining substructure and relative configuration of 4 were
determined to be identical to truncateol K.

Table 2 NME Data of compounds 4-6.

Nao. 4" 5akb 6"
&g, Type by (] in Hz) bc, Type by (] in Hz) b, Type &y (] in Hz)
2 85.2, CH 373,44 (81,77 846, CH 4.01, dd (9.6, 6.4) 8.7, CH 3.86, dd (9.9, 6.3)
2.43, dd (13.0,7.7) 212, (dd, 12.0,9.6) 212, dd (12.0, 9.9)

= S 179, dd (13.0, 8.1) oy 1.59, dd, (12.0, 6.4) AL 1.53, dd (12.0, 6.3)

4 791, C 764,C 79.8,C

5 718 CH 360, t(4.0) 725 CH 3.81,d(37) 711, CH 3.83, d(3.8)

6 67.6, CH 411, dd (9.0, 4.0} 741, CH 373,d(9.1) 749, CH 401, s

7 1241, C 122,C 1022, C

252, ddd (124,

8 134.0, CH 5.87,.d(3.2) 1329, CH 6.10,d (1.7) 2B, CH; 11.9,39)

223, dd (119, 4.4)

g 81.2, CH 4.10,d (3.2) 771, CH 4.35,d(1L.7) 774, CH 3.81, dd (12,4, 4.4)

10 885, C 888, C 2046, C

11 902, C BR7,C 957, CH 592 d(3.9)

12 1264, C 126.0,C 139.0, C

532, s 530, 8 493 &

13 1221, CH, 577 s 121.6, CHy 5.26, 5 113.5, CHy 482

14 3.2, CHj 187, s 23.0, CH; 1.87, s 19.5, CHy 169, s

15 702,C 70.5,C 705 C

16 25.9, CH; 107, s 25.8, CH; 1.10, = 26.1, CHy 107,

17 26,4, CH; 1.00, s 25.5, CH; 0.99, 5 259, CHy 098, s
4.0H 5.05, s 468, 5 522 s
5-0H 4.77.d (400 547,.d(3.7) 5.28, d (3.8)
6-0H 5.08, d (9.00 472,d(9.1) 574, brs
15-0H 431, s 473, 5 417, s

2 Recorded at 600 MHz ('H) and 150 MHz (*C) in DMS0-d;. ® Data extracted from the HSQC and HMBC spectra.

Compound 5 has the same planar structure as 4 based on the 1D and 2D NMR spectroscopic data
as well as on the HRESIMS data of 5. However, the NOE interactions of 5 differed from those of 4 as
also observed between 1 and 2. In the ROESY spectrum of 5, correlations from H-9 to Me-16, H-3a and
OH-5, and from OH-5 to H-3a and H-6 were found, indicating they were on the same side. On the
other hand, the NOE correlations between H-3b/H-2, H-2/OH-4, OH-4/H-5, H-5/OH-6 placed those
protons on the other side of the ring. Hence the relative configuration of 5 was elucidated as 2R*, 4R*,
55*, 6R*, 95* whereas that of 4 was 2R*, 45%, 5R*, 6R*, 95*.

The molecular formula of pestalotheol N (6) was deduced as C1sH32405 from the HRESIMS data.
The NMR data (Table 2) of 6 were compatible with those of the co-isolated known compound truncateol
H (12) except for the lack of the chloride atom at C-5 [16]. Instead, the COSY correlation between the
D,0 changeable proton at 6y 5.28 and H-5 (8yy 3.83) suggested C-5 to be hydroxylated. Similar NOE
interactions were observed for 6 and 12, indicating the relative configuration of 6 to be identical to that
of 12, for which the absolute configuration had previously been determined by Mosher’s reaction and
by the X-ray data of its 6-epimer [16].

Pestalotheol O (7) was obtained as colorless oil. The molecular formula of 7 was determined as
C18H2¢0¢ by HRESIMS, containing an additional acetyl group when compared to 6, which was further
supported by the presence of a carbonyl carbon at §c 169.2 and a methyl group at 6c 20.5 and &y 2.09
in the NMR data of 7 (Table 3). The location of this additional acetyl group at C-5 was evident from the
HMBC correlation from H-5 (8 5.01) to the carbonyl carbon of the acety] group. Analysis of 1D and 2D
NMR data of 7 concluded its remaining substructure to be the same as 6. The absolute configuration of
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C-6 in 7 was determined as R by comparison of chemical shifts between its methoxyphenylacetic acid
(MFA) esters (Figure 3).

Table 3. NME Data of compounds 7-9.

No. 7a gt g ac
B Eype 531 (] in Hz) 5G Type b3 (] in Ha) 5c, Type 811 (] in Hz)
2 835 CH  388,dd (96 64)  861,CH  413,dd(101,64) B44CH 395, dd (95,65
1.83, dd (12.3, 9.6) 2.49, dd (125, 10.1) 1.80, dd (12.5, 9.5)
= MOCH  wadaziesy PV ywmaaazsey BYM 16 daazs 65
4 778,C 80.1, C 76.4, C
5 72.0, CH 5.01,d (2.5) 723, CH 408,d (5.1) 71.3,CH 528 s
6 717, CH 404,d (2.5) 168.3,C 1623, C
7 1015, C 107.0,C 1100, C
2.56, ddd (12.4, 2.70, dd (14.9, 57) 255, dd (14.9, 5.5)
8 ¥7.4, CH, 12.0, 39,) 2.4, CH, 211 (dd, 149, 213, CHy 2.01, dd (149,
231, dd (12.0, 4.4) 10.6) 10.7)
g 780,CH 376 dd(124.44) 769,CH 391, dd(106,57) 765CH 3.3 dd (107,55)
10 2044, CH 1946,C 1919, C
2.65, d (167)
1 96.5, CH 6.02,d (3.9) 76.1, CH 413,d 2.8 464, CHy i
12 1382, C 844, C 80.4, C
13 1145, CH, :g’: 269, CH,4 149, s 7.3, CH, 136, s
14 19.5, CH, 171, s 16.5, CH; 114, 5 23.4, CH; 124 s
15 705, C 720,C 705, C
16 75,9, CH, 1.09, s 267, CHz 118, s 26.1, CHs 0.99, 5
17 26.0, CH, 0.98, s 25,6, CH; 1.09, s 25.6, CH, 108 s
40H 5.45, 5 397, s 5315
50H 500,d (5.1)
6-OH 591, brs
11-0H 430,d (2.8)
130H 4245
15-0H 3225 475 s
20.6, CH; 205, CH,
s T 200, s e 209, s

2 Recorded at 600 Mz (*H) and 150 MHz (**C) in DM300d;. P Recorded at 600 MHz (*H) and 150 MHz (™*C) in
Agetone-ds. © Data extrached from the HSQC and HMBC spectra.

Based on the HRESIMS data, the molecular formula of compound 8 was deduced as C1gHzs05,
containing one additional oxygen atom when compared to the coisolated known derivative, pestalotheol
A (13) [17]. The COSY cormelation between the D, changeable proton at 5y 4.30 and H-11 (i 4.13)
and the HMBC correlations from H-11 to C-10, C-12, C-13, and C-14 confirmed the replacement of
the methylene group by a hydroxy group at C-11 in 8. Compounds 8 and 13 share the same relative
configuration at C-2, C-4, C-5, and C-9 as evident from their similar coupling constants and NOE
relationships. Moreover, Mosher’s method was applied to determine the absolute configuration at C-5
and C-11 of 8. Due to the influence of multiple MPA moieties, anomalous Ad values were observed
for Me-13 (—0.27) and Me-14 (+0.06). The absolute configuration at C-5 and C-11 of 8 was tentatively
assigned as R (Figure 3). Therefore, the 2R, 4R, 5R, 95, and 11R absoclute configuration was assigned for
pestalotheol P (8).

The HRESIMS of pestalotheol Q (9) showed the pseudomolecular ion peak at 355.1754 [M + H]*,
indicating the molecular formula of C15H2707. The UV spectrum and the NMR data of 9 suggested it
to be an analog of pestalotheol A [17], with addition of an acetyl group as evident from signals in the
1H and *C NMR spectroscopic data at 5y 2.09, 5 169.5 and 20.5. The HMBC correlations from H-5
(5y1 5.28) to the carbonyl carbon of the acetyl group indicated the attachment of the acetyl group at
C-5. Based on the similar coupling constants and NOE relationships, the relative configuration of 9
was suggested to be identical to that of 13. Thus, pestalotheol Q (9) was elucidated to be 5-acetoxy
derivative of pestalotheol A (13).
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Cytosporin O (15) was obtained as yellowish gel. The molecular formula of 15 was established
as C19Hz705 from the HRESIMS data, indicating four degrees of unsaturation. The 13C NMR data
(Table 4) displayed signals of four olefinic carbons at 6 133.8 (G-8), 132.1 (C-15), 132.0 (C-9), and 126.0
(C-14), accounting for two degrees of unsaturation. Therefore, 15 was suggested to contain a bicyclic
skeleton. In addition, six oxygenated carbons at 6c 74.9 (C-2), 70.6 (C-3), 70.0 (C-10), 69.3 (C-5), 63.9
(C7), and 57.7 (C-13), and three methyls at ¢ 27.9 (C-11), 16.1 (C-12), and 13.9 (C-20) were observed.
Upon analysis of the 1D and 2D NMR data, 15 was suggested to be a derivative of cytosporin D [18]
except for the replacement of signals of the epoxy ring at C5/C6 by an additional D,0 exchangeable
proton at dy 5.07 (s, OH-5) and an additional methylene group at 6c 35.7, and 6y 2.00, 1.54 (CH>-6).
The HMBC correlations from OH-5 to C-4, C-5, C-6, and C-10, together with the COSY correlations
between H-6ab and H-7, indicated a hydroxy group at C-5 and a methylene group at C-6. Thus,
the planar structure of 15 was established as shown. The large coupling constant (15.7 Hz) revealed
E-geometry of the double bond at C-15/C-16. The NOE interactions between H-10/OH-5, OH-5/H-4b,
H-4b/H-10, H-10/Me-12, Me-12/H-4b indicated those protons to be orientated on the same side, whereas
the NOE correlations between Me-11/H-3, H-3/H-4a, H-3/H-6a, H-6a/H-7 supported them to be on the
opposite side (Figure 4).

Table 4. NME Data of compounds 15-17.

No. 15® 16® 7k
8 Trpe b1 (] in Hz) 5, Type 531 (] in Hz) 5c Type Sy (] in Hz)
2 749,C 75.0,C 754, C
3 706, CH  320,dt(120,49) 698 CH 378 dt(114,55  721,CH 338 dt(117,50)
1.75, dd (12.8, 4.9) 2.00, dd (13.2, 5.5) 2.04,dd (127, 117)
% L7CHy e adpzs, 20 23 g aaparng PR e 44027 50)
5 69.3,C 69.2,C 581, C
6 357, CH, zﬂfs‘f Jﬁ’;ﬁm 753, CH 3555,d (8.0) 618, CH 324, d(27)
7 639,CH  430,dd(7.6,43) 695 CH 411,d(7.6) 648,CH  447,dd(7.3,27)
8 133.8, C 1318,C 1329, C
9 1320, C 1317,C 1300, C
10 70.0, CH 387, s 70.1, CH 401, 65.4, CH 434 s
1 27.9, CH, 107, s 7.7, CHa 1.06, 27.7, CHs 112 s
12 181,05 110, s 16.4, CHs 1135 16.1, CHs 116 s
421, dd (11.9, 4.0) 424, dd (11.9,42) 409, brd (11.6)
X LAl g ddmesny TR a9 gimger 2T 3.79, brd (11.6)
14 126.0, CH 6.36, d (15.7) 126.4, CH 6.4, d (15.8) 1249, CH 6.06, d (15.8)
15 1321,CH  590,dt(157,7.0) 1321,CH  591,dt(158,7.0) 1345 CH  585,dt (158, 6.8)
16 32.8, CH, 210, m 32.8,CH, 212, m 33.0, CH, 2.06, m
17 28.6, CH, 137, m 28.6, CH, 138, m 285, CH, 1.36,m
18 30.8, CH, 127, m 30.8, CH, 127, m 30.8, CH, 127, m
19 2.0, CH, 129, m 220, CH, 129, m 22.0, CH, 128, m
20 13.9, CH, 0.86, £ (6.9) 129, CH, 0.87, £ (6.9) 139, CH, 0.86, t (7.0)
30H 476, d (4.9) 470,d (5.5) 5.05, d (5.0)
50H 507, s 5.16, 8
6-OH 398, d (8.0)
7-OH 475, d (7.6) 488,d (7.6) 492, d(7.3)
13-0H 453,dd (6.2, 4.0) 454, dd (6.2, 42) 455,brs

2 Recorded at 600 MHz (*H) and 150 MHz (2C) in DM50-d;. ® Recorded at 300 MHz (*H) and 75 MHz (C) in
DMS0-d;.
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Figure 4. Key NOE correlations for compound 15.

Compeound 16 has the molpedn frsmulh Qa0 25 deduced from the sedium adduet ion at
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ConflgTraneh Gl B 1Omscstennined 1o be ideatisaderthatiabaS iy vonpanian o Beir cruping
constants and NOE relationships. In addition, the NOE correlations from OH-6 to H-3 and H-7, and
from H-6 to 5-0OH and 7-OH confirmed a-orientation of OH-6 in 16.

The HRESIMS as well as 1D and 2D NMR data of cytosporin Q (17) suggested that it possessed
the same planar structure as the known cytosporin D bearing an epoxy ring at C-5/C-6 [18]. The NOE
correlations observed in 17 between H-10/Me-12, Me-12/H-4a, H-4a/H-10, and between Me-11/H-3,
H-3/H-4b, H-4b/H-6, indicated that 17 shared the same relative configuration at C-3, C-5, (-6, and
C-10 as cytosporin D. However, the relative configuration at C-7 could not be determined by NOE
relationships or | values. Therefore, the modified Mosher's method was applied to determine the
absolute configuration at C-3 and C-7 of 17. In order to exclude the influence of the primary alcohol
at C-13, 4,4"-dimethoxytrytil chloride (DMT-CI) was used for protection before Mosher's reaction,
yielding compound 17a. Meanwhile, Mosher's reaction was also conducted with the coisolated known
compound cytosporin F (26) [19], bearing an acetyl group attached to C-13. The differences in chemical
shifts of (R}- and (5}-MPA esters assigned 3R and 7R absolute configuration for both 17a and cytosporin
F (26) (Figure 3). Thus, 17 was identified as 7-epimer of cytosporin D and has the absolute configuration
of 3R, 55, 6R, 7R, and 10R. Cytosporin D had been firstly reported from the fungus Eutypella scoparia
derived from a marine pulmonate mollusk [158], while cytosporins F-K were produced by Pestalotiopsis
theae, an endophyte from leaves of Turraeanthus longipes [19]. From biogenetic considerations and
the results of Mosher’s reaction, it is reasonable to revise the absolute configurations of cytosporins
F-K[19] as 3R, 55, 6R, 7R, and 10R, the same as 17 rather than that of cytosporin D.

The molecular formula of cytosporin R (18) was determined as Ci9H3y0Oy by HRESIMS, with an
additional oxygen atom compared to cytosporin QQ (17). A methyl doublet at §;; 1.03 (Me-20) was
found in the 'TH NMR data of 18 instead of a methy] triplet in 17 (Table 5). Detailed examination of
the 2D NMR spectroscopic data revealed 18 to be the 19-OH substituted analog of cytosporin Q (17).
Similar NOE interactions were observed in 18 as for 17, indicating that both compounds shared the
same relative configuration regarding the ring system. Due to the low amount, cytosporin R (18) was
subjected for Mosher's method directly without protecting the primary alcohol at C-13. The absolute
configuration at C-19 of side chain was determined as 5 (Figure 3). From biogenetic considerations,
the remaining stereocenters of 18 are assumed to share the same absolute configuration as cytosporin
Q(17).
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Table 5. NME Data of compounds 18-20.

No. 18® 19 b 20 e
5, Type &n ( in Hz) &, Type & (J in Hz) b, Type &n (] in Hz)
) 754,C 752, C 76.2, C
3 721, CH 339, m 718 CH 338 dt(11.850) 7L&CH 338 dt(118 49)
204 m 2.05, dd (12.6, 11.8) 2.05, dd (12.7, 11.8)
% BECH,  yepadaezse T gepdadazesn T sy dda27 49)
5 581, C 577, C 77,C
6 61.8 CH 324, d (25) 615, CH 3.25,d (2.6) 615, CH 3,25, d (2.5)
7 648 CH  448,dd(7.6,25) 645CH 448 dd(7426) 644 CH 449 d (7.5 25)
8 1329, C 1325,C 1323, C
9 1300, C 129.8,C 1304, C
10 65.4, CH 434 ¢ 65.1, CH 434 65.0, CH 435 s
1 7.7, CH; 112,s 27.5, CH; 1128 7.4, CH, 112 ¢
12 16.1, CH; 116, 15.8, CH, 116, & 15.8, CH, 116 &

409, dd (12.0, 2.0) 411, dd (11.9, 2.3) 412, dd (11.9, 2.0)

e B0,CH;  3m gqq120,35 V- g9 919,47y YOO 359 44119 40)
14 1249, CH 6.06, d (15.9) 1262, CH 6.08, d (16.0) 1228, CH 6.20, d (16.0)
15 1346,CH  585dt(159,7.00 1314 CH  588,dt(160,72) 1378,CH 586 dd (160, 6.2)
16 1.1, CH, 205, m 415,CH, 215, m 71.0, CH, 3.95,m
140, m
17 75.2, CH, Tk o 692, CH 3.46,m 369, CH, 140, m
13 m 136 m
18 385, CH, i 384, CH, i 7.0, CH, 128, m
19 65.6, CH 357, m 181, CH, 1132'?5* = 219, CH, 1%, m
20 737, CH; 1.08,d (6.1) 13.8, CH, 0.85, ¢ (6.9) 137, CH, 0.86, ¢ (6.9)
30H 5.06, d (45) 5.07,d (5.0) 5.07, d (49)
7-OH 494,d (7.6) 492,d(7.4) 494 d (7.5)
13-0H 456,dd (35, 2.0) 456, dd (42, 2.3) 458, dd (40, 2.0)
16-0H 462, d (4.0)
17-0H 434 brs
19-0H 431,d (43)

2 Recorded at 300 MHz (*H) and 75 MHz (*C) in DMSO-d;. ® Recorded at 600 MHz (*H) and 150 MHz (*C) in
DMSOkd;. © Data extracted from the HSQC and HMBC spectra.

Compound 19 has the same molecular formula of C19Hz00g as cytosporin R (18) as determined
by the HRESIMS data. After detailed analysis of the 1D and 2D NMR spectroscopic data of 19, both
compounds were found to differ in the position of the hydroxy group in the side chain. The COSY
correlations between the D70 exchangeable proton at 6y 4.34 and H-17 (6u 3.46), and between
H-14/H-15/H-16ab/H-17 confirmed that C-17 was hydroxylated in 19. Therefore, compound 19 was
suggested to be the C-17 epimer of cytosporin K (25) [19]. Similar NOE correlations were observed
in 19 and 25, suggesting that both compounds share the same relative configuration regarding the
bicyclic ring core. Due to the low amount of cytosporin 5 (19), Mosher’s reaction was carried out for its
17-epimer cytosporin K (25) [19], whose absolute configuration in the side chain was uncertain before.
Comparison of the chemical shifts of (R} and (5)-MPA esters of 25 (Figure 3) suggested 175 absolute
configuration for cytosporin K (25). Thus, 17R absolute configuration was proposed for cytosporin
5(19).

Cytosporins T and U (20 and 21) have the same molecular formula of C19H3Og as deduced by
the HRESIMS data. Their NMR data (Table 5 and Table 6) were comparable to those of 19. However,
the olefinic proton at H-15 appeared as dd in 20 and 21 rather than as dt in 19, suggesting the hydroxy
group in the side chain to be located at C-16 in 20 and 21 rather than at C-17 in 19. This was further
supported by the COSY correlations observed between H-14/H-15/H-16/H-17ab, as well as between
H-17 and a D;0 exchangeable proton in 20 and 21. Detailed analysis of the 2D NMR spectroscopic
data of 20 and 21 revealed that the remaining substructure was identical to that of 19. Cytosporins T
and U (20 and 21) only differ in the absolute configuration in the side chain, as found for 19 and 25.
The absolute configuration at C-16 of both compounds was not determined due to the low amounts.
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Table 6. NME Data of compounds 21-23.

Mo r= 22 F 93 e
5, Type &n ( in Hz) &, Type & (J in Hz) b, Type &n (] in Hz)
2 754,C 757, C 767, C
3 720,CH  339,dt(118,49) 718 CH 342 de(118,49) 71L9,CH 345 dt(116,50)
2.05, dd (12.6, 11.8) 2.06, dd (12.7, 11.8) 221, dd (12.8, 11.6)
= BEH,  spadaz649 DX e gaazz,a9 MO0 @ oaaa2s 50
5 579, C 580, C 61.1,C
6 617, CH 3.25,d (2.3) 58.1, CH 339,d (2.8) 59.3, CH 3,54 d(12)
7 648 CH  448,dd(73,23) 676 CH 5.85,d (2.8) 1958, C
8 1325, C 1280,C 1303, C
9 1307, C 133.4,C 1482, C
10 65.3, CH 435,s 647, CH 440, 645, CH 474 d(12)
1 7.7, CHs 1128 27,6, CHs 1138 775, CHz 116 s
12 16.1, CH; 116, s 16.1, CH; 117,8 16.1, CH; 124 s
412, dd (118, 41) 411, dd (12.0, 44) 426, dd (135, 2.1)
e B0,CH; 3 gamasn VT aggagazoss  BLOhR 45 g413545)
14 1233, CH 6.18, d (16.0) 1238, CH 6.04, d (16.1) 120.6, CH 6.04, m
15 1382,CH  5.86,dd(160,61) 1339,CH  549,dt(1617.0) 1384, CH 6.03, m
16 713, CH 394 m 32.6,CH, 204 m 33.0, CH, 210,m
17 37.1, CH, 11;2 - 28.4, CH, 132, m 282, CH, 1%, m
18 7.2, CH, 1%, m 30.6, CH, 123, m 307, CH, 126, m
19 22, CH, 135, m 219, CH, 1%7,m 219, CH, 128, m
20 14.0, CH, 0.86, t (6.9) 13.9, CH, 0.86, ¢ (6.8) 139, CH, 0.86, ¢ (7.0)
30H 507, d (4.9) 512,d (4.9) 5.26, d (5.0)
7-OH 491,d (7.3)
13-0H 457,dd (5.0, 41) 473, dd (58, 44) 5.17, dd (45, 2.1)
16-0H 464,d (45)
20.6, CH,
7-OAc sl 22,8

® Recorded at 300 MHz (*H) and 75 MHz (2C) in DMSO-d;. ® Recorded at 600 MHz (*H) and 150 MHz (*C) in
DMSOkd;. © Data extracted from the HSQC and HMBC spectra.

The NMR data of compound 22 were similar to those of oy tosporin F(26) [19], and both compounds
have the same molecular formula as evident from the HRESIMS data. However, the shielded methylene
group at C-13 (6¢ 57.6, 6y 4.11 and 3.78 in 22 vs. &¢ 63.2, 5y 4.74 and 4.67 in 26), and the deshielded
oxygenated methine at C-7 (& 5.85 in 22 vs. 6y 4.63 in 26) in 22 suggested that the acetoxy moiety was
attached at C-7 in 22 rather than at C-13 in 26, which was further confirmed by the HMBC correlation
from H-7 to the carbonyl carbon (5¢ 170.0) of the acetoxy moiety. The remaining substructure of 22
was elucidated to be identical to that of 26. Based on the similar NOE correlations and the biogenetic
relationship between 22 and 26, compound 22 was suggested to share the same 3R, 55, 6R, 7R, and 10R
absolute configuration as 26.

The molecular formula Ci5H3305 was suggested for cytosporin W (23) by the HRESIMS data,
indicating an additional degree of unsaturation when compared to 17. The absence of one DO
changeable proton in the TH NMR data (Table &), along with the HMBC correlations from H-6 (5 3.54)
and H-14 (5y 6.04) to a carbonyl carbon at 5¢ 195.8 indicated a ketone carbonyl to be located at C-7,
which accounted for the additional degree of unsaturation. The remaining structure including the
relative configuration was determined to be identical to that of 17 after detailed analysis of the 2D
NMR spectroscopic data of 23.

The remaining known compounds were identified as truncateols B (10), D (11), and H (12) [15],
pestalotheols A (13) and D (14) [17], cytosporins ] (24), K (25), and F (26) [19]. Both new compounds
pestalotheol O (7) and Q (9) contain acetoxyl group at C-5. In order to exclude the possibility that
they might be artifacts formed during the extraction with EtOAc, relative compounds pestalotheol
N (6) and pestalotheol A (13) were incubated in EtOAc for 48 h at room temperature. Unchanged
retention time and molecular weight from HPLC together with M5 results indicated that they were
natural products rather than artifacts.
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In previous report, cytosporins A—C were known as angiotensin I binding inhibitors [20], while
cytosporin L was active against the bacteria Micrococcus lysodeikticus and Enterobacter aerogenes with
MIC values of 3.12 pM [21,22]. In the present study, all isolated compounds were tested for their
cytotoxicity and antibacterial activity. Only compound 23, with a carbonyl group at C-7 instead
of a hydroxy group, showed significant cytotoxicity against the mouse lymphoma cell line L5178Y
with an ICsp value of 3.0 uM, even stronger than that of the positive control kahalalide F (ICsp
4.3 uM), whereas the other compounds were not active (ICs; > 20 uM), suggesting the importance of
o, f-unsaturated ketone moiety in 23 for cytotoxicity. In the antibacterial activity assay, none of the
isolated compounds were active against the Gram-positive bacteria Staphylococcus aureus (ATCC 29213)
and Mycobacterium tuberculosis (H37Rv) and the Gram-negative bacterium Pseudomonas aeruginosa
(ATCC 27853) and drug-resistant Acinetobacter baumannii (ATCC BA A-1605) (MIC > 100 uM). However,
in combination with a sublethal colistin concentration of 0.1 uM, compounds 22 and 23 displayed
antibacterial activity against drug-resistant Acinetobacter baumannii (ATCC BA A-1605) with MIC values
of 50 and 100 puM, respectively.

3. Materials and Methods

3.1. General Experimental Procedures

Optical rotations were measured with a Jasco P-2000 polarimeter (JASCO, Tokyo, Japan). Analytical
HPLC was performed with a Dionex UltiMate-34005D system coupled to an LPG-34005D pump and a
DAD300RS photodiode array detector (Dionex Softron, Germering, Germany). The analytical column
(125 x 4 mm) was prefilled with Eurosphere-10 C18 (Knauer, Berlin, Germany), following the program:
0min (10% MeOH); 5 min (10% MeOH); 35 min (100% MeOH); 45 min (100% MeOH). NMR spectra were
recorded with Bruker ARX 300 or 600 NMR spectrometers (Bruker, Karlsruhe, Germany). Chemical
shifts were referenced to the solvent residual peaks. HRESIMS were recorded on a UHR-QTOF maXis
4G mass spectrometer (Bruker Daltonics, Bremen, Germany). Column chromatography was conducted
with Merck MN silica gel 60M (0.04-0.063 mm). TLC plates precoated with silica gel Fasy (Merck)
were used with detection under 254 and 366 nm. Distilled and spectral grade solvents were used for
column chromatography and spectroscopic measurements, respectively. Semipreparative HPLC was
performed using a Merck Hitachi HPLC System (UV detector L-5410; pump L-5100; Eurosphere-100
C18, 300 x 8 mm}, with a mixture of MeOH-H;O or MeCN-H;0 as mobile phase.

3.2 Fungal Material

The fungus was isolated from roots of the mangrove plant Rhizophora racemosa collected around
Lagos in October 2017. It was identified as Pseudopestalotiopsis theae (GenBank accession number
MMNBE14071) by DNA amplification and sequencing of its ITS region as described before [23].

3.3. Fermentation, Extraction, and Isolation

The fungus was cultivated on solid rice medium in 10 Erlenmeyer flasks (1 L with 100 g rice and
110 mL demineralized water per flask, autoclaved at 121 °C for 20 min before inoculation). EtOAc
(700 mL) was added to each flask after fermentation of 14 days at 20 °C. The fungal cultures were
subjected to shaking at 140 rpm for 8 h following addition of EtOAc. After removal of the solvent
under reduced pressure, the obtained residue (12.4 g) was subjected to liquid-liquid partition between
n-hexane and MeOH. After HPLC analysis of both phases, only the methanolic phase was further
chromatographically investigated.

The MeOH fraction (8.1 g) was subjected to a vacuum liquid silica gel column chromatography
using a gradient solvent system of n-hexane and EtOAc (100:1 to 0:100; 7yv) to obtain seven fractions
(Fr. 1-7). Following Sephadex LH-20 column (60 x 3 em) chromatography with MeOH as mobile phase,
Fr. 3 (1.8 g) was separated into four subfractions (Fr 3.1-3.4). Fr. 3.4 (0.6 g) was then subjected to
vacuum liquid RP-18 column (60 x 200 mm) chromatography using a solvent gradient (from 100%
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HzO to 100% MeOH) to give five subfractions (Fr.3.4.1-3.4.5). Compounds 6 (4.0 mg), 7 (2.5 mg), 9
(2.2 mg), 10 (5.0 mg), 11 (15 mg),12 (1.9 mg), 14 (1.7 mg), 22 (3.1 mg), and 23 (2.9 mg) were obtained by
semipreparative HPLC (MeOH-H,0O: 0-2 min, 40%; 2-27 min, from 40% to 60%; 27-32 min, 100%)
from Fr.3.4.1 (110 mg). Fr. 4 (2.7g) was subjected to vacuum liquid RP-18 column chromatography
(60 200 mm) using a solvent gradient (from 100% HzO to 100% MeCN) to give seven subfractions (Fr.
4.1-4.7). Compounds 1 (2.5 mg), 2 (1.6 mg), 4 (3.0 mg), 5 (1.4 mg), 18 (3.7 mg), and 24 (5.8 mg) were
obtained by semipreparative HPLC (MeCN-H;0O: 0-2 min, §%; 2-22 min, from 8% to 20%; 22-30 min,
100%) from Fr.4.3 (210.0 mg), while compounds 15 (3.3 mg), 16 (3.0 mg), 17 (37.2 mg), and 26 (13.0 mg)
were obtained by semipreparative HPLC (MeOH-HzO: 0-2 min, 30%; 2-22 min, from 30% to 60%;
22-30 min, 100%) from Fr.4.6 (200.0 mg). Following similar procedures, Fr. 5 (1.8 g) was also separated
by vacuum liquid RP-18 column (60 % 200 mm) chromatography to give four subfractions (Fr.5.1-Fr.5.4).
Compounds 13 (3.5 mg), 19 (1.5 mg), 20 (1.3 mg), 21(3.8 mg), and 25 (6.2 mg) were obtained from
Fr. 5.3 (130 mg) by semipreparative HPLC (MeOH-H;(O: (-2 min, 38%; 2-22 min, from 38% to 58%;
22-30 min, 100%), while compounds 3 (2.5 mg) and 8 (4.1 mg) were obtained by semipreparative HPLC
(MeCN-H,0: 0-2 min, 5%; 2-22 min, from 5% to 15%; 22-30 min, 100%) from Fr. 5.4 (68.0 mg).

Pestalotheol I (1): colorless oil; [a]3 +115 (c 0.25, MeOH); UV (MeOH) Amax 219 nm; 'H and 13C NMR
data, Table 1; HRESIMS my 297.1694 [M + HJ* (C1gHy50s, caled. 297.1697), 319.1513 [M + NaJ*
(C1¢H2405Na, caled. 319.1516).

Pestalothedl | (2): colorless oil; [a]znu —12 (c 0.20, MeOH); UV (MeOH) Ama 268 nm; 'H and 1*C NMR
data, Table 1; HRESIMS my/z 297.1700 [M + H]* (C15H250s, caled. 297.1702).

Pestalotheol K (3): colorless oil; [a]3 +111 (c 0.25, MeOH); UV (MeOH) Amay 246 nm; 1H and 13C NMR
data, Table 1; HRESIMS myz 297.1700 [M + HJ* (C15H,50s, caled. 297.1702).

Pestalotheol L (4): colorless oil; [a]%} —60 (¢ 0.30, MeOH); UV (MeOH) Amax 260 nm; 'H and 1*C NMR
data, Table 2; HRESIMS myz 317.1362 [M + Na]* (CysH2,05Na, caled. 317.1359).

Pestalotheal M (5): colorless oil; [.nx]%;,,':I +17 (¢ 0.25, MeOH); UV (MeOH) Aqax 262 nm; 'H and 1*C NMR
data, Table 2; HRESIMS myz 317.1360 [M + Na]* (C1gH205Na, caled. 317.1359).

Pestalotheol N (8): colorless oil; [a]znu +47 (¢ 0.15, MeOH); UV (MeOH) Ama 219 nm; 'H and 1*C NMR
data, Table 2; HRESIMS myz 319.1518 [M + Na]* (C15H2405Na, caled.319.1516).

Pestalotheol O (7): colorless oil; [.:1]%r +35 (c 0.22, MeOH); UV (MeOH) Amax 218 nm; 'H and 1*C NMR
data, Table 3; HRESIMS myz 361.1619 [M + Na]* (Cy5Hzs0gNa, caled. 361.1622).

Pestalotheol P (8): colorless oil; [a]%;:' +89 (c 0.22, MeOH); UV (MeOH) A, 282 nm; 'H and 1*C NMR
data, Table 3; HRESIMS m/z 3201595 [M + HJ* (Cy5H350-, caled. 329.1505).

Pestalotheol Q (9): colorless oil; [a]3 +121 (c 0.15, MeOH); UV (MeOH) Amay 279 nm; 1H and 13C NMR
data, Table 3; HRESIMS mjz 355.1754 [M + HJ* (C13H5, Oy, caled. 355.1757).

Cytosporin O (15): colorless oil; [a]%} —8 (¢ 0.30, MeOH); UV (MeOH) Amax 243 nm; 'H and 1*C NMR
data, Table 4; HRESIMS my/z 363.2144 [M + Na]* (C19H305Na, caled. 363.2142).

Cytosporin P (16): colorless oil; [a]% —4 (c 0.35, MeOH); UV (MeOH) Apa 240 nm; 1H and *C NMR
data, Table 4; HRESIMS my/z 379.2004 [M + Na]* (C1gH30gNa, caled. 379.2001).

Cytosporin Q (17): colorless oil; [.nx]%;,,':I +16 (c 0.22, MeOH); UV (MeOH) Aqax 237 nm; 'H and 1*C NMR
data, Table 4; HRESIMS my/z 356.2432 [M + NH4]* (CyoHs4O5N, caled. 356.2431).

Cytosporin R (18): colorless oil; [a]%} +6 (c 0.20, MeOH); UV (MeOH) Amax 239 nm; 'H and 1*C NMR
data, Table 5; HRESIMS m/z 355.2117 [M + H]* (C3H3,0¢, caled. 355.2121).

Cytosporin 5 (19): colorless oil; [a]g +14 (c 0.10, MeOH); UV (MeOH) Amax 239 nm; 'H and 1*C NMR
data, Table 5; HRESIMS myz 377.1934 [M + Na]* (CygH3yNaOyg, caled. 377.1935).
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Cytosporin T (20): colorless oil; [a]% ~1 (¢ 0.20, MeOH); UV (MeOH) Amax 238 nm; 'H and 1*C NMR
data, Table 5; HRESIMS myz 377.1931[M + Na]* (C19H3p0gNa, caled. 377.1935).

Cytosporin U (21): colorless oil; [a]%} + 4 (¢ 0.20, MeOH); UV (MeOH) Amax 237 nm; 'H and 1*C NMR
data, Table 6; HRESIMS myz 372.2381[M + NH4]* (C1oH3aNOyg, caled. 372.2381), 377.1935 [M + Na]*
(C1HO¢Na, caled. 377.1935).

Cytosporin V (22): colorless oil; [a]% —21 (¢ 0.30, MeOH); UV (MeOH) Aqax 237 nm; 'H and 13C NMR
data, Table 6; HRESIMS myz 398.2537[M + NH,]* (CyH3NO,, caled. 398.2537), 403.2089 [M + NaJ*
(C21H30gNa, caled. 403.2091).

Cytosporin W (23): colorless oil; [a]znu —4 (¢ 0.10, MeOH); UV (MeOH) Amax 215, 281 nm; 'H and 1C
NMR data, Table 6; HRESIMS m/z 350.1820 [M + Na]* (C1gH2zOsNa, caled. 350.1829).

3.4. Preparation of (R)- and (5)-MTPA Esters

Compound 1 (0.8 mg) was dissolved in prydine-dg (500 pL) and then transferred to an NMR tube.
(SFMTPACI (10.0 pL, 0.050 mmol) was added quickly. By shaking the NMR tube, the reagent and the
dissolved compound were mixed. After 10 h at room temperature, 'H NMR data were obtained for the
(R}MTPA ester (1a). Following the same protocol, the (5)}-MTPA ester (1b) was produced. A similar
procedure was applied for compound 8.

3.5. Preparation of Compound 17a

Compound 17 (10 mg, 0.030 mmol) was dissolved in anhydrous CH,Cl; (3 mL) together with
catalytic amount of DMAP and 10.0 mg of 4,4'-dimethoxytrytil chloride (0.030 mmol, DMTCI) at room
temperature for 2 h. After removal of the solvent, preparative thin-layer chromatography was used for
purification, using CH;Cl-MeOH (95:5), to give compound 17a.

3.6. Preparation of (R)- and (5)-MPA Esters

Compound 7 (0.8 mg 0002 mmol), along with DMAP (0.5 mg 0.004 mmol),
N N'-dicyclohexylcarbodiimide (0.8 mg, 0.004 mmol, DCC) and (R}MPA (0.7 mg 0.004 mmol),
was mixed in anhydrous CH;Cl; (0.3 mL). The solvent was removed after 2 h at room temperature.
The (R)}-MPA ester (7a) was obtained from the crude product by semipreparative HPLC (MeOH-H,O:
0-2 min, 40%; 2-15 min; 15-25 min, 100%). Following a similar procedure, the (5}-MPA ester (7b) was
obtained by using (S}-MPA. The above steps were also applied to compounds 17a, 18, 25, and 26.

3.7. Cytotoxicity and Antibacterial Assay

The MTT method was applied for the cytotoxicity assay against the mouse lymphoma cell line
L5178Y as described before [24]. Antibactenial activity against Gram-positive bacteria Staphylococcus
aureus (ATCC 29213) and Mycobacterium tuberculosis (H37Rv), and the Gram-negative bacteria
Pseudomonas aeruginosa (ATCC 27853) and drug-resistant Acinetobacter baumannii (ATCC BAA-1605),
was evaluated using the microdilution method in alignment with the CLSI guidelines using Muller
Hinton broth for bacteria and 7HY broth for Mycobacteria [25]. Additionally, the antibacterial activity
was performed in combination with sublethal concentrations of the antibiotic colistin (0.1 pM) for
drug-resistant A. baumannii (ATCC BAA-1605) to elucidate synergisticeffects of the combinatory therapy.

Supplementary Materials: The following are available online at hitp://www.mdpi.com/1660-3397/15/2/129/s1,
UV, HEMS, 1D and 2D NMR spectra of all the new compounds 1-9 and 15-23 as well as specira for Mosher's
esters of 1, 7, 8,17, 18, 25 and 26.
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Figure S15. ROESY (600 MHz, DMSO-ds) spectrum of 2.
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Figure S36. HSQC (600 MHz, DMSO-ds) spectrum of 5.
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Figure S38. ROESY (600 MHz, DMSO-ds) spectrum of 5.
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Source Type ESI lon Polarity Positive Set Nebulizer 0.3 Bar
Focus Not active Set Capillary 4000V Set Dry Heater 180 °C
Scan Begin 50 m/z Set End Plate Offset  -500V Set Dry Gas 4.0 l/min
Scan End 1500 m/z Set Collision Cell RF 6000 Vpp Set Divert Valve Source
Intens. ] +MS, 4.0-4.2min #239-249
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Meas. m/z # lon Formula mfz err[ppm] mSigma # mSigma Score rdb e Conf N-Rule
2791592 1 C17H19N4 279.1604 4.4 9.7 1 57.04 105 even ok
2 C16H2304 279.1591 -0.4 10.4 2 100.00 55 even ok
3 C15H20N4Na 279.1580 -4.2 129 3 55.47 7.5 even ok
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3 C16H24Na0s 319.15186 -0.5 7.8 3 100.00 45 even ok
4 C17TH20N4NaQ  319.1529 3T 208 4 4583 9.5 even ok

Figure S39. HRESIMS of 6.
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Figure S43. 'H-'H COSY (600 MHz, DMSO-ds) spectrum of 6.
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Figure S45. HMBC (600 MHz, DMSO-ds) spectrum of 6.
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Figure S46. ROESY (600 MHz, DMSO-ds) spectrum of 6.
Acquisltio;l 'Paramm_r
Source Type ESI lon Polarity Positive Set Nebulizer 0.3 Bar
Focus Not active Set Capillary 4000 V Set Dry Heater 180 °C
Scan Begin 50 m/z Set End Plate Offset  -500 V Set Dry Gas 4.0 Vmin
Scan End 1500 m/z Set Collision Cell RF 600.0 Vpp Set Divert Valve Source
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Figure S47. HRESIMS of 7.
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Figure S48. UV spectrum of 7.
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Figure S51. 'H-'H COSY (600 MHz, DMSO-ds) spectrum of 7.
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Figure S52. HSQC (600 MHz, DMSO-ds) spectrum of 7.
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Figure S53. HMBC (600 MHz, DMSO-dg) spectrum of 7.
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Figure S54. ROESY (600 MHz, DMSO-dg) spectrum of 7.
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Acquisition Parameter
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Figure S55. HREISMS of 8.
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Figure S56. UV spectrum of 8.
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Figure S57. '"H-NMR (600 MHz, Acetone-ds) spectrum of 8.
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Figure S58. 3C-NMR (150 MHz, Acetone-ds) spectrum of 8.
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Figure S60. HSQC (600 MHz, Acetone-ds) spectrum of 8.
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Figure S61. HMBC (600 MHz, Acetone-ds) spectrum of 8.
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Figure S62. ROESY (600 MHz, Acetone-ds) spectrum of 8.
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Figure S64. UV spectrum of 9.
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Figure S65. '"H-NMR (600 MHz, DMSO-ds) spectrum of 9.
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Figure S67. HSQC (600 MHz, DMSO-ds) spectrum of 9.
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Figure S68. HMBC (600 MHz, DMSO-ds) spectrum of 9.
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Figure S69. ROESY (600 MHz, DMSO-ds) spectrum of 9.
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Source Type ESI lon Polarity Positive Set Nebulizer 0.3 Bar
Focus Not active Set Capillary 4000 V Set Dry Heater 180°C
.Scan Begin 50 miz Set End Plate Offset  -500 V Set Dry Gas 4.0 l/min
Scan End 1500 m/z Set Collision Cell RF  600.0 Vpp Set Divert Valve Source
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Figure S70. HREISMS of 15.
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Figure S72. '"H-NMR (600 MHz, DMSO-ds) spectrum of 15.
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Figure S73. 3*C-NMR (150 MHz, DMSO-ds) spectrum of 15.
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Figure S74. 'H-'H COSY (600 MHz, DMSO-ds) spectrum of 15.
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Figure S75. HSQC (600 MHz, DMSO-ds) spectrum of 15.
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Figure S76. HMBC (600 MHz, DMSO-dps) spectrum of 15.
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Figure S77. ROESY (600 MHz, DMSO-ds) spectrum of 15.
Acquisition Parameter o
Source Type ESI lon Polarity Positive Set Nebulizer 0.3 Bar
Focus Not active Set Capillary 4000 V Set Dry Heater 180 °C
Scan Begin 50 miz i Set End Plate Offset -500V Set Dry Gas 4.0 I/min
Scan End 1500 m/z Set Collision Cell RF  600.0 Vpp Set Divert Valve Source
Intens. ] +MS, 3.7-4.0min #223-241]
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Meas. m/z # lon Formula m/z err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
379.2094 1 C19H32NaO8 379.2091 0.8 10.0 1 10000 35 even ok

Figure S78. HREISMS of 16.
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Figure S79. UV spectrum of 16.
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Figure S80. 'H-NMR (600 MHz, DMSO-ds) spectrum of 16.
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Figure S81. ’*C-NMR (150 MHz, DMSO-ds) spectrum of 16.
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Figure S82. 'H-'H COSY (600 MHz, DMSO-ds) spectrum of 16.
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Figure S83. HSQC (600 MHz, DMSO-ds) spectrum of 16.
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Figure S84. HMBC (600 MHz, DMSO-dps) spectrum of 16.
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Figure S85. ROESY (600 MHz, DMSO-ds) spectrum of 16.
Acquisition Parameter
Source Type ESI lon Polarity Positive Set Nebulizer 0.3 Bar
Focus Not active Set Capillary 4000V Set Dry Heater 180 °C
Scan Begin 50 miz Set End Plate Offset  -500V Set Dry Gas 4.0 lfmin
Scan End 1500 m/z Set Collision Cell RF  600.0 Vpp Set Divert Valve Source
Intens. +MS, 3.8-4.0min #226-237
%1057
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1 -
3611981
ol S [ el s . AR e § el
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Meas. miz # lon Formula m/z err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
303.1853 1 C19H2703 303.1955 0.5 6.3 1 10000 65 even - ok
3212060 1 C19H2804 321.2080 0.1 49 1 10000 55 even ok
2 C18H26N4Na 321.2050 -3.3 75 2 5753 7.5 even ok
3 C20H25N4 321.2074 4.2 18.5 3 38.70 105 even ok
356.2432 1 C19H34NOS 356.2431 -0.2 13.3 1 100.00 3.5 even ok
2 C18H31NS5NaO 356.2421 -3.2 145 2 57.33 55 even ok

Figure S86. HREISMS of 17.
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Figure S87. UV spectrum of 17.
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Figure S88. 'H-NMR (300 MHz, DMSO-ds) spectrum of 17.
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Figure S89. 3*C-NMR (75 MHz, DMSO-ds) spectrum of 17.
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Figure S90. 'H-'H COSY (300 MHz, DMSO-ds) spectrum of 17.
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Figure S91. HSQC (300 MHz, DMSO-ds) spectrum of 17.
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Figure S92. HMBC (300 MHz, DMSO-ds) spectrum of 17.
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Figure S93. ROESY (300 MHz, DMSO-ds) spectrum of 17.
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Figure S94. HREISMS of 18.
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Figure S95. UV spectrum of 18.
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Figure S97. 3C-NMR (75 MHz, DMSO-ds) spectrum of 18.
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Figure S98. 'H-'H COSY (300 MHz, DMSO-ds) spectrum of 18.
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Figure S99. HSQC (300 MHz, DMSO-ds) spectrum of 18.
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Figure S100. HMBC (300 MHz, DMSO-dg) spectrum of 18.
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Figure S101. ROESY (300 MHz, DMSO-dp) spectrum of 18.
Acquisition Parameter
Source Type ESI lon Polarity Positive Set Nebulizer 0.3 Bar
Focus Mot active Set Capillary 4000 V Set Dry Heater 180 °C
Scan Begin 50 miz Set End Plate Offset  -500V Set Dry Gas 4.0 imin
Scan End 1500 m/z Set Collision Cell RF  600.0 Vpp Set Divert Valve Source
Intens. ] +MS, 3.7-4.0min #220-241
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Meas.m/z # lon Formula

377.6 3780 3785 3790 3795 380.0 " miz
miz err[ppm] mSigma #mSigma Score rdb e Conf N-Rule

377.1934 1 C19H30NaO6 377.1935 0.2 4.9 1 100.00 45 even ok

Figure S102. HREISMS of 19.
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Figure S104. '"H-NMR (600 MHz, DMSO-ds) spectrum of 19.
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Figure S105. 'H-'H COSY (600 MHz, DMSO-ds) spectrum of 19.
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Figure S106. HSQC (600MHz, DMSO-dp) spectrum of 19.
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Figure S107. HMBC (600MHz, DMSO-ds) spectrum of 19.
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Figure S108. ROESY (600 MHz, DMSO-ds) spectrum of 19.
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Acquisition Parame_t;er '

Source Type ESI lon Polarity Paositive Set Nebulizer 0.3 Bar
Focus Not active Set Capillary 4000 V Set Dry Heater 180 °C
Scan Begin 50 m/z Set End Plate Offset  -500 V Set Dry Gas 4.0 lmin
Scan End 1500 m/z Set Collision Cell RF  600.0 Vpp Set Divert Valve Source
Intens. { +MS, 4.0-4.3min #242-261
x1044
. 377:1931
1.04
0.84
bd 391.2839 ¥
0.4 413.2657
J 408.3081
b TR e 395.1570
-2 . 419.3149
| l 1 3812968 3¢ 3767 |
0.0hapmiddad, ,1;1‘.k Lk Ii.d;hua_uf LTI T POTwOw TS § DU daaaady
360 370 380 390 400 410 420 miz
Meas. m/z # lon Formula miz err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
377.1931 1 C19H30NaO6& 377.1935 11 8.5 1 100.00 45 even ok
2 C16H22N10Na 377.1821 -2.5 15.3 2 66.94 105 even ok
3 C20H26N4Na0O2 377.1948 46 19.3 3 3692 95 even ok
Figure S109. HREISMS of 20.
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Figure S110.The UV spectrum of 20.
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Figure S111.The '"H-NMR (600 MHz, DMSO-d) spectrum of 20.
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Figure S112. 'H-'H COSY (600 MHz, DMSO-ds) spectrum of 20.
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Figure S113. HSQC (600 MHz, DMSO-ds) spectrum of 20.

.

2.0

== o6

1.5 1.0

oo
===

0.5

50

60

70

80

90

r100

r110

r120

r130

140

150

6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 25
2 (ppm)

Figure S114. HMBC (600 MHz, DMSO-dps) spectrum of 20.
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Figure S115. ROESY ((600 MHz, DMSO-dp) spectrum of 20.
Acquisition Parameter
Source Type ESI lon Polarity Paositive Set Nebulizer 0.3 Bar
Focus Mot active Set Capillary 4000 v Set Dry Heater 180 °C
Scan Begin 50 miz Set End Plate Offset  -500 Y Set Dry Gas 4.0 Ifmin
Scan End 1500 miz Set Collision Cell RF  600.0 Vpp Set Divert Valve Source
Intens.| + +MS, 3.3-3.5min #199-212
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Meas. miz # lon Formula m/z err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
3722381 1 C20H30N502 372.2394 36 16.0 1 5100 B85 even ok
2 C19H34NO6 372.2381 0.0 16.7 2 100.00 35 even ok
3 C18H31N5NaO2 372.2370 -29 20.0 3 5533 55 even ok
4 C16H2BN11 3722367 -36 225 4 4420 95 even ok
3771935 1 C19H30NaOB 377.1935 0.1 9.8 1 10000 45 even ok
2 C16H22N10Na 3771921 37 “16.7 2 4332 105 even ok
3 C20H26N4NaO2 377.1948 34 196 3 4324 9.5 even ok

Figure S116. HREISMS of 21.
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Figure S117. UV spectrum of 21.
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Figure S118. "TH-NMR (300 MHz, DMSO-ds) spectrum of 21.
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Figure S119. >*C-NMR (75 MHz, DMSO-ds) spectrum of 21.
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Figure S120. 'H-'H COSY (300 MHz, DMSO-ds) spectrum of 21.
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Figure S121. HSQC (300 MHz, DMSO-ds) spectrum of 21.
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Figure S122. HMBC (300 MHz, DMSO-dg) spectrum of 21.
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Figure S123. ROESY (300 MHz, DMSO-dg) spectrum of 21.
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Acquisition Parameter
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Figure S124. HREISMS of 22.
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Figure S129. HSQC (600 MHz, DMSO-ds) spectrum of 22.
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Figure S130. HMBC (600 MHz, DMSO-ds) spectrum of 22.
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Figure S131. ROESY (600 MHz, DMSO-ds) spectrum of 22.
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Figure S132. HREISMS of 23.
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Figure S134. '"H-NMR (600 MHz, DMSO-ds) spectrum of 23.
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Figure S135. 'H-'H COSY (600 MHz, DMSO-ds) spectrum of 23.
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Figure S136. HSQC (600 MHz, DMSO-dg) spectrum of 23.
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Figure S148. 'H-NMR (600 MHz, CD30D) spectrum of 7b.
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Figure S157. ROESY (600 MHz, CD;0D) spectrum of 8b.
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Figure S158. ESIMS of 8b.
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Figure S167. '"H-NMR (600 MHz, CDs0D) spectrum of 18a.

145

T
5.0 4.

! ;
5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
£2 (ppm)

Figure S168. 'H-'H COSY (600 MHz, CD30D) spectrum of 18a.

{1 (ppm)



Publication 2

195-146#26 RT: 0,47 AV- 1 WL 4.99E4 FeA = el = = e e e ST S ?r
T: + p ms [ 100,00-1000,00] M 37
100+ 960,7
s 7 iy
80|
85—
80
5|
707
651
1 9706
50~
g8 3
f=
B 9
Ed
4
3
25
3 a7i6
15 .
1
8216 a964,5 || 9726
6153 2
2121 2372 2833 3304 3565 a315 W34 438 569 614p [ 6155 ce20 oaa 7s08 || (G227 B968  geo.|foess
-Zil:;oll.lzfln‘lllaluﬂlll.&l'poll.lllHII LS LN 5 A 0 e T 'rLr' I-|-.|'-|

400 450 500 550 GO0 650 700 750 800 B850 500 250 1000
L mz

Figure S169. ESIMS of 18a.

(74162
17.4142
17.4129
7.4094
| 7.4059
[ 7.4047
7.3997
7.3976
17,3935
7.3915
17,3891
17,3875
7.3863
7.3842
7.3804
7.3786
7.3762
7.3726
7.3704
73599
7.3585
7.3556
7.3464
7.3454
7.3417
7.3404
7.3378
7.29%U
7.3314
7.3302
7.3283
7.3252
7.3220
7.3190
4.8723
47836
45904
3.3997
3.3781
3.3739
3.3627
11,1910
11,1806
11,0459
L0.9463
g

o=

T T
—
o o
S S
S o

F 7 oslf o iy J" y s Wil (1700

J‘ L | ‘ -100

BE S
3 o3

=

1.00 T—-
1.30
1.22 \[
1.31
0.14
1.06:08
1.30
1.25 f
119 s
1.32 }
126 L
2.56 &

3.56

T T T T T T T T T T T
5 8.0 7.5 7.0 6.5 6. 5.0 4.5 4.0 3.5 3.0 2.
f1 (ppm)

Figure S170. '"H-NMR (600 MHz, CD30D) spectrum of 18b.

o
o
133
o
[
o
=
o
=3
ol
=]
(=]

146



Publication 2

100
k0. 5
1.0
.5
k2.0
bo.5
k3.0
k3.5
F.0 B
=
b5 —
o)
k5.0
b5, 5
F6.0
F6. 5
k7.0
b5
Fs. 0
T T T T T T T T T T T T T T T T T ¥m8'5
§5 80 75 7.0 65 60 55 50 45 40 35 30 25 20 L5 10 0.5 00
2 (ppm)
0 1 1
Figure S171. 'H-'H COSY (600 MHz, CDs0D) spectrum of 18b.
195-147 #12 RT. 0,21 AV: 1 NL: 6.37E4 T . = o
T: +p ms [ 100,00-1000.00]
100+, 069,7
=
3 B
854
80
75
70
651
3 o707
60
=
3 5]
ju
« 3
40
“as]
a0
-
20_: 9716
15
10
3 2645 | .

5 o727
1215 1588 1687 2504 2779 3834 3953 4183 4030 5176 5844 6155 6716 7321 7811 8217 8887 0857 ﬁ“
Lk S R A Ll L R A RAnS Bk S8 AR LSS LEAN LEAN AL AARS RaRs nats Ry bany ey - by
200 300 400 500 500 "o ato a0 " 1000

miz

Figure S172. ESIMS of 18b.

147



Publication 2

(wdd) T

2 (ppn{)

148

= 8§ £ 5§58 8 8 8§ 8 8 88 8 . B A ELEIEREERE LR
£8(9°0 [= -
0269'0
N?Oh.o £G'F =
bH16°0 = = d et
DHND.N/ gy | — 160 =
i bong
0/zEE A i
L6TE'E 1~
szee’e ,f i " F 66
£peee 12
T6bEs Ea s el
ZL9E°E i .
obLE'E ER:
b € | p& —
£980'% (s o =
09/9'% f= B
. - S e g
6SEEL — 1128 2
€LE€L 10° b=
Evﬂi gf_ 3
1156, ] N <
! - = ¢m =] N
PhSEL e Z
695EL 080wz
819€7/ R = mmo. 0O
6E9EL = =i =
£59€°, | 8903 a
bE9EL ©
Sh/EL N % r00f., N “
04LEL fe
=7 - dowi 2 H
- - . = 0 2
€e8e/ 6t 3
6985 | . NP J =
016€'Z| DI i
6765, S :
TH6E L -
zL6€L s A
9£Q¥°L an ; = .
A - Ta.hs. = :J v I
L8O, SR
1Tt .h
bEED L] < 7
09€b L] °
bObYL =
l-wu u
20
=

Figure S174. 'H-'H COSY (600 MHz, CD;0OD) spectrum of 25a.



Publication 2

Source Type E! lon Polasity Positesn Sat Nebulizer 03 Bar
Focus Not aclive Set Capilary 4000V St Ory Heater 180 “C
Scan Begin miz Sat End Flate Offsot 500V St Dry Gas 4.0 Umin
eam End 1500 Mz St Charging Voitage oV Sert Divert Vale Source
Set Corona onA Sat APCI Healer oG
Intesys. +ME, 0.1-0.2min #3-11)
=108
25
-
et
+
RN
20
1.5
10
3602
05 338
B214
s e
152.3 2081
N P e U Y PO | L.
200 300 400 500 B00 TOO s00 200 1000 1100 miz
Figure S175. ESIMS of 25a.
ANNHHHOOO0OORNVONMTTOANNrHOoCOONMNBbTOoNMLMMMOMANNOOYODDO®
TLTETLLTETTmMmmamagMmmammamMmmammpmmagmaamMnPOaninT e oS S oo o060
PR R NS RS IS IS R I S S IS S I R S nmvvvvvmmmmm/-—u/ooooo—azm
e = e —
~3000
2800
2600
s / larrr 7 ] PP (U
2400
2200
2000
~1800
1600
1400
1200
1000
800
600
400
[ |
! iy | 200
of A e 1 T
1 e = N
1) N "oOFTOMMO I~ 0 LET¥Lens
in 1 ool Dol e & O AN S 000 e RO © F-200
T T vt T T T L e et T T IS i~ == I ]
5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 .5 .0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

4
f1 (ppm)

Figure S176. 'H-NMR (600 MHz, CD3;0D) spectrum of 25b.

149



Publication 2

2 L | i
85 80 75 70 65 60 55 50 45 40 35 3.0 25 2.0 1.5 1.0 0.5 0.0
12 (ppm)

Figure S177. 'H-'H COSY (600 MHz, CD;0D) spectrum of 25b.

Acquisition Parameater

Source Type ESI lon Folarity Poaltive Set Mebuimer 0.3 Bar
Focus Mot active Sed Capilary 400D W ‘Bei Dry Heaber 180 "G
Scan Begin 50 miz Sel End Plate Offsed -500 W Get Dry Gas 4.0 Wmin
Scan End 15083 mie Set Charging Voltage awv Set Dreart Vatve ‘Bource
Set Corona LT Se APCI Hoator oG
intens. +NE5, O.1-0.Smin ¥7-31
wloF
SHO.4
254
240
1.8
1.0
8314
10i5.6
440 8220
o i N L LR .J_ PO |
BO0 OO i) =1 1000 1100 ez

Figure S178. ESIMS of 25b.

150

1 (ppm)



Publication 2

10000
9000
8000

F7000

6000

5000

4000

3000

2000
1000

L0160
65/0'T
0621
95671 -
020€°'T

/50T

6ETET

09TE'T

1ze0°2/
788T'T
sgee’s
66EE°E
bhbEE
H08E'D
5029% _
0529'h
£5/9'p]
5569'h1
2450'9
GEpEL
L9bEL
L6VEL
cose,

8EEL0
69880
0668°0

A

—=

16567,
£59€°L
789,
LOLEL
LELEL
0€8EL
098¢,
b/8E°L
€65
T0THL
9CIY LT
BSTH LY
mm?.bf/
89TH -

ey L]
TLE¥L
6657 ]
bivbL]
L05t°

S

I7

JiUe
04T
~E87T
6470
o0's
160
9T
€57
LS50
68°0

=980

€60
060

g0

k€60

~00'T
460

Fee

1 (ppm)

Figure S179. '"H-NMR (600 MHz, CD3;0D) spectrum of 26a.

(wddy T

6.0

|
]
[
i

£2 (ppm)

Figure S180. 'H-'H COSY (600 MHz, CD;0OD) spectrum of 26a.

151



AT A

Publication 2

AV: 1 NL 583E4

T: + pms ( 100,00-1000,00)

195-194 420 RT: 0,

= o o =3 =3 =3 (=1 o (=3 &
- 1 f 1 I I L ! i 1 1 =)
EL $898°0 =
-8 £088°0
2 v i 62680 hh.N-M
n g 2 - S90T'T be'e
& 2 R Nmmm.ﬁ/ S ¥5°T|
s..‘awm wmoN.HW —_— b€
] E 86871 —_— L0
A% 8 L0£0°T T0T| =
EH8 §951°Z = £8°0) ©
[ THLEE ,ﬁ sz »mm.o
h” PH0b'E R 160 =
=le 768b°€ —_ U7
8| L06+'E wmm.o
[ e S9'Tf
! 656+°€
I+ 95TH =
alf €909 )
8 3 8809°% f —_ 19T
b7 n, wm [8E9F — B Jw MS.N‘ :
g PoYEL — y e
- # 78587, LU
@ -o £65E°L [P
§_TE 609€2 .
g €296, — — Mm.m.
bl 6€9€L =SS = ]
Ils 859¢/ m m_& 0
L 8/9€° L=
ol 00LEL \u
sf 61LEL e
a8 Sb/EYL — = zo0ea]
S . 00'T
) L 6SLEL asse
a1 « L6LEL — —47 =
x.-m ) 786
P r71. 7b8e'/ |
N T 5 L06E7
i Yot A
blg N .
% S 89TH /1
et = £6TH L -
RE n owmv.bﬁU -
g K 5T 2 == Xggl
aw — 0SZH2
&1 ® 182t/
Wﬂqﬂlﬂﬂ_ Ly T IRENERE] .._r_v!m S MHM..TNH__ I
g % _m_u_._._uaj._m: JM:‘_JE TR % M...-JW::%::%::E.%J%1 m.l» MMMWM_
SOUBDUNTY BANEIW = L
Y
- p—
£

152

f1 (ppm)

Figure S182. 'H-NMR (600 MHz, CD3;0D) spectrum of 26b.
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Table S1. SMILES table of compounds 1-26.

SMILES

CCOONC@HIONC[C@I2([RIDIC@II([HDCC(CIC=C(C)/C)=0)=C[C@@H]2[R2]

CCOOIC@HIONC[C@@R(RIDC@]I([HNCC(C(C=C(C)/C)=0)=C[C@H]2[R2]

CC(C)(0)[C@H](O)C[C@]23[C@]L(H])C/C([C@@H](O)[C@H]203)=C/C=C(CO)/C

CCOONC@HIONC[C@@R(O)[C@]I([H)C=C(C#CC(C)=O)[C@@H](O)[C@H]20

CCCHOC(ONCIC@RO)C@I(H)C=C(CHCC(C)=O)[C@@HI(O)[C@@H]20

CCOO)NC@HIONC[C@2(0)[C@II(HNCC(C@@H](O)[C@@H]20)=[C@]=CC(C)=C

CCOO)C@H](ONC[C@2(0)[C@II(HNCC(C@@H](0)[C@@H]20C(C)=0)=[C@]=CC(C)=C

CCOONC@HIONC[C@I2(0)[C@II(HDCC(C(C@H](0)C(C)(C)03)=0)=C3[C@@H]20

CC(CYOC@H]ONCIC@RA(O)C@II([HNCC(C(CHNC(C)(C)03)=0)=C3[C@@H]20C(C)=0

10

C=C(O)CHC[C@H]I C[C@@](0C(C)(O)[C@@H](0)C2)(HD[C@2(03)[C@HB[C@@H]10

11

CCOONC@H](ONC[C@23[C@](HNC([C@@HN(O)[C@H]203)=[C@]=CC(C)=C

12

CCOONC@HI(ONC[C@I2(0)[C@I(HDCC(C@@HI(0)[C@@H]2CH=[C@]=CC(C)=C

13

CCOONC@HIONC[C@I2(O)[C@II([HDCC(C(C(HDC(C)NC)03)=0)=C3[C@@H]20

14

CC1(C)CC(C2=C(01)C=C(C[C@H](C(C)(0)C)03)C3=C2)=0

15

O[C@@H]1C(/C=C/CCCCC)=C(CO)[C@@]2([H])OC(C)(C)[C@H](0)C[C@@]2(0)C1[H]

16

O[C@@H]1C(/C=C/CCCCC)=C(CO)C@@]2([H])OC(C)(C)[C@H](0)C[C@@]2(0)[C@H]10

17

O[C@@H]1C(/C=C/CCCCC)=C(CO)C@@]2([H])OC(C)(C)[C@H](0)C[C@@]23[C@@H]103

18

O[C@@H]1C(/C=C/CCC([HD[C@@H](0)C)=C(CO)[C@@]2([H)OC(C)(O)[C@H](0)C[C@@]23[C@@H]103

19

O[C@@H]1C(/C=C/C[C@H](0)CCC)=C(CO)[C@@]2([H]))OC(C)(C)[C@H](O)C[C@@]23[C@@H]103

20

O[C@@H]1C(/C=C/[C@@H](0)CCCC)=C(CO)[C@@2([HNOC(CO)(O)[C@HI(O)C[C@@]23[C@@H]103
or

O[C@@H]1C(/C=C/[C@H](0O)CCCC)=C(CO)[C@@]2([H])OC(C)(O)[C@H](O)C[C@@]23[C@@H]103

21

O[C@@H]1C(/C=C/[C@@H](0)CCCC)=C(CO)[C@@2(HNOC(O)(O)[C@HI(O)C[C@@]23[C@@H]103
or

O[C@@H]1C(/C=C/[C@H](O)CCCC)=C(CO)[C@@]2([H)OC(C)O)[C@H](O)C[C@@]23[C@H]103

22

CCCCC/C=C/C1=C(CO)[C@@]2(H])OC(C)(C)[C@H](0)C[C@@]23[C@H](03)[C@]1([H])OC(C)=0

23

CCCCC/C=C/C1=C(CO)[C@@]2(H])OC(C)(O)[C@H](0)C[C@@]23[C@H](03)C1=0

24

O[C@@H]1C(/C=C/CCC(O)C(HNO)=C(CO)[C@@]2([HNOC(CYC)[C@H](0)C[C@@]23[C@@H]103

25

O[C@@H]1C(/C=C/C[C@@H](0)CCC)=C(CO)[C@@]2([HNOC(C)(O)[C@HI(O)C[C@@]23[C@@H]103

26

O[C@@H]1C(/C=C/CCCCC)=C(COC(C)=0)[C@@]2([H])OC(C)(C)[C@H](0)C[C@@]23[C@@H]103
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Table S2. Results of cytotoxicity and antibacterial activity assay of compounds 1-26.

Cell growth
) ) o Cytotoxity
No. Antibacterial activity (MIC, uM) (%) at 10
(ICso, pM)
ug/mL
A.
A.baumannii
baumannii P M. )
(BAA1605) + S. aureus Mouse lymphoma cell line
(BAA1605 o aeruginosa tuberculosis
colistin (0.1 (29213) L5178Y
) (27853) (H37Rv)
uM)
1 >100 >100 >100 >100 >100 58.5 >20
2 >100 >100 >100 >100 >100 65.4 >20
3 >100 >100 >100 >100 >100 64.8 >20
4 >100 >100 >100 >100 >100 774 >20
5 >100 >100 >100 >100 >100 64.3 >20
6 >100 >100 >100 >100 >100 68.3 >20
7 >100 >100 >100 >100 >100 67.1 >20
8 >100 >100 >100 >100 >100 77.8 >20
9 >100 >100 >100 >100 >100 53.0 >20
10 >100 >100 >100 >100 >100 56.1 >20
1 >100 >100 >100 >100 >100 76.5 >20
12 >100 >100 >100 >100 >100 66.7 >20
13 >100 >100 >100 >100 >100 71.5 >20
14 >100 >100 >100 >100 >100 67.2 >20
15 >100 >100 >100 >100 >100 54.4 >20
16 >100 >100 >100 >100 >100 53.2 >20
17 >100 >100 >100 >100 >100 70.5 >20
18 >100 >100 >100 >100 >100 64.8 >20
19 >100 >100 >100 >100 >100 78.1 >20
20 >100 >100 >100 >100 >100 70.1 >20
21 >100 >100 >100 >100 >100 63.6 >20
22 >100 50 >100 >100 >100 44.2 >20
23 >100 100 >100 >100 >100 1.90 3.0
24 >100 >100 >100 >100 >100 80.0 >20
25 >100 >100 >100 >100 >100 774 >20
26 >100 >100 >100 >100 >100 65.7 >20
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Ynstitute of Pharmaceutical Biology and Biotechnology, Heinrich-Heine-University
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proksch@uni-duesseldorf.de (P.P.)

®Hubei Key Laboratory of Natural Products Research and Development, College of Biological
and Pharmaceutical Sciences, China Three Gorges University, Yichang 443002, People’s
Republic of China
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dInstitute for Physiological Chemistry, University Medical Center of the Johannes Gutenberg
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"Electronic supplementary information (ESI) available: MS, 1D and 2D NMR spectra of

compounds 1-10.
ABSTRACT:

Ten new ambuic acid derivatives, pestallic acids H-Q (1-10) including one new
iodinated natural product (10) along with two known compounds (11 and 12) were obtained
through fermentation of the endophytic fungus Pestalotiopsis lespedezae on solid rice medium
with 3.5% Nal. Compounds 1-10 were undetectable in cultures of the fungus grown on solid
rice medium lacking Nal or in those where Nal had been replaced by NaCl or NaBr. The
structures of the new metabolites were established on basis of 1D/2D NMR and HRESIMS data.
Their absolute configurations were determined by Mosher’s method and TDDFT-ECD
calculations. The compounds failed to show antibacterial activity against S. aureus

(ATCC29213), drug-resistant Acinetobacter baumannii (BAA1605) or Mycobacterium
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tuberculosis, as well as cytotoxicity against the mouse lymphoma cell line L5178Y.
Keywords: endophytic fungus, Pestalotiopsis lespedezae, pestallic acids, iodinated

natural product, TDDFT-ECD.

INTRODUCTION

Fungal metabolites play an important role in drug development.'? Lovastatin, famous
as an inhibitor of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase produced by
Aspergillus terreus was the lead compound for a series of statins which are mainly used for the
treatment of dyslipidemia and the prevention of cardiovascular disease.> Multiple generations
of cephalosporins, which are analogues of the fungal antibiotic agent cephalosporin produced
by Cephalosporium acremonium, have been introduced to the clinics as powerful antibiotics.*
Fingolimod, the most recent drug of fungal origin was modelled after the natural product
myriocin isolated from various fungi such as Myricelia sterilia and is used for the treatment of
multiple sclerosis.>¢

The potential of bioactive fungal secondary metabolites has generated considerable
interest for bioprospecting. The increasing rate of re-isolation of known compounds, however,
is a bottleneck for drug discovery. The latter is partly due to the fact that many secondary
metabolite gene clusters are silent under standard laboratory culture conditions thereby
seriously limiting the chemical diversity of compounds. This has forced researchers to turn their
attention to unlock the trove of metabolic treasures. Several strategies, such as co-cultivation
of different microbes, epigenetic modification or the OSMAC (One Strain MAny Compounds)
approach can be applied to expand the metabolic diversity of fungi.” The OSMAC approach is
a powerful method which relies on modification of cultivation parameters such as temperature,
media composition, shape of culturing flask or aeration.®® For instance, a new amidepsine
derivative 5-epi-pestafolide A was obtained from the endophytic fungus Trichocladium sp.
when grown on rice medium while new sesquiterpene and bismacrolactone derivatives were
isolated following fermentation of the fungus on peas.!” Adding a mixture of salts (MgSOs,
NaNOs; and NaCl) to solid Czapek’s medium induced the endophytic fungus Bulgaria

inquinans to accumulate a new butyrolactone derivative, two unusual 1,3-oxazine containing
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natural products as well as five new a-pyrones.!! Interestingly, several bioactive brominated or
chlorinated natural products were reported as fungal metabolites following cultivation of fungi
in media containing halogen salts. For example, new cytotoxic brominated tyrosine-derived
alkaloids were isolated from the fungus Gymnascella dankaliensis when cultivated on solid rice
medium following addition of NaBr.!> When the same fungus was cultured on rice medium
spiked with 3.5% NaCl the chlorinated metabolites gymnastatin A and gymnastatin B were
obtained."?

These successful examples inspired our current study on expanding the chemical
diversity of the endophytic fungus Pestalotiopsis lespedezae isolated from roots of the plant
Youngia japonica (Astereaceae) from China by adding halogen salts such as NaCl, NaBr and
Nal to solid rice media. Addition of Nal yielded ten new ambuic acid derivatives pestallic acids
H—Q (1-10), including one iodinated new natural product (10) (Fig. 1). Iodinated natural
products are extremely rare, the few examples reported so far include iodinated meroditerpenes
and polyhalogenated indoles from the red algae Callophycus sp. and Rhodophyllis
membranacea, respectively.'*!> When P. lespedezae was grown on solid rice medium lacking
Nal, two known compounds including ambuic acid (11) and its derivative 12 were as major
metabolites thus highlighting the power of this OSMAC approach.'®!” No significant difference,
however, was observed in the chromatographic profiles following the addition of NaCl to solid
rice medium when compared to chromatograms of the fungus grown on rice medium without
salts.

Here we report the isolation and structure elucidation of the new natural products
obtained as well as results following screening of the compounds for antibiotic activity and
cytotoxicity. A plausible biosynthetic pathway of ambuic acid (11) and its derivatives (1-10 and

12) is also suggested.
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11 R=0H
10 12 R=0Ac

Figure. 1 Structures of compounds 1-12 from P. lespedezae.

RESULTS AND DISSCUSSION

The molecular formula of pestallic acid H (1) was determined as Ci9H2306 by

HRESIMS, with six degrees of unsaturation, thus differing from the co-isolated known ambuic
acid (11) by two additional mass units. The *C NMR data (Table 1) for 1 revealed the presence
of two carbonyl carbons at oc 200.3 (C-10) and 171.8 (C-1), and six olefinic carbons at dc 152.5
(C-8), 141.4 (C-3), 139.9 (C-12), 135.3 (C-9), 130.8 (C-2), and 123.1 (C-11), accounting for
five degrees of unsaturation. Thus, 1 was suggested to be monocyclic. Further analysis of the
1D and 2D NMR spectroscopic data (Fig. 2) confirmed 1 to be similar to the co-isolated known
compound ambuic acid (11), which was first obtained from the endophytic fungi Pestalotiopsis
spp. and Monochaetia sp.!” The major difference between 1 and 11 resided in the substitution
of the six-membered ring. Whereas ambuic acid (11) exhibited an epoxy substituent at C-5/C-
6 with an oxygenated carbon signal at dc 61.3 (C-5) and signals for H-6 and C-6 at Ju 3.74 and

oc 61.0, 1 featured signals for H-5 and C-5 at oy 2.67 and dc 52.4 and for H-6 and C-6 at du
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4.17 and Jc 73.5, respectively, as revealed by the HSQC spectrum of 1. The absence of the
epoxy substituent at C-5/C-6 of ambuic acid (11) in 1 was further supported by COSY
relationships between Hap-4/H-5/H-6/H-7. Therefore, the planar structure of 1 was determined
as shown. The relative configuration of 1 was determined by analysis of the coupling constants
and NOE data. The olefinic double bond at C-11/C-12 was suggested to be E-configurated as
indicated by the large coupling constant of 15.9 Hz. The double bond at C-2/C-3 was likewise
E-configurated as shown by the NOE correlation between Hy-4 (ou 2.46) and Me-19 (ou 1.87).
The small coupling constant of %Jisn.6 (2.0 Hz) and 2Ju¢n-7 (3.3 Hz) aided by the ROESY
correlations between H-5/H-6, H-6/H-7, H-7/H-5 indicated that those protons were on the same

side of the cyclohexene ring.

- COSY ~—~ HMBC

Figure. 2 Key COSY and HMBC correlations for 1.

To elucidate the absolute configuration of 1, the solution TDDFT-ECD method was
applied on the arbitrarily chosen (5R,6S,7R) epimer.'®!” The truncated model compound 1a (Fig.
3), in which the C-9 hept-1-en-1-yl side-chain was replaced by a prop-1-en-1-yl one, was used
for the calculation to decrease the number of computed conformers.?! The initial Merck
Molecular Force Field (MMFF) conformational search of (5R,6S,7R)-1a resulted in 205
conformers in a 21 kJ/mol energy window. ®B97X/TZVP?> PCM/MeOH re-optimization of
these structures yielded 24 low-energy conformers above 1% Boltzmann-distribution. ECD
calculations performed at various levels gave acceptable overall agreement with the
experimental spectrum of 1 (Fig. 4). A positive Cotton effect (CE) below 300 nm appears in the
Boltzmann-weighted ECD spectrum,”® which was missing from the experimental ECD curve.
A different Boltzmann distribution of the conformers would have produced a much better
agreement, since some minor conformers (around 1% population) reproduced this part of the

spectrum better,>* but due to their low populations, they have negligible contribution and the
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truncation may have adversely affected the computed conformational ensemble.”> All low-
energy conformers over 1% Boltzmann population had the same P helicity in the cyclohexenone
ring and differed only in the orientation of the C-5 side chain and the OH groups (Fig. 5).
Regarding the orientation of the truncated C-9 side-chain, only the 24™ conformer had different
arrangement. Consequently, conformers A-W had similar spectra and rather different from those
of conformer X and many other minor conformers with lower population than 1%. We checked
whether we can produce a better agreement by increasing the underestimated populations of the
minor conformers. Thus, we re-clustered the 205 DFT-optimized conformers considering only
the cyclohexenone ring, the connecting first atoms and the truncated C-9 side-chain and
neglecting the orientation of the oxygens and the C-5 side-chain, since their different
orientations did not change the computed ECD transitions. Six groups of conformers were
identified and ECDs were computed for the lowest-energy conformers of each group and the
results were weighted by the new Boltzmann populations of the six conformers. This approach
increased the population of the X-type conformer from 1.0% to 9.3% with 79.6% population of
the A-type conformers. However, even this change could not significantly improve the overall
agreement and it gave a similar result to the conventional approach. We suppose that a better
reproduction of the disputed region below 300 nm may be achieved if conformers A and X have
comparable populations with higher percentage for conformer A. The acceptable overall
agreement and the good reproduction of the high-energy CEs and the transitions above 300 nm

allowed elucidation of the absolute configuration as (5R,6S,7R).

OH OH 1a OH OH 7a
Figure. 3 Structures of the truncated model compounds of 1 (1a) and 7 (7a) applied for the
TDDFT-ECD calculations.
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—— measured ECD
Ae (B3LYP/TZVP, average of
24 conformers) / 2
I R (B3LYP/TZVP, conformer A) / 2

4\

A (M'em™) and R (10%%cgs)

200 250 300 350 400 450
wavelength (nm)

Figure. 4 Experimental ECD spectrum of 1 in MeOH compared with the Boltzmann-weighted
B3LYP/TZVP PCM/MeOH ECD spectrum of (5R,6S,7R)-1a. Level of optimization:
oB97X/TZVP PCM/MeOH. Bars represent the rotatory strength values of the lowest-energy

conformer.

Figure. 5 Overlapped geometries of the 24 low-energy ®B97X/TZVP PCM/MeOH conformers
of (5R,6S,7R)-1a.

The molecular formula of 2 was established as C19H2307 by HRESIMS, containing an
additional oxygen atom when compared to 1. The 'H and '*C NMR data (Table 1) were similar
to those of 1 except for signals in the long alkyl side chain. An extra oxygenated methine at dc
68.4 and Jou 3.74 (CH-16) and a doublet peak at o 1.16 (Me-17) for the terminal methyl group
indicated C-16 to carry a hydroxy substituent when compared to 1, which was further supported
by COSY correlations of Me-17/H-16/H2-15 and the HMBC correlations from Me-17 to C-16
and C-15. The remaining structure of 2 including relative configuration in the cyclohexene ring

was identical to that of 1 as shown (Fig. 1). A sample of 2 was submitted for methylation giving
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the derivative 2a. Modified Mosher’s method was applied for the determination of the absolute
configuration at C-16 of 2a. Due to the interference of multiple mosher esters, only the key
values of A6°F for the MTPA esters are displayed. Based on the summarized data (Fig. 6), the
absolute configuration of C-16 was suggested to be (R).

O

+0.11  -0.01 +0.03 +0.13

OR OR

2aR=H
2b R = (R)-MTPA
2c R = (S)-MTPA

Figure. 6 Key values of AR (in ppm) for the MTPA esters of 2a.
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The HRESIMS of pestallic acid J (3) indicated a molecular formula of C>1H310s, thus
differing from 2 by 42 additional mass units. This difference of molecular weight was accounted
for by an acetyl group, which was evident from the presence of an additional carbonyl carbon
at oc 172.4 and an additional methyl group at dc 21.6 and ou 2.01 in the NMR spectra of 3
(Table 1). The attachment of the acetyl group at C-16 was confirmed by the HMBC correlations
from the methyl group (du 2.01) and deshielded H-16 (du 4.90) to the carbonyl carbon (Jc
172.4). The remaining structure of 3 was identical to that of 2.

Pestallic acid K (4) had the molecular formula C19H2607 as established by HRESIMS.
Its '"H and '3C NMR data (Table 2) revealed a close structural similarity to 2 except for the
replacement of the oxygenated methine at C-16 (du 3.74 and dc 68.4) of 2 by a carbonyl group
(0c 211.9) in 4. This was supported by the HMBC correlations from Me-17 (ou 2.14), H>-15
(0n 2.54) and H»-14 (0u 1.70) to C-16 (oc 211.9). Thus, the structure of 4 was elucidated as
shown.

The HRESIMS of 5 indicated the same molecular formula Ci9H260O7 as that of 4.
Comparison of the NMR data of § and 4 (Table 2) indicated that both compounds differ in the
position of the carbonyl function in the alkyl side chain. In compound 5 the carbonyl group
resided at C-15 instead of C-16 as in 4 based on the COSY correlations between Me-17 (ou
1.02) and H»-16 (on 2.50), together with the HMBC correlations from Me-17, H2-16, H2-14 (du
2.61) and Hz-13 (0n2.41) to C-15 (dc 212.5).

Pestallic acid M (6) gave the molecular formula C19H2307 as determined by HRESIMS,
indicating the loss of one degree of unsaturation compared to 5. The NMR data of 6 (Table 2)
displayed signals for an oxygenated methine at ou 3.49 and oc 72.9 (CH-15) that were absent
in 5. The above data indicated reduction of a carbonyl group of 5 and presence of an additional
hydroxy substituent in 6. The COSY correlations of Me-17/Hap-16/H-15/Hap-14 revealed the
presence of the extra hydroxy group of 6 at C-15. Detailed analysis of the 2D NMR spectra of
6 revealed that the remaining substructure and the relative configuration in the cyclohexene
ring of 6 were identical to those of 5. However, the absolute configuration at C-15 of 6 remained

undetermined due to the low amount of isolated compound.
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Pestallic acid N (7) shared the same molecular formula as 1 as determined by HRESIMS.
The 'H and '*C NMR data of 7 (Table 3) closely matched those of 1 indicating that the planar
structures of the two compounds were identical whereas they differed in the configuration of
C-5 as evident from analysis of the coupling constants and of the ROESY spectra. The double
bonds at C-2/C-3 and C-11/C-12 of 7 were E-configurated based on the NOE correlation
between Hp-4 (du 2.62) and Me-19 (du 1.88) and the large coupling constants (16.0 Hz)
observed for H-11 and H-12. The small J value (3.5 Hz) of H-6 and H-7 suggested their cis
orientation. However, the coupling constant between H-5 and H-6 was 10.8 Hz for 7, whereas
only a small coupling constant of 2.0 Hz was observed for the corresponding protons of 1. These
data, together with the NOE correlation between Hap-4 and H-6 and the lack of a NOE
correlation between H-5 and H-7 observed in 1 indicated that 7 differed from 1 in the relative
configuration of C-5.

The above ECD computational protocol was also carried out on the truncated model
compound of 7 [(5S,6S,7R)-7a]. DFT re-optimization of the 361 MMFF conformers resulted in
28 low-energy structures over 1% Boltzmann distribution. In contrast to 1a, the cyclohexenone
ring of the DFT conformers of 7a adopted both M and P helicity in comparable ratio. The ECD
spectra computed at four levels gave moderate to good agreement with the experimental ECD
spectrum allowing elucidation of the absolute configuration as (55,6S,7R). The

BH&HLYP/TZVP PCM/MeOH ECD calculation provided the best agreement (Fig.7).

—— measured ECD
—— Ag (BH&HLYP/TZVP,

Ae (Mem™) and R (10*°cgs)

average of 28 conformers)
B R (BH&HLYP/TZVP,
-6 4 conformer A) / 4
T T T T T T T T T
200 250 300 350 400 450

wavelength (nm)
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Figure. 7 Experimental ECD spectrum of 7 in MeOH compared with the Boltzmann-weighted
B3LYP/TZVP PCM/MeOH ECD spectrum of (55,6S,7R)-7a. Level of optimization:
oB97X/TZVP PCM/MeOH. Bars represent the rotatory strength values of the lowest-energy
conformer.

The molecular formula of pestallic acid O (8) was identical to that of 2 according to the
HRESIMS data. Analysis of the '"H and '*C NMR data (Table 3) revealed that 8 and 2 share the
same planar structure. Analysis of the coupling constant between H-5 and H-6 (10.8 Hz) and of
the NOE correlations, however, indicated 8 to be a derivative of 7 rather than of 2 with regard
to the configuration of C-5. The absolute configuration at C-16 of 8 remained undetermined
due to the limited amount of compound isolated. However, based on the identical NMR data
for the alkyl side chain of 2 and 8, the absolute configuration at C-16 of 8 was suggested to be
(R) as shown for 2.
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Pestallic acid P (9) had the molecular formula Ci9H30Os as determined by
HRESIMS data, indicating the loss of one degree of unsaturation compared to 7. Extra
signals for an oxygenated methine at éu 4.38 and dc 67.5 in the 'H and '*C NMR spectra
of 9, together with the loss of the carbonyl carbon signal of C-10 of 1-8, indicated
reduction of the carbonyl functionality at C-10 in compound 9. This was further
supported by the COSY correlations of H-10/H-5/H-6/H-7 and the HMBC correlations
from H-10 to C-8 (dc 135.2) and C-11 (dc 126.7). Therefore, the gross structure of 9
was established as shown. The olefinic double bonds at C-2/C-3 and C-11/C-12 in 9
were both assigned to have E-geometry as described for 1 and 7. The small J values
between H-6 and H-7 (4.0 Hz) indicated the cis orientation of these two protons.
Similarly, cis orientation of H-5 and H-10 was suggested based on the small coupling
constants of 3.2 Hz. Neither H-5 nor H-10 showed correlations to H-7 in the ROESY
spectrum. However, the large coupling constant between H-5 and H-6 (11.8 Hz) and
the NOE correlations from Hap-4 to H-6 indicated that the latter protons resided on the
same face of the plain whereas H-5 and H-10 had an opposite orientation.

The molecular formula of pestallic acid Q (10) was C19H2710¢ as determined by
HRESIMS, indicating six degrees of unsaturation. The '*C NMR data (Table 3) for 10
exhibited eight unsaturated carbons including two carbonyl carbons at dc 170.9 (C-1)
and 197.4 (C-10) and six olefinic carbons at oc 154.1 (C-8), 141.3 (C-12), 135.6 (C-3),
132.8 (C-9), 132.3 (C-2), and 121.9 (C-11), accounting for five degrees of unsaturation.
Thus, 10 was suggested to be monocyclic. The 'H and '*C NMR data (Table 3) of 10
were similar to those of 1 except for differences in the substitution of the six-membered
ring. The signals at ou 2.67 and Jc 52.4 of the methine functionality at C-5 in 1 were
absent in 10 as revealed by the HSQC spectrum of the latter. Instead, an extra signal for
an oxygenated carbon and the HMBC correlations from H-3 and Hax-4 to this
oxygenated carbon were observed for 10, indicating hydroxylation at C-5. The chemical
shifts for the oxygenated methine at C-7 in 10 were similar to those of 1 whereas the
chemical shift of C-6 was shifted upfield from 73.5 ppm in 1 to 47.5 ppm in 10 as

evident from the '3C NMR data of the latter. Therefore, the attachment of the iodine
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atom was at C-6 when the inductive effect of the iodine atom was taken into
consideration. Thus, the planar structure of 10 was elucidated as shown (Fig. 1). The
relative configuration of 10 was assigned by analysis of the coupling constants and
ROESY relationships. The large coupling constant of 16.0 Hz and the NOE correlation
between Hyp-4 (6 2.57) and Me-19 (du 1.73) indicated that the double bonds at C-11/C-
12 and C-2/C-3 were both E configurated. The regioselective conversion of epoxides
to halohydrins resulted in different orientations of the hydroxy group at C-5 and of the
iodine atom at C-6.2?” The coupling constant of 8.9 Hz between H-6 and H-7 indicated
their frans orientation whereas the NOE correlation between H-7 and Hp-4 confirmed
that the latter protons had a co-facial orientation.

The isolated ambuic acid (11) derivatives including the new compounds 1-10
originate from the polyketide pathway (Fig. 8).2%2° Elimination of water from the
hypothetic precursor a is suggested to yield product b which features a double bond at
C-5/C-6. A Michael addition reaction of b with H>2O will generate 1 and 7 which will
undergo oxidation, reduction or acetylation to form 2—6, 8 and 9. On the other hand,
ambuic acid (11) likely originates from intermediate b via oxidation.** Compound 12 is
derived from 11 via acetylation while the iodized compound 10 may be assumed to be
derived via a ring-opening reaction of the epoxide group of 11 with iodine.?® In order
to exclude that compound 10 might be an artifact formed during fermentation of the
fungus in presence of Nal, ambuic acid (11) was incubated in a mixture of MeOH and
water adjusted to pH of 3 in presence of 3.5% Nal for 48 h at room temperature. No

generation of 10 was observed.
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Figure. 8 Plausible biogenetic pathways of ambuic acid (11) and derivatives.

In a previous report, the known compounds ambuic acid (11) and 12 displayed
antimicrobial activity against the Gram-positive bacterium Staphylococcus aureus
(ATCC6538) with ICso values of 43.9 and 27.8 pM, respectively.!® Consequently,
compounds 1-10 were tested for antibacterial activity against S. aureus (ATCC29213),
drug-resistant Acinetobacter baumannii (BAA1605) and Mycobacterium tuberculosis.
Cytotoxicity was also tested against the mouse lymphoma cell line L5178Y. However,

none of the analyzed compounds were active.

EXPERIMENTAL SECTION

General Experimental Procedures. Optical rotations were measured with a
Jasco P-2000 polarimeter. ECD spectra were recorded on a JASCO J-810
spectropolarimeter. NMR spectra were recorded on Bruker ARX 400 or 600 NMR
spectrometers. Chemical shifts were referenced to the solvent residual peaks. Mass
spectra (ESI) were recorded with a LC-MS HP1100 Agilent Finnigan LCQ Deca XP
Thermoquestman spectrometer and HRESIMS were recorded on a UHR-QTOF maXis

4G (Bruker Daltonics) mass spectrometer. HPLC analysis was performed with a
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Dionex UltiMate-3400SD system coupled to a LPG-3400SD pump and a photodiode
array detector (DAD 300RS). The analytical column (125 x 4 mm) was prefilled with
Eurosphere-10 C18 (Knauer, Germany), and the following gradient was used (MeOH,
0.1% formic acid in H>O): 0 min (10% MeOH); 5 min (10% MeOH); 35 min (100%
MeOH); 45 min (100% MeOH). Semi-preparative HPLC was performed using a Merck
Hitachi HPLC System (UV detector L-7400; pump L-7100; Eurosphere-100 C18, 300
x 8 mm), with a mixture of MeOH-H>O as mobile phase. Column chromatography was
done using Merck MN silica gel 60M (0.04-0.063 mm), silica gel 90 Cis-reversed
phase and Sephadex LH-20. TLC plates precoated with silica gel F2ss (Merck) were
used to monitor and collect fractions; detection was under 254 and 366 nm or by
spraying the plates with anisaldehyde reagent. Distilled and spectral grade solvents
were used for column chromatography and spectroscopic measurements, respectively.

Fungal Material and Identification. The fungus was isolated from roots of the
plant Youngia japonica (L.) DC (Asteraceae) collected in April 2018 at Guiyang,
Guizhou Province, P.R. China by Prof. Han Xiao from Guizhou Nationalities
University. It was identified as Pestalotiopsis lespedezae (GenBank accession number
MT521347) by DNA amplification and sequencing of its ITS region. Details of protocol
have been described before.?’

Fermentation, Extraction and Isolation. The fungus was cultivated on solid
rice medium in 10 Erlenmeyer flasks, which contained 100 g rice and 110 mL
demineralized water per flask and had been autoclaved at 121 °C for 20 min before
inoculation. For extraction EtOAc (500 mL) was added to each flask, followed by
shaking at 140 rpm for 8 h after fermentation of the fungus for 14 days at 20 °C. For
the OSMAC experiments 3.5 g NaCl, 3.5 g NaBr or 3.5 g Nal were added to each
Erlenmeyer flask containing 100 g rice and 110 mL demineralized water prior to
autoclaving.

The crude EtOAc extract (8.5 g) from P. lespedezae after fermentation on solid
rice medium without salts was subjected to liquid-liquid partitioning between n-hexane

and 90% aq. MeOH. The MeOH fraction (4.6 g) was subjected to vacuum liquid silica
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gel column chromatography using a gradient solvent system of n-hexane and EtOAc
(100:1 to 0:100; v/v) to obtain 5 fractions (Fr.1-5). Fr.3 (1.0 g) was separated into 4
subfractions (Fr.3.1-3.4) by column chromatography on Sephadex LH-20 (3 % 60 cm)
with MeOH as mobile phase, yielding 11 (14.0 mg) and 12 (8.9 mg) following
purification by semi-preparative HPLC (MeOH-H>0O: 0-2 min, 55%; 2-27 min, from
55% to 70%; 27-32 min, 100%).

The crude extract (10.1 g) from a large scale fermentation of P. lespedezae on
rice medium in presence of Nal was subjected to vacuum liquid silica gel column
chromatography using a gradient solvent system of n-hexane and EtOAc (100:1 to
0:100; v/v) to give 4 subfractions (Fr.1-4). Fr.2 (2.3 g) was separated into subfractions
Fr.2.1-2.3 by vacuum liquid RP-18 column (6 % 20 cm) chromatography. Fr.2.1 was
subjected to a Sephadex LH-20 column (3 x 60 cm) with MeOH as mobile phase,
followed by purification using semi-preparative HPLC to yield 2 (6.0 mg) and 6 (2.2
mg). Compounds 8 (2.5 mg), 5 (2.4 mg), 4 (2.5 mg) and 9 (2.1 mg) were obtained from
Fr.2.2 (68 mg) by semi-preparative HPLC (MeOH-H>O: 0-2 min, 40%; 2—-22 min, from
40% to 58%; 22—-30 min, 100%). Fr.3 (2.0 g) was separated into 5 subfractions (Fr.3.1—
3.5) by vacuum liquid RP-18 column chromatography (6 < 20 cm). From Fr.3.2, 10
(5.5 mg), 7 (3.4 mg), 1 (3.0 mg) and 3 (1.1 mg) were obtained by semi-preparative
HPLC (MeOH—-H>O: 0-2 min, 35%; 2—27 min, from 35% to 65%; 27-30 min, 100%).

Preparation of methyl ester 2a. To a stirred solution of 2 (5.4 mg, 0.014 mmol)
in approximately 10 mL of toluene-MeOH (3:2), an etheric solution of TMSCHN; was
added dropwise until the yellow color persisted (1.1-1.5 mmol).>! The mixture was
stirred for 30 min at room temperature and concentrated to give the corresponding
methyl ester 2a, which was further purified by CC using CH>Cl>-MeOH (5:1) as eluent.

Preparation of (R)- and (S§)-MTPA esters. Compound 2a (1.8 mg) was
dissolved in prydine (500 uL) and then transferred to an NMR tube. (S)-MTPACI (15.0
uL, 0.075 mmol) was added quickly. By shaking the NMR tube, the reagent and the
dissolved compound were mixed. After 10 h at room temperature and removal of

prydine, 'H NMR data were obtained in CD;OD for the (R)-MTPA ester (2b).

175



Publication 3

Following the same protocol, the (S)-MTPA ester (2¢) was produced.

Pestallic acid H (1): colorless needles; [a]p 25 (¢ 0.125, MeOH); UV (MeOH)
damax 205 nm; ECD (0.213 mM, MeOH), Amax (A€) 333sh (=0.77), 272sh (—1.64), 242
(=5.13), 213 (+14.68) nm; 'H and '3C NMR data, Table 1; HRESIMS m/z 370.2224
[M+Na]" (C22H2307Na, caled. 370.2224).

Pestallic acid I (2): colorless needles; [a]; —14 (¢ 0.125, MeOH); UV (MeCN)
Amax 207 nm; 'H and 'C NMR data, Table 1; HRESIMS m/z 369.1909 [M+H]"
(C12H2007, caled. 369.1908).

Pestallic acid J (3): yellowish oil; [a]p +4.5 (¢ 0.15, MeOH); UV (MeOH) Amax
203 nm; 'H and '3C NMR data, Table 1; HRESIMS m/z 411.2016 [M+H] * (C21H30s,
calcd. 411.2013).

Pestallic acid K (4): colorless needles; [a]y —24 (¢ 0.10, MeOH); UV (MeOH)
Amax 209 nm; 'H and '3C NMR data, Table 2; HRESIMS m/z 384.2014 [M+NH4]"
(C19H30NO», caled. 384.2017),

Pestallic acid L (5): colorless needles; [a], —20 (¢ 0.10, MeOH); UV (MeOH)
Amax 202 nm; 'H and '*C NMR data, Table 2; HRESIMS m/z 384.2023 [M+NH4]"
(C19H30NOy, caled. 384.2017).

Pestallic acid M (6): colorless needles; [a]; —26 (¢ 0.10, MeOH); UV (MeOH)
Amax 210 nm; 'H and '*C NMR data, Table 2; HRESIMS m/z 391.1728 [M+H]"
(C19H2807Na, caled. 391.1727).

Pestallic acid N (7): yellowish oil; [a]; —47 (c 0.1, MeOH); UV (MeOH) Amax
203 nm; ECD (0.213 mM, MeOH), Amax (A€) 343 (+0.70), 274sh (—2.75), 233 (—6.31),
206sh (+3.39) nm; 'H and *C NMR data, Table 3; HRESIMS m/z 370.2228 [M+NH,]*
(C1oH3:NOg, caled. 370.2224).

Pestallic acid O (8): colorless oil; [a]; —43 (¢ 0.10, MeOH); UV (MeCN) Amax
209 nm; 'H and *C NMR data, Table 3; HRESIMS m/z 391.1729 [M+Na]"
(C19H2807Na, calcd. 391.1727).

Pestallic acid P (9): yellowish oil; [a]; —97 (¢ 0.10, MeOH); UV (MeOH) Amax
207 nm; 'H and '3C NMR data, Tables 3; HRESIMS m/z 377.1930 [M+Na]*
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(C19H3006Na, calcd. 377.1935).

Pestallic acid Q (10): yellowish oil; [a]; —46 (¢ 0.15, MeOH); UV (MeOH)
Amax 211 nm; 'H and *C NMR data, Table 3; HRESIMS m/z 501.0742 [M+Na]"
(C19H27106Na, calcd. 501.0745).

Cytotoxicity and Antibacterial Assay. Kahalalide F (ICs04.3 pM) and
medium with 0.1% ethylene glycol monomethyl ether (EGME) in DMSO were used as
positive and negative controls, respectively, while the MTT method was applied for
measuring cytotoxicity against the mouse lymphoma cell line L5178Y as described
before.?? Antibacterial activity against Gram-positive bacteria Staphylococcus aureus
(ATCC29213), drug-resistant  Acinetobacter  baumannii  (BAA1605) and
Mycobacterium tuberculosis was evaluated using the microdilution method in alignment
with the CLSI guidelines using Muller Hinton broth for bacteria and 7H9 broth for
Mycobacteria.*?

Computational Section. Mixed torsional/low-frequency mode conformational
searches were carried out by means of the MacroModel 10.8.011 software by using the
MMFF with an implicit solvent model for CHCI3.>* Geometry re-optimizations were
carried out at the ®B97X/TZVP level with the PCM solvent model for MeOH. TDDFT-
ECD calculations were run with various functionals (B3LYP, BH&HLYP, CAM-B3LYP,
and PBEO), the TZVP basis set and the same PCM/MeOH solvent model as implemented
in the Gaussian 09 package.®> Electronic circular dichroism spectra were generated as
sums of Gaussians with 3600 and 4800 cm ™! width at half-height, using dipole-velocity-
computed rotational strength values.*® Boltzmann distributions were estimated from the
®B97X energies. The MOLEKEL software package was used for visualization of the

results.’’
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Acquisition Parameter

Source Type ESI len Polarity Positive Set Nebulizer 0.3 Bar
Focus Mot active Set Capillary 4000 WV Set Dry Heafer 180 °C
Scan Begin 50 miz Set End Plate Offset  -500V Set Dry Gas 4.0 Umin
Scan End 1500 miz Set Collision Cell RF 600.0 Vpp Set Divert Valve. Source
Intens.{ ™ +MS, 3.3-3.6min #198-215
x105
370,2224
1.5
1.0+
3171746
0.5 ¢
e 335.1851
3531956
287.1640 l
0.0 : L : 14 At - — L — T
300 320 340 360 380 miz
Meas. miz # lon Formula miz em[ppm] mSigma #mSigma Score rdb e Conf N-Rule
2001640 1 C1BH2303 2001642 06 44 1 10000 85 even ok
3171746 1 C18H2504 ITATAT 0.3 4.9 1 10000 7.5 even ok
2 C20H21N4 3171781 4.5 185 2 37980 125 even ok
3351851 1 C19H270S5 335.1853 0.5 286 1 100.00 6.5 eaven ok
2  C20HZIN4OQ 335.1866 4.5 1.7 2 4147 115 even ok
3531956 1 C10H2006 353.1050 0.8 6.6 1 10000 55 even ok
2 C18H21N10 353.1845 -3 10.7 2 61.14 115 even ok
3 C20H25N402 3531972 4.5 202 3 3821 105 even ok
3702224 1 C19H3ZNOS 370.2224 0.1 4.4 1 10000 45 even ok
2 C1eH24N11 aro.zz11 A7 6.5 2 4783 105 even ok
3 (C20H2BNSO2 370.2238 a5 17.4 3 4073 95 aven ok
3757771 C1BH2BNaOs 3751778 0.3 66 1 100.00 55 even ok
2 C16H20N10Na 3751765 -3.3 10.9 2 5177 115 even ok
3 C20H24N4NaD2 3751791 39 20.2 3 3781 105 even ok
Figure S1. HRESIMS of 1.
70.0 Peak #1 100% at 25.89 min
T % Mo spectra library hits found!
i 218.2
| 269 3
-10,04——————————— —————
200 250 300 350 400 450 500 550 595

Figure S2. UV spectrum of 1.
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Figure S3. '"H-NMR (600 MHz, CD30D) spectrum of 1.
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Figure S5. '"H-'H COSY (600 MHz, CD;0D) spectrum of 1.
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Figure S8. ROESY (600 MHz, CD30D) spectrum of 1.

186

£1 (ppm)

1 {ppm)



Publication 3

1.0%

Figure S9. Structure and population of the low-energy (= 1%) oB97X/TZVP
PCM/MeOH conformers of (5R,6S,7R)-1a.

A_oqu'i-s_ﬁi'nn Parameter

Source Type ESI lon Polarity Positive Set Nebulizer 0.3 Bar
Focus Mot active Set Capillary 4000V Set Dry Heater 180 *C
Scan Begin 50 m/z Set End Plate Offsel  -500V Set Dry Gas 4.0 Umin
Scan End 1500 miz Set Collision Cell RF 600.0 Vpp Set Divert Valve Source
Intens. +M5, 3.0-3.2min #1161-190
*109]
369.1909
3~
3911728
21 .
14 3331696
297,1484 315.1590 3511802
2851483 \ | I
i 5 by i ; i i d b ; L i "
280 300 320 340 360 380 400m/z
Meas. miz # lon Formula mfz err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
285.1483 1 C18H2103 285.1485 0.7 110.2 1 10000 B5 even ok
25871484 1 C19H2103 2971485 0.4 8.5 1 100.00 95 even ak
3151590 1 C20H19N4 315.1604 4.4 5.6 1 5285 135 even ok
2 C19H2304 315.1591 0.2 a9 2 100,00 85 even ok
33318968 1 C19H2805 333.1897 0.0 6.3 1 10000 75 even ok
2 C20HZ1N4O 333.1T10 4.0 18.8 2 38.58 125 even ak
3511801 1 C19H2TO6 351.1802 0.4 0.5 1 10000 65 even ak
2 C18H18N10 351.1788 3.5 T4 2 5086 125 even ok
3 C20H23N402 351.1816 4.2 134 3 3886 115 even ak
369.1909 1 C19H2907 369.1908 0.4 1.5 1 10000 55 even ak
2 CI1BH21N10D 369.1894 4.1 78 2 4340 115 even ak
3 C20H25N403 368.1921 32 12.3 3 4812 105 even ok
386.2175 1 C19H3IZNOT 386.2173 0.3 4.0 1 10000 45 even ok
2 GC1BH24N110 3862160 -3.8 85 2 4487 105 even ok
3 C20H2BNS03 3862187 31 = K:) 3 51.69 8.5 aven ok
3914728 1 C19H28NaOT7 agnarer -0.3 6.8 1 10000 55 even ok
2 C1BH20N10ONaO 391.1714 -3.8 07 2 4527 11.5 even ok
3 C20H24N4Na03 3911741 31 20.5 3 4385 105 even ok

Figure S10. HRESIMS of 2.
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100% at 17.74 min
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Figure S11. UV spectrum of 2.
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Figure S13. 3C NMR (75 MHz, CD;0D) spectrum of 2.
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Figure S14. 'H-'H COSY (300 MHz, CD3OD) spectrum of 2.
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Figure S16. HMBC (300 MHz, CD30D) spectrum of 2.
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Figure S17. ROESY (600 MHz, CDs;0OD) spectrum of 2.
Acquisition Parameter
Saurce Type ESI lon Polarity Positive Set Mebulizer 0.3 Bar
Focus Mot active Set Capillary 4000 vV Set Dry Heater 180 °C
Scan Begin 50 miz Set End Plate Offset  -500V Set Dry Gas 4.0 Vmin
Secan End 1500 miz Set Collision Cell RF 6000 Vipp Set Divert Valve Source,
Intens, +M5, 2.8-3 Imin #173-183]
€104
4112016
2.5
2.0
1.5 -
1.0
4122052
0.5
i " »:1311124 414,430
’ 410 411 412 413 414 415 “miz
Meas. m/z # lon Formula miz err[ppm] mSigma #mSigma Score rdb e Conf N-Rule

411.2016 1 CZ1H3I108 411.2013

Figure S18. HRESIMS of 3.
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70.0 Peak #1  100% at 21.94 min
% Mo spectra library hits found!
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Figure S20. '"H-NMR (600 MHz, CD30D) spectrum of 3.
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Figure S21. '"H-'H COSY (600 MHz, CD3OD) spectrum of 3.
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Figure S22. HSQC (600 MHz, CD30D) spectrum of 3.
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Figure S23. HMBC (600 MHz, CD30D) spectrum of 3.
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Figure S24. ROESY (600 MHz, CDs;0OD) spectrum of 3.
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Acquisition Parameter
Source Typa EsSl lan Polarity Posiive Set Nebulizer 0.3 Bar
Focus Mot active Set Caplllary 4000 Sel Dry Heater 180 *C
Scan Begin 50 miz Set End Plate Offset  -500V Set Dry Gas 4.0 limin
Scan End 1500 miz Set Collision Cell RF 600.0 Vpp Set Divert Valve Source
Intens. +M5, 3.4-3 6min #205-216]
x103
384,2014
1.04
0.84
3891567
0.6 -
0,44
0.2 3671747
s | e iy
0.0 - - ———— e Y 1 -
365 370 s 380 385 3490 395 miz
Meas. m/z # lon Formula miz err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
387.1747 1 C1BH2ZTOV 367.1751 1.3 140.3 1 10000 B5 even ok
3842014 1 G19H3IONOT 384.2017 0.8 10.0 1 10000 55 even ok
3891567 1 C19H26NaO7 388.15T1 1.0 72.0 1 10000 B5 even ok
Figure S25. HRESIMS of 4.
70.0 Peak #2 100% at 18.53 min
" Pe No spectra library hits found)
2178
| 267.5
10,04————— L L D D "|"'m:ﬂ
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Figure S26. UV spectrum of 4.
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Figure S28. 'H-'H COSY (600 MHz, CD;0D) spectrum of 4.
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Figure S29. HSQC (600 MHz, CD30D) spectrum of 4.
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Figure S30. HMBC (600 MHz, CD30D) spectrum of 4.
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Figure S31. ROESY (600 MHz, CD;0OD) spectrum of 4.
Acquisition Parameter
Source Type ESI len Polarity Positive Sel Nebulizer 0.3 Bar
Focus Not active Set Capillary 4000V Sel Dry Heater 180 °C
Scan Begin 50 miz Set End Plate Offset  -500V Set Dry Gas 4.0 Umin
Scan End 1500 mfz Set Collision Cell RF - 600.0 Vpp Sel Divert Valve Source
Intens. [ +MS, 2.2-2.4min ¥133-1
x105] +VHy
384.2023
1.25
1.004
0.754 3891575 -
0.50
s 3B85.2054 3911728
'- 387.2206 a90:t003 3921769
0.00 , 8 L AL Y S—
382 384 386 388 390 39z 3894 miz
Meas.m/z # lon Formula mfz err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
3842023 1 C10H3ONOT 3842017 -1.5 101.3 1 10000 55 even ok
2 CZ20H2BN503  384.2030 20 103.9 2 BOBB 105 even ok
3 C15H27CINSO 384.2022 03 174.7 3 188 65 even ok
3891575 1 C18H28NaOT  389.15T1 1.2 230.5 1 10000 65 even ok
3911728 1 C1BH2BNaOT  391.1727 -0.1 713 1 10000 55 even ok

Figure S32. HRESIMS of S.
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Figure S33. UV spectrum of 5.
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Figure S34. '"H-NMR (600 MHz, CD30D) spectrum of 5.
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Figure S35. 'H-'H COSY (600 MHz, CD;0D) spectrum of 5.
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Figure S36. HSQC (600 MHz, CD30D spectrum of 5.
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Figure S37. HMBC (600 MHz, CD30D) spectrum of 5.
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Figure S38. ROESY (600 MHz, CD;0OD) spectrum of 5.
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Acquisition Parameter
Source Type Esl lon Palarity Positive Set Mebulizer * 0.3 Bar
Focus ot active Sel Capillary 4000 V Sel Dry Heater 180 *C
Scan Begin 50 miz Sel End Plate Offset  -500V Set Dry Gas 4.0 U'min
Scan End 1500 miz Set Collision Cell RF - 600.0 Vpp Sel Divert Valve Source
Intens. ] +M5, 3.3-3.4min #198-206
X109
] 3911728
2.07
1.5 368:1908
1.04
386.2172
05 333.16594
315.1589 351.1799 360.3234 l
a0 l. ; L L, . h L i 1 L L
300 320 340 360 380 400 miz
Meas. miz # lon Formula miz err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
3601908 1 C19H2907 366,1908 -0, 4.5 1 10000 55 even ok
2 C16H21IN100 3601894 3.7 9.0 2 4584 115 even ok
3 C20H25N403 3681921 36 18.1 3 3972 105 even ok
3911728 1 C18H2BNaO7? 3e1 1727 0.2 a3 1 10000 &5 even ok
2 C16H20N10Mal 3811714 -3.6 123 2 4570 115 even ok
3 C20H24N4NaO3 3811741 3.2 21.9 3 4113 105 even ok

Figure S39. HRESIMS of 6.
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Figure S40. UV spectrum of 6.
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Figure S42. 'H-'H COSY (600 MHz, CD3;OD) spectrum of 6.
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Figure S43. HSQC (600 MHz, CD30D) spectrum of 6.
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Figure S44. HMBC (600 MHz, CD30D) spectrum of 6.
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Figure S45. ROESY (600 MHz, CD;0OD) spectrum of 6.
Acquisition Parameter
Source Type Esl lon Polarity Positive Set Nebulizer 0.3 Bar
Focus Mot active Set Capillary 4000V Set Dry Heater 180 °C
Scan Begin 50 miz Set End Plate Offset  -500V Set Dry Gas 4.0 IFmin
Scan End 1500 mfz Set Colligion Cell RF - 600.0 Vpp Set Diverl Valve Source
o - L
Inlmss, +WH, +MS, 3.2-3.4min #193-204]
x1097]
x 3702228
157
ID: i' -
] 3351855
e Ve
o] 3171750 Wl
: 2981643 | a
D.G‘ < 1 1 A M | i Ll. ; | PR ? il L ’ 336-121?6 .
280 300 320 340 360 380 400 miz
Meas. miz # lon Formula miz err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
2991843 1 C19H2303 299 1642 -0.4 74 1 100.00 85 even ok
3MTAT50 1 C19H2504 3T AT4T 08 14 1 100,00 75 even ok
2 C20H21N4 INTATE 34 146 2 5141 125 even ok
33518558 1 C19H2TOS 335.1853 -06 4.6 1 10000 B85 even ak
2 C20H23IN4D 335.1866 34 181 2 48.14 115 even ok
3482748 1 C18H3ANOS 3482744 08 6.2 1 10000 05 even ok
2 C18H34N5SO 348 2758 33 18.8 2 4871 55 even ok
3702228 1 C18H32ZNOS 3702224 =10 96 1 100,00 4.5 even ok
2  C18H24N11 3702211 46 11.5 2 4415 105 even ok
3 C20H28NS02Z 3702238 28 23.0 3 55.82 895 even ok
3751780 1 C190H28Na06 3751778 0.4 58 1 100,00 55 even ok
2 C16H20N10Na 3751765 -4.0 10,2 2 4453 115 even ok
3 C20H24N4NaD2 3751781 3.9 19.4 3 4544 105 even ok

Figure S46. HRESIMS of 7.
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Peak #3 100% at 25.12 min

70.0 % No spectra library hits found]
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Figure S47. UV spectrum of 7.
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Figure S48. '"H-NMR (300 MHz, CD30D) spectrum of 7.
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Figure S49. 3C-NMR (75 MHz, CD;0D) spectrum of 7.
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Figure S50. 'H-'H COSY (300 MHz, CD;0D) spectrum of 7.
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Figure S51. HSQC (300 MHz, CD30D) spectrum of 7.
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Figure S52. HMBC (300 MHz, CD30D) spectrum of 7.
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Figure S53. ROESY (600 MHz, DMSO-ds) spectrum of 7.
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Figure S54. Structure and population of the low-energy (> 1%) ®B97X/TZVP

PCM/MeOH conformers of (55,65,7R)-7a.
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Acquisition Parameter
Source Type ESI lon Polarity Paositive Set Mebulizer 0.3 Bar
Focus Not active Set Capillary 4000V Set Dry Heater 180 *C
Scan Begin 50 m'z Set End Plate Offset  -500 V Set Dry Gas 4.0 U'min
Scan End 1500 miz Sel Collision Cell RF  600.0 Vpp Set Divert Valve Source
Intens. +MS, 4.4-4. 6min #264-274)
x1ot
391:1729
3
3691910
2 .
1 386.2176 -
3988883
375.B713
c 355.3-‘]52 T i ] I ﬂz.mg? L ]. . |~ L Sgn Il " T L
385 avo ars 380 385 380 385 400 miz
Meas.m/z # lon Formula mfz err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
369.1910 1 C18H2907 360.1908 -0.6 1.4 1 10000 55 even ok
3911728 1 C19H28NaQT 3911727 0.5 13.7 1 10000 55 even ok
Figure S55. HREISMS of 8.
70.0 Peak #1 100% at 18.73 min
% Mo spectra library hits found!
| 2185
| 269 6
-10,04—————7— — "
200 250 300 350 400 450 500 550 505

Figure S56. UV spectrum of 8.
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Figure S58. 3*C-NMR (150 MHz, CD30D) spectrum of 8.
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Figure S59. '"H-H COSY (600 MHz, CD;0D) spectrum of 8.
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Figure S60. HSQC (600 MHz, CD30D) spectrum of 8.
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Figure S61. HMBC (600 MHz, CD30D) spectrum of 8.

o
o
W
=

7.0 6.5 6.0

A Ak JU_ML I OV W

F210

T
o
w

w

7.5 7.0 6.5 6.0 5.8 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
£2 (ppm)

Figure S62. ROESY (600 MHz, CD;0OD) spectrum of 8.
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Acquioltion F;a_nmotar
Source Type ESI lon Polarity Positive Set Nebulizer 0.3 Bar
Focus Not active Set Capillary 4000 V Set Dry Heater 180 °C
Scan Begin 50 m/z Set End Plate Offset  -500V Set Dry Gas 4.0 Umin
Scan End 1500 m/z Set Collision Cell RF  600.0 Vipp Set Divert Valve Source
'-
Inm‘ + Va +MS, 4.1-4.3min #243-259]
+ 377:3930
1.0+
_ 4+ Wiy
0.84
3722377 v
0.6
0.4 ;
369.1904 378,1964
0.24 365.1051 373.2409
og [RCEVENS WA S T
3625 365.0 367.5 3700 - 3725 3r5.0 arrs 380.0 3825 3850 mz
Meas. m/z # lon Formula m/z err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
3722377 1 C19H34NOB 372.2381 11 8.5 1 10000 35 even ok
3771930 1 C19H3ONaO6 377.1935 13 33 1 10000 4.5 even ok
Figure S63. HREISMS of 9.
70.0 Peak #4 100% at 21.83 min
P No spectra library hits found!
| 2320
‘10=0"'|""|""|"'|""|""\"'\“‘m"n
200 250 300 350 400 450 500 550 595

Figure S64. UV spectrum of 9.
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Figure S65. "H-NMR (600 MHz, CD30D) spectrum of 9.
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Figure S66. '"H-'H COSY (600 MHz, CD;0D) spectrum of 9.
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Figure S67. HSQC (600 MHz, CD30D) spectrum of 9.
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Figure S68. HMBC (600 MHz, CD30D) spectrum of 9.
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Figure S69. ROESY (600 MHz, CD;0OD) spectrum of 9.
Acquisition Parameter
Source Type ESI lon Polarity Paositive Set Nebulizer 0.3 Bar
Focus Mot active Sel Capillary 4000 V Set Dry Heater 180 °C
Scan Begin 50 miz Set End Plate Offset  -500V Set Dry Gas 4.0 Vmin
Scan End 1500 miz Set Collision Cell RF 600.0 Vpp Set Divert Valve Source
Infens. | 4 +MS, 3.1-3.3min #184-195
105 V.
L iJ 1 5010742 e
4 VH
15 gl
496,187
1.0+ .
057 5020773
497.1219
493.1244 JL 503..0?91'
00— : - : - ;
494 496 488 500 502 504 m'z
Meas. miz # lon Formula miz err[ppm] mSigma #mSigma Score rdb e Conf N-Rule
W3EFeE~ 1 CITHTN1204 4430708 0.1 248 1 10000 205 even ok
2  C19H12NBNaOs8 4430711 0.6 256 2 8851 185 even ok
3 C32H1103 4430703 -1.2 825 3 17.01 275 even ok
AG10844 1 C19H14NENaOT 451.0816 0.5 1.5 1 8473 155 even ok
2 CI1THSN1205 451.0813 0.1 39 2 10000 195 even ok
3 C32H1304 481.0808 -1.2 81.2 3 2508 265 even ok
4 C33HoN4 4610822 1.7 727 4 1451 3.5 even ok
496.1187 1 C18H31INOE 456,118 o7 08 1 100.00 4.5 ewven ok
2 C16H23IN11 4981177 -2.0 6.6 2 6547 10.5 even ok
3 CITH14N1306 496 1185 0.5 12.8 3 8467 17.5 even ok
4 C3IZH18NOS 486.1179 -1.5 725 4 16.33 245 eaven ok
5 C33H14N50 496.1193 12 B3.8 5 11.36 295 even ok
501.0742 1 C19H27INaD& 501.0745 06 84 1 100.00 55 even ok
2 C20H18N2Na012  501.0752 20 193 2 7404 125 even ok
3 CATHION12NaOB 501.0738 -0.7 203 3 77.05 185 even ok
4 C18HEN16Na02 501.0752 20 336 4 4002 235 even ok
5 C3ZH14Na05 501.0733 -1.7 78.8 5 1340 255 even ok
6 C3I3H10N4NaO 501.0747 1.0 803 6 982 205 even ok

Figure S70. HREISMS of 10.
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70.0 Peak #1 100% at 25.16 min
% Mo spectra library hits found!
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Figure S71. UV spectrum of 10.
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Figure S72. '"H-NMR (600 MHz, CD30D) spectrum of 10.
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Figure S73. 3*C-NMR (150 MHz, CD3OD) spectrum of 10.
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Figure S74. '"H-'H COSY (600 MHz, CD;0D) spectrum of 10.
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Figure S75. HSQC (600 MHz, CD30D) spectrum of 10.
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Figure S76. HMBC (600 MHz, CD30D) spectrum of 10.
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Figure S77. ROESY (600 MHz, CD;0D) spectrum of 10.
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"H-NMR (600 MHz, CD;0D) spectrum of 2a.
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Figure S79. EISMS of 2a.
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Figure S80. '"H-NMR (600 MHz, CD30D) spectrum of 2b.
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Figure S81. '"H-H COSY (600 MHz, CD;0D) spectrum of 2b.
Acguisition Parameter
Source Typs Esl lon Palarity Positivi St Nabukzer 0.3 Bar
Focus MNat active Set Capillany 4000V Sat Dry Heatsr 80 °C
Scan Bagin B0 miz Set End Plate Offset 500V Sat Dry Gas 4.0 Viren
Scan End 1500 miz Set Calksion Cell RF - 600.0 Vpp Sat Divest Valve Sourca
+
Iriisne, +ME, 2.7-2 feriin A163-17
w105, A
20 1048 3533
+
15 b
1
in 10493568 34 -
1053.3080
1s
05 i 1054 3132
1050.3602 %
e 1085 3159
oo A L.
1044 10 048 1050 1052 1054 1058 1058 10Ed  miz
Meas. miz  # lon Formula miz & [ppm] mSigma #mSigma Score b e Cenf
1048.3538 1 CATHSaNSO1E 1048 3530 08 124 1 10000 255 even
2 CABHSIN1INS 10483544 0.5 28 3 93BT 305 even
3 CHIHSAN3O2Y 1048 3557 18 24.4 3 3Bl 245 even
4 CASH42INZI00 1048 3530 <08 53 4  BLIT M5 ewen
5 CHEH4ENITON 1048 3557 16 35 E X3 355 gwan
G CaBHIINITOR 1048 3544 ns LT | 6 5331 415 ewven
7 CATHMNIIO 1048 55T 18 49.0 T 1684 485 even
8 CBIH4EN1108 1046 3525 13 B27 8 P01 435 ewan
B CEIHEENO 1048 3538 oo BB 8 1615 3ATE oven
10 CEIHAZNTS0M 10483538 0.0 #3.7 10 1105 485 even
11 CBAHEONSOMD 1048 3552 1.3 5.8 " 500 428  even
12 CE2H3IEN1B 1048 3852 13 1048 12 328 535 even
13 CTEH4EN30Z 1048.3534 0.5 1604 13 019 555 aven
0533080 1 C4THSONSNal1§ 10833084 0.5 7a 1 10000 288 even
2 C43H4EN12NaD15  1053.3008 0.7 83 2 8758 315 even
3 CA4HEZNIBNaOIE 10533071 -1.8 123 3 3936 325 aven
4 CASHIBNZ2ZMald 1053 3084 <15 148 4 BBAE ATE even
5 CABH3MN4Na0ZI 05T 1.8 18.2 5 3740 215 even
6 CAFHIDNIINAOG 53307 -1.8 209 B 2668 435 aven
7 CABH34M28NalCs 1063, 3068 ar 22.8 7 5361 425 even
8 CATHIOM3OMaD 0533111 20 3z B 1747 475 even
8 CHEDH42MNIONa08 1053.3079 10 B5.3 ] 1858 445 avan
0 CEIHZIMaD14 10533083 13 673 10 2333 36 even
11 CETHMNISNa04 10533093 n2 TEA4 1" 1664 495 ewven
12 CE4H4GN4ANa0 10 10533106 1.5 TE.4 12 T8 435 evan
13 CEZH3I4N1ENa 1053 3106 i85 aTe 13 487 545 ewven
14 CTEH42M2ZMa03 10533088 02 1426 14 058 E65  ewven

Figure S82. HRESIMS of 2b.
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Figure S83. '"H-NMR (600 MHz, CD30D) spectrum of 2c.
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Figure S84. 'H-'H COSY (600 MHz, CD3;OD) spectrum of 2c.
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Acquisition Paramater

Source Type ESI lan Polarity Pasitive: Set Mebulizer 0.3 Bar
Focus Mol @etive Set Capillary Sed Ory Haslar 1805
Scan Bagin S0 e Sal End Plate Offset =500\ ry Gas 4.0 innin
Sean End 1500 AvE Sal Charging Wallage ov Set Diver Valve Sourca
Sat Comona Qind Sel APCI Heater oec
Irtans, +MI5, 2.7.2.9min #167-172
=105,
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10483535
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10
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Figure S85. HRESIMS of 2c.
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Discussion

5. Discussion
5.1. Prenylated indole alkaloids from Aphanoascus fulvescens

Aphanoascus fulvescens is a keratinophilic saprotrophous fungus. The previous studies
related to A. fulvescens were mainly focused on its ability for biodegradation of feather waste
keratin rather than secondary metabolites except for the discovery of two amines WF14865 A
and B (Bohacz, 2017; Otsuk ef al., 2000). As mentioned in chapter 2 (publication 1), five new
prenylated indole alkaloids okaramines V-Z, together with eleven known derivatives were
obtained from solid rice medium fermentation of coprophilous fungus A. fulvescens.

Okaramines are representative prenylated cyclic dipeptide derivatives consisting of two
L-tryptophan molecules. Most of them were isolated from Aspergillus spp. and Penicillium spp.
(Matsuda, 2018). In addition to the remarkable polycyclic structures, okaramine analogues are
different in the numbers and positions of regular or reverse prenyl moiety in the indole ring
(Figure 5.1.1). For example, okaramine V (Figure 5.1.2) possesses two reverse prenyl moieties
at C-2 and N-1, S possesses two regular prenyls at C-7 while Z features two reverse prenyl
moieties at N1. Interestingly, in the structures of okaramines reported so far, prenylation at C-
1, C-2, C-7 and N-1 was observed, however, no prenylation at C-6 was found until the isolation

of okaramine W from A. fulvescens.

indole/indoline regular prenyl moiety reverse prenyl moiety
Figure 5.1.1. Numbering of prenyl and indole/indoline moieties.

The biosynthetic pathway of okaramines, as well as other prenylated indole alkaloids
such as aszonalenin, roquefortine C was suggested to start from tryptophan and dimethylallyl
diphosphate (DMAPP) based on feeding experiments with isotope-labelled precursors
(Jakubezyk et al., 2014). Cyclo-L-Trp-L-Trp was assumed to be the common precursor for
okaramine W and its analogues due to the high similarity of core structures. The distinct
prenylation at C-6 in okaramine W from A. fulvescens might result from yet unknown

prenyltransferases which can accept the tryptophan-containing cyclic dipeptide (a) and convert
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it to derivative with a prenyl moiety at position C-6.

_ X
Hi
(0] N_=
T N
N /AN

okaramine V okaramine S okaramine Z

Figure 5.1.2. Structures of okaramines.

As far as we know, several prenyltransferases such as 7-DMATS, FgaPT2 and FtmPT1
were shown to participate in prenyl transfer reactions (Grundmann and Li, 2005). These
enzymes were suggested to accept dimethylallyl diphosphate was specific prenyl donor (Steffan
et al.,2009). Moreover, tryptophan derivatives, such as tryptophan-containing cyclic dipeptides
(a) could be converted to different prenylated metabolites by them. For example, purified
prenyltransferase gene FtmPT1 was identified in the genome sequence of Aspergillus fumigatus.
It encoded for an enzyme which catalyzes the prenylation of cyclo-L-trp-L-Pro (brevianamide
F) at the C-2 position of the indole nucleus (Grundmann and Li, 2005). With the same strategy
as shown in figure 5.1.3 (Li, 2010), corresponding derivatives with prenyl moieties at N-1, C-
2, C-3, C-4 and C-7 could be obtained. In addition to okaramine W, prenylated peptide
arestrictin B from Aspergillus penicilloides (Itabashi et al., 2006), isocochliodinol from
Chaetomium spp. (Sekita, 1983) were also obtained with regular prenylation at positions C-6.
These cases make it interesting to assume that one or a group of indoles prenyltransferase genes
could be identified in the genome sequences of fungi strains including A. fulvescens as well as
Aspergillus penicilloides and Chaetomium spp. to catalyze the prenylation at the C-6 in cyclic
dipeptides. Further molecular biological and biochemical work following the procedures for

discovery of FtmPT1 needs to be conducted to prove our assumption above.
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Figure 5.1.3. Prenyltransfer reactions catalyzed by different prenyltransferases.

5.2. Acetylenic natural products from Pseudopestalotiopsis theae

As described in publication 2, eighteen new polyketide derivatives named pestalotheols
I-Q and cytosporins O—W were identified during the chemical investigation of secondary
metabolites from the endophytic fungus Pseudopestalotiopsis theae. These compounds can be
divided into two groups based on their structural features. Pestalotheols [-Q feature an alkenyl
or alkynyl group, while cytosporins O—W possess alkyl side chains. New metabolites
pestalotheols L, M and the co-isolated known compound truncateol B bear internal alkynyl
functions between C-10 and C-11, making them distinct from other analogues.

Acetylenic natural products include compounds which possess a carbon-carbon triple
bond or alkynyl functional group. They occur in fungi, marine algae, plants and other sources.
There are a number of drugs on the market containing alkyne groups. Efavirenz (EFV) which
was sold under the brand names Sustiva, is a drug widely used for prevention and treatment of

HIV-AIDS (Bastos et al., 2016). Bacterium (Micromonospora echinospora) derived

228



Discussion

calicheamicins are a class of antitumor antibiotics featuring an enediyne unit (Shen ez al., 2015).
In chemical synthesis, terminal alkynes are able to act as reactive units in click chemistry
reactions (Thirumurugan, Matosiuk and Jozwiak, 2013). Inspired by the wide use of acetylenic
natural products, interest in synthetic chemistry and synthetic biology continue to grow. To the
best of our knowledge, acetylenases are involved in biosynthesis of the alkyne moiety in natural
fatty acid (Jeon et al., 2020), amino acids (Marchand et al., 2019) as well as polyketides (Zhu
et al., 2015). A recent study suggests that an unprecedented cytochrome P450 enzyme Bis/
participates in the construction of the alkyne moiety in acetylenic meroterpenoid biscognienyne
B (Lv et al., 2020).

In a previous report, acetylenic cyclohexene epoxide asperpentyn and acetylenic phenol
siccayne were re-isolated from a Pestalotiopsis sp. (Klaiklay et al., 2012). These metabolites
and pestalotheols in publication 2 show high structural similarity to biscognienyne B, as well
as to the truncateols from Truncatella angustata. Truncateols are supposed to originate through
the shikimate pathway following the marine-derived acetylenic natural products oxirapentyns
(Yurchenko et al., 2014; Zhao et al., 2018). Hereby, a plausible hypothesis for the biogenetic

pathway of pestalotheols is shown.

. WQA W W

pestalotheol D pestalotheol K truncateol B truncateol D
H i 0 H Q \/
02 02 = o H “
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Figure 5.2. Plausible biosynthetic pathway for related compounds from Pseudopestalotiopsis
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theae.

o-Prenylated phenol (a) which might undergo prenylation and alkynylation reactions is
suggested to be the precursor of b. Pestalotheol D which undertakes reduction, epoxidation to
form pestalotheol A and P, is assumed to be one of the products during the formation of b by
oxidation and heterocyclization. Pestalotheol Q is thus formed from P via acetylation. An
epoxide group at the isoprenyl side chain is derived in key intermediates ¢ and d via
oxygenation and reduction. Pestalotheol K, truncateol B and D are supposed to be derived from
¢ by reduction, olefinic rearrangement. Meanwhile, d undertakes cyclization, reduction and
hydrolysis in the hydroquinone ring to generate pestalotheol M and L, respectively. On the one
hand, pestalotheol M undergoes t a double hydride reduction (Gubbels et al., 2016) to generate
pestalotheol N, which produces pestalotheol I by olefinic rearrangement, hydration and
oxidation. At the same time, the compound may undertake C-5 chlorination and acetylation to
form truncateol H and pestalotheol O, respectively. On the other hand, pestalotheol J is derived
from M via the same way as for pestalotheol I.

As we can see, all compounds in figure 5.2 displayed R configuration at C-6 and S at C-
9. This may imply that the reduction of intermediate b to form hydroxy group in ¢ is
stereospecific, which is different from the case for truncateols (Zhao et al., 2018). Moreover,
the hydrolysis in the hydroquinone ring of d made it possible for the co-existence of
pestalotheol I, N and J, L. Except for the examples of acetylenases in biosynthesis of the alkyne
moiety, the genetic basis for alkyne formation is still poorly understood. Therefore, there is a
long way to go for the exact gene cluster and biosynthetic pathway of acetylenic compounds

from Pseudopestalotiopsis theae.

5.3. Inducing iodinated secondary metabolites through halogen incorporation experiment

Fermentation of the endophytic fungus Pestalotiopsis lespedezae on solid rice medium
led to the isolation of ambuic acid and one of its derivatives as major metabolites. These two
compounds displayed antimicrobial activity against the Gram-positive bacterium
Staphylococcus aureus as reported (Ding et al., 2009). In order to expand the chemical diversity

of the fungus P. lespedezae, halogen incorporation experiments were conducted by adding
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halide salts such as 3.5 % sodium chloride, 3.5 % sodium bromide and 3.5 % sodium iodine to
solid rice medium. Based on previous research, the experiment of sodium fluoride was excluded
(Li et al., 2013). Chromatographic profiles from crude extracts with or without addition of
different salts to solid rice medium suggested that halogen incorporation experiments with
sodium bromide were s most interesting due to the appearance of new peaks. Further separation
of'its crude extract yielded ten new ambuic acid derivatives, pestallic acids H-Q, including one
iodinated new natural product, pestallic acid Q. These new metabolites were not detected in
cultures of the fungus grown on solid rice medium lacking sodium iodide or in those where
sodium iodide had been replaced by sodium chloride or sodium bromide, thus highlighting the
power of halogen incorporation experiment. As described, the structures were determined by
1D and 2D NMR data in combination with HRESI results. Mosher’s method and TDDFT-ECD
calculations were applied for absolute configuration assignment.

Pestallic acids H-P are new analogues of the known compound ambuic acid, but mainly
differ from it by the absence of epoxides between C-5 and C-6. The new compounds can be
divided into three groups, H-M, N—P and Q according to the difference at C-5. Pestallic acids
H-M were assigned as SR while N-P were determined as 5S. Moreover, the hydroxy group that
is attached to C-6 in co-isolated pestallic acids H-P, was converted to C-5 in pestallic acid Q.
Meanwhile, regioselective conversion of epoxides to halohydrins resulted in different
orientations of the hydroxy group at C-5 and of the iodine atom at C-6 (Wu et al., 20006).
Therefore, ambuic acid was suggested to be the precursor of pestallic acid Q. The intermediate
b which features a double bond at C-5/C-6 may be the key precursor in the biosynthetic pathway.
A Michael addition reaction of b with HoO will generate C-5 epimers, which is reasonable for
the formation of H-N and O-P, respectively. Ambuic acid was suggested to be the precursor of

pestallic acid Q.
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Figure 5.3.1. Plausible biogenetic pathway of ambuic acid derivatives.

Above all, a plausible biogenetic pathway was given. The isolated ambuic acid
derivatives including the new compounds pestallic acid H-Q originate from the polyketide
pathway (Yuan ef al., 2017). Elimination of water from the hypothetic precursor a is suggested
to yield product b which features a double bond at C5/C6. A Michael addition reaction of b
with H20 in two manners will generate pestallic acids H and N which will undergo oxidation,
reduction or acetylation to form pestallic acids [-M, O and P. On the other hand, ambuic acid
likely originates from intermediate b via oxidation (Murray et al., 2018). Ambuic acid
derivatives are derived from ambuic acid via acetylation while the iodinated compound pestallic
acid Q may be assumed to be derived via a ring-opening reaction of the epoxide group of
ambuic acid with iodine (Wu et al., 2006). Exposed to air, iodine anions (I") from Nal solutions
are slowly oxidized by atmospheric oxygen to molecule iodine (Figure 5.3.2) (Galvez, et al.,
2016). The appearance of intermediate b is reasonable as both SR and 55 isomers (H and N, I
and O) coexist. In order to exclude that pestallic acid Q might be an artifact formed during
fermentation of the fungus in presence of Nal, ambuic acid was incubated in a mixture of MeOH
and water adjusted to pH value of 3 in presence of 3.5% Nal for more than 48 h at room

temperature. No generation of pestallic acid Q was observed.
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ring-opening
ambuic acid pestallic acid Q

Figure 5.3.2. Plausible strategy for generation of pestallic acid Q.

Several chlorinated and brominated natural products were obtained from fungal
endophytes (Li et al., 2008; Wang et al., 2016). However, iodinated natural products are
extremely rare, the few examples reported so far include iodinated meroterpenes and
polyhalogenated indoles from the red algae Callophycus sp. and Rhodophyllis membranacea,
respectively (Lavoie et al., 2017; Woolner et al., 2016). As far as we know, fungi will not accept
iodine, further interesting research on specific enzymatic halogenation in vitro and in vivo may
be possible to support the biosynthetic pathway supposed above and the enzymatic catalysis of
iodinated metabolite in the future (Weichold ez al., 2016).

In recent years, there were several top-selling halogens containing drugs on the market,
examples include the brominated anti-anxiety agent bromazepam, fluorinated statins
rosuvastatin and ledipasvir (Zhou et al., 2016). Halogen substituents in natural molecules play
an important role for their bioactivities. The chlorine substituent in salinosporamide A, a
promising drug candidate entering the phase I human clinical trials for multiple myeloma
treatment as 20S proteasome inhibitor (Niewerth et al., 2014), may enhance proteasome
inhibition through more favorable binding energy while providing the parallel benefit of
increased potential for membrane permeability (Groll et al., 2006). Compared to chemical
halogenation, which most of the time requires harsh conditions, biosynthesis of halogenated
natural products has a great advantage and should be a valuable approach for structural

modification of the natural products for drugs research.
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List of abbreviations

BGCs Biosynthetic gene clusters

CD3;OD Deuterated methanol

CDCl3 Deuterated chloroform

CH2Cl» Dichloromethane

COSY Correlation spectroscopy

1D One dimensional

2D Two dimensional

DMAPP Dimethylallyl pyrophosphate

DMSO Dimethyl sulfoxide

DMTCI 4,4'-Dimethoxytrityl chloride

etal. et altera (and others)

ECD Electronic circular dichroism

EtOAc Ethyl acetate

FDA Food and drug administration (United States)
HMBC Heteronuclear multiple bond connectivity

HMG-CoA 3-Hydroxy-3-methyl-glutaryl-CoA

HPLC High performance liquid chromatography
HRESIMS High resolution electrospray ionisation mass
HSQC Heteronuclear single quantum coherence spectroscopy
Hz Hertz

ICso Half maximal inhibitory concentration

ITS Iternal transcriber spacers

IL Interleukin

KBr Sodium bromide

LPS Lipopolysaccharides

MeOH Methanol

mg Milligram

mm Millimeter
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mL Milliliter

MS Mass spectrometry

MHz Mega Herz

min Minute

MIC Minimum inhibitory concentration

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(R)-MTPA-CI  (R)-(-)-a-methoxy-a-(trifluoromethyl)phenylacetyl chloride
(S)-MTPA-Cl  (S)-(+)-a-methoxy-a-(trifluoromethyl)phenylacetyl chloride

MW Molecular weight

NaCl Sodium chloride

NaF Sodium fluoride

Nal Sodium iodide

NMR Nuclear magnetic resonance spectrometry
NOE Nuclear Overhauser effect

OSMAC One Strain MAny Compounds

PDB Potato dextrose broth

ROESY Rotating frame overhauser effect spectroscopy
RP 18 Reversed phase C18

TNF-a tumor necrosis factor o

Time-dependent density functional theory-electronic circular

TDDFT-ECD
dichroism
uv Ultra-violet
VLC Vacuum liquid chromatography
uM Micromolar
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