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1. Introduction

In the past, drugs were exclusively of natural origin either from plant sources, animal
products or inorganic materials. The oldest known folk medicine is the Egyptian one
which dates back to 2900 BC and the oldest well-known record is the Egyptian
“Ebers Papyrus”, dating back from 1500 BC that has documented more than 700
drugs, mostly of plant origin (Borchardt, 2002). The documented Chinese medicine
system “Materia Medica” has been recorded from 1100 BC. Similarly, the documents
of the “Indian Ayurvedic” medicine date back from 1000 BC. The ancient Greeks and
Romans made a substantial contribution to develop the use of herbal drugs, e.g.
Dioscorides (100 CE) and Galen (130-200 CE). Latter (5"-12" centuries), the Arabs
improved by their own resources and preserved the Greco-Roman systems of herbal
medicine, together with Indian and Chinese herbs unknown to the Greco-Romans
(Cragg et al., 2009). The folk medicine system ultimately led to the development of
the science of pharmacognosy, which deals with the scientific description of natural
products (Dewick, 2009). With the improvements of chemistry and especially
spectroscopic methods like NMR, the active constituents responsible for herbal

activity were isolated, structurally elucidated and biologically evaluated.

1.1 Microorganisms as potential sources of natural paroducts

Among the natural sources, the potential of microorganisms in drug discovery is
recently exploited. Many of the drugs especially the antibiotics currently in the
pharmaceutical market have been reported from microorganisms. The most famous
antibiotic is the penicillin produced by a fungal Penicillium chrysogenum (previously
known as P. notatum) which was discovered by Nobel laureate Alexander Fleming in
1928. The clinical use of penicillin in 1940s opended a new area of drug discovery,
followed by the isolation of a huge number of antibiotics from microbes, e.g.
cephalosporins from a fungal Cephaosporium sp. Latter, the derivatization of many
antibiotics, which were discovered until the early 1970s, established a new
generations of clinically useful antibiotics (Overbye & Barrett, 2005; Kelecom, 2002).

In 1949, Harold Raistrick initiated the first systematic study of fungal metabolites,
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and made a fertile contribution to the recognition of fungi as a major source of

natural products (Saleem et al., 2007).

The production of metabolites from microorganisms, especially of fungi and bacteria,
is a rapidly growing field as can be observed from the increased number of reviews
concerned with this topic. The culturable microorganisms can be manipulated and
processed due to their small size and huge reproduction capabilities (Kelecom,
2002). The scalling up and mass production are relatively easy in microorganisms
where they can be grown in large-volume. Many microorganisms can be stored for
an indefinite time, ensuring availability of the targeted source organism. The
microorganisms can be manipulated both physicochemically and genetically to

increase yields of desired natural products (Okami, 1986; Kharwar et al., 2011).

The presence of many fungal metabolites in the
pharmaceutical market indicating the potential of
microorganisms as valuable sources of lead
drugs, e.g. the antibacterial terpenoid fusidic acid
(Fucidine®), the antibiotic polyketide griseofulvin
(Likuden M®), semi-synthetic or synthetic
penicillins and cephalosporins, macrolides, statins
as well as the ergot alkaloids such as ergotamine
(Ergo-Kranit®) (Hamilton-Miller, 2008; Butler,
2008). cl

griseofulvin

A class of antimicrobial agents that remained largely undeveloped for human clinical
use is the nitro-containing natural products. Parry et al. (2011) reported more than
200 naturally occurring nitro compounds, most of them of microbial origin and many
of them with antimicrobial and cytotoxic activities. The best known example of these

nitro-containing compounds is the antibiotic

chloramphenicol. Chloramphenicol is produced by QH
Streptomyces venezuelae (Brock, 1961) and several other OH

. - . . . . HN
actinomycetes. It exhibits antibacterial activity against O,N COCHCl,

both Gram-positive and Gram-negative bacteria. chloramphenicol
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Chloramphenicol blocks fundamental ribosomal functions through binding to the 50S

ribosomal subunit (Parry et al., 2011).

1.2 Endophytic fungi

The term ‘endophyte’ was introduced by De Bary (1866) to define all
microorganisms, such as fungi, bacteria, cyanobacteria and actinomycetes, which
live within plant tissue for at least part of its life without causing apparent disease to
the host. Bacon and White (2000) have stated a conclusive and broadly accepted
definition of endophytes: “microbes that colonize living, internal tissues of plants

without causing any immediate, overt negative effect”.

Endophytes are ubiquitous and have been found in all the species of plants studied
to date and the fungal endosymbionts are more reported. Endophytic fungi are
considered as the hidden members of the microbial world and represent an under-
utilized resource for new compounds, since they have received less attention than
their more pathogenic relatives because they generally exist asymptomatically
(Kharwar et al., 2011).

Studies of these endophytic fungi indicate that they are prolific producers of bioactive
natural products. After the isolation of taxol (potent microtubule stabilizer) from an
endophyte of northwest Pacific yew (Stierle et al., 1993), researchers have reported
the identification of several other important anticancer agents from fungal
endophytes including camptothecin and several analogues, vincristine, and
podophyllotoxin (Kharwar et al., 2011). Kharwar et al. (2011) reported one hundred
anticancer compounds which were separated from endophytic fungi between 1990
and 2010. Many of these compounds were isolated exclusively from endophytes in
culture, while other compounds had been previously reported as chemical
constituents of higher plants. Taxol was isolated from the plant Taxus brevifolia and
also produced by the endophytic fungus Taxomyces andreanae (Stierle et al., 1993).
Also podophyllotoxin was isolated from the rhizomes of Podophyllum peltatum and
has been reported to be produced by the endophyte Phialocephela fortinii (Eyberger
et al., 2006). Podophyllotoxin is a valuable natural product as lead drug for several
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therapeutic agents, including the anticancer drugs etoposide, teniposide and
etoposide phosphate (Canel et al., 2000). Further examples are the tetramic acid
derivatives which are an important class of nitrogen heterocycles with a pyrrolidine-
2,4-dione core as a key structural motif. The sea weed-derived fungus Microdiplodia
sp. produced the tetramic acid derivative Sch210972 which was shown to inhibit
human leucocyte elastase (HLE) with an ICso of 1.04 pg/mL (Neumann et al., 2009).

OH
0 B
/}L-o O OH o]
{ o
o) S '”&g
(0] l;lH (0] B o
- o P
z OH O ¢
OH o \ﬂ H3CO OCHjy

o} OCHj

paclitaxel (taxol) podophyllotoxin Sch210972

Another example demonstrating the potential role of endophytes for natural products
discovery, is the pestalone. Pestalone is a chlorinated benzophenone antibiotic
which was produced by a co-cultured endophytic algal marine fungus/unicellular
marine bacterium strain CNJ-328. Pestalone exhibits moderate in vitro cytotoxicity
and shows potent antibiotic activity against methicillin-resistant Staphylococcus
aureus (MIC = 37 ng/mL) and vancomycin-resistant Enterococcus faecium (MIC =78
ng/mL), indicating that pestalone should be evaluated in advanced models of
infectious disease (Cueto et al., 2001). Pestalachlorides A-C, three new chlorinated
benzophenone derivatives, have been isolated from cultures of an isolate of the plant
endophytic fungus Pestalotiopsis adusta. Pestalachloride A was obtained as a
mixture of two inseparable isomers, whereas pestalachloride C was found to be a
racemic mixture. Compounds pestalachloride A and B displayed significant

antifungal activities against some plant pathogens (Li et al., 2008).



Introduction -5-

pestalone pestalachloride A

Pestalone can be readily converted into pestalachloride A, by simple treatment with

ammonia at pH 8 (Slavov et al., 2010).

1.3 Marine natural products

Marine natural products are compounds produced by marine plants, invertebrates
and microorganisms. Terrestrial plants and microorganisms have been in the focus
for the search of new drug skeletons from nature, although about 70% of our planet's
surface is covered by oceans (Proksch et al., 2002). The isolation of valuable
amounts (2-3%) of prostaglandin esters from the gorgonian soft coral Plexaura
homomalla (sea whip) by Weinheimer and Spraggnis (1969) is considered as the
starting point of the “Drugs from the Sea” (Proksch et al., 2002; Dewick, 2009).
Prostaglandins occur mainly in mammalian tissues but only in very low amounts, and
they have many pharmacological activities including contraction and relaxation of
smooth muscles of the uterus (obstetrics), the cardiovascular system, the intestinal
tract, and of bronchial tissue. They also inhibit gastric acid secretion, control blood

pressure and suppress blood platelet aggregation, as
o) COOH

‘\\\\/\/\/

well as acting as mediators of inflammation, fever and

allergy. The studies on synthetic prostaglandins
demonstrated that biological activity is effectively Hé

HO

confined to the natural enantiomers, e.g. the unnatural _
alprostadil

enantiomer of PGE; had only 0.1% of the activity of the PGE,

natural one (Dewick, 2009).
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Due to the structurally unique and pharmacologically active compounds of marine
origin, marine organisms such as fungi, sponges, tunicates, shell-less mollusks,
mangrove plants and others are continuously attracting attention, e.g. the
kahalalides consist of a family of structurally unrelated depsipeptides and were first
identified from the herbivorous marine mollusk Elysia rufescens, E. ornata and E.
grandifolia and later from their algal diet Bryopsis pennata and B. plumosa. They are
highly variable in size and composition, ranging from a Cj; tripeptide to a Cs7
tridecapeptide, with different fatty acids in each peptide. Kahalalide F (KF) and isoKF
are highly active compounds of this family, and have been evaluated in phase Il
clinical trials in hepatocellular carcinoma, non-small-cell lung cancer (NSCLC) and
melanoma. The kahalalides would represent the first anticancer drugs that can inhibit
tyrosine kinase ErbB3 (HERS3) receptors (Gao & Hamann, 2011). The new derivative
kahalalide R was found to exert higher cytotoxicity than kahalalide F toward the

MCF7 human mammary carcinoma cell line (Ashour et al., 2006).

The reason behind the potent activity of the many marine metabolites could be that
they are released into the water and rapidly diluted. Therefore, they need to be
highly potent to have, for example, a defensing effect for the host (Raghukumar,
2008). An example of a potent marine-derived compound is the new breast cancer
drug eribulin, which significantly extends survival for advanced breast cancer.
Eribulin mesylate is a synthetic analogue of halichondrin B, a product isolated from
the marine sponge Halichondria okadai (Bai et al., 1991; Dabydeen et al., 2006).
Both compounds, the natural product halichondrin B as well as its synthetic analogue
E-7389 (Eribulin mesylate), are potent irreversible inhibitiors of tubulin assembly
(Kuznetsov et al., 2004). Recently, the FDA has approved eribulin mesylate injection
(Halaven®) for the treatment of metastatic breast cancer (Press release,
http://www.fda.gov/NewsEvents/News-room/PressAnnouncements/ucm233863.htm,
Retrieved November 15, 2010).
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eribulin mesylate
(E-7389)

Another example relates to the tropical cone snail toxin ziconotide, which is a
synthetic analogue of a naturally occurring 25-amino acid peptide, w-conotoxin
MVIIA, isolated from the venom of the fish-hunting marine snail Conus magus (Gao
& Hamann, 2011). It was the first marine-derived compound approved by FDA in
December 2004 as a potent analgesic. Its analgesic effect is comparable to that of
the opioid analgesics, e.g. morphine, with different mode of action. It binds to N-type
calcium channels on nerve cells in the spinal cord and blocks their ability to transmit
pain signals to the brain (Bingham et al., 2010). Ziconotide is currently used to
alleviate pain associated with malignant diseases in patients with cancer or AIDS
and as analgesic for nonmalignant neuropathic pain for patients who are intolerant or
refractory to other treatments, such as systemic analgesics, adjunctive therapies or
intrathecal (IT) morphine (Rauck et al.,, 2009). Unlike the opioid analgesics,
ziconotide does not cause tolerance or addiction (Gaur et al., 1994). The approval of
ziconotide by FDA in 2004 has paved the way for other marine-derived compounds

moving through clinical trials.

Cys-Lys-Gly-Lys-Gly-Ala-Lys-Cys-Ser-Arg-Leu-Met-Tyr-Asp-Cys-Cys-Thr-Gly-Ser-Cys-Arg-Ser-Gly-Lys-Cys-NH,

w-conotoxin MVIIA

A further example for a marine drug is trabectedin,
which was originally isolated from the marine tunicate
Ecteinascidia turbinata that was found in the
Caribbean and Mediterranean Seas (Wright et al.,
1990). Today trabectedin is produced semi-
synthetically (Cuevas et al., 2000). Trabectedin binds

guanine-specific to the minor groove of DNA, but its trabectedin
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precise mechanism of action remains still unknown (Herrero et al., 2006). In October
2007, trabectedin (Yondelis®; PharmaMar) was approved and became the first
marine anticancer drug in the European Union for advanced soft tissue sarcoma and

patients with relapsed platinum-sensitive ovarian cancer (Gao & Hamann, 2011).

Also, the epoxyphomalins A and B are unusual natural products of marine-derived
fungi which were reported to have potent biological activities that can be exploited as
structural motives. Epoxyphomalins A and B were isolated from the marine-derived
fungus Paraconiothyrium sp. and they are two new prenylated polyketides with
unusual structural features. Epoxyphomalin A showed superior cytotoxicity at
nanomolar concentrations toward 12 of a panel of 36 human tumor cell lines. In
comparative analyses, the observed cytotoxic selectivity pattern of epoxyphomalin A
did not correlate with those of reference anticancer agents with known mechanisms
of action. Their mechanism of action was studied which was through the potent
inhibition of the 20S proteasome (Mohamed et al., 2009 and 2010).

NH, NH»
x—N
oy 1)
NT N 0~ "N
HOH,C HOH,C
) 0]
HO HO
OH OH
R=CH,0H, epoxyphomalin A vidarabine (Ara-A) cytarabine (Ara-C)

R=CH3,  epoxyphomalin B

In this context it is also worth mentioning, that the first natural products isolated from
marine organisms that proved to be valuable lead structures for the development of
new pharmaceuticals were the unusual nucleosides spongouridine and
spongothymidine from the Caribbean sponge Tethya crypta in 1951. Spongouridine
and spongothymidine served as models for the development of adenine arabinoside
(ARA-A), (Vidarabin®, Thilo), for treatment of Herpes simplex infection and cytosine
arabinoside (ARA-C), (Cytarabin® Alexan, Udicil), for the treatment of leukemia,
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respectively. Vidarabine and cytarabine received FDA approval in 1976 and 1969,
respectively (Newman & Cragg, 2009).

Many of the most promising marine invertebrate-derived lead compounds are
available only in extremely small quantities which necessitate substantial efforts to
provide the necessary amounts for their pharmacological testing. For example 1 ton
of a Lyssodendoryx sp. sponge was collected to obtain 310 mg of the anticancer
compound halichondrin B (Piel, 2006). In addition, many marine natural products
have highly complex structures, making it difficult to supply them commercially
through chemical synthesis. Thus the majority of such marine drug candidates are
remained pharmacologically undeveloped due to lack of interest of industrialists.
They hesitate to pursue such bioactive natural products due to the perceived supply
problem (Paterson & Anderson, 2005) and may be higher production costs.
Therefore, marine microorganisms, such as bacteria (e.g., marine actinomycetes),
cyanobacteria and fungi have attracted attention as potential lead compound
producers. They are a renewable and a reproducible source, when compared to
marine invertebrates, since they can be cultured. Especially marine fungi can be
envisaged as amazing microbial factories for natural products (Lam, 2007).

1.4 Marine fungi

Marine fungi are a form of ecological, and not a taxonomic group of fungi. Marine
fungi are divided into two groups, i.e. obligate and facultative, a classical definition
that is still universally accepted. Obligate marine fungi are those that grow and
sporulate exclusively in marine water, while facultative marine fungi are those from
freshwater or terrestrial milieus able to grow and possibly also to sporulate in the
marine environment after some physiological adaptations (Raghukumar, 2008). It is
estimated that 74,000 fungal species have been described so far, and the overall
expected global fungal diversity amounts to 1.5 million species. It can also be
expected that the fungal diversity in individual habitats has so far been
underestimated considerably, for example, marine fungi from sediments avoid
microscopic detection due to their tendency to form aggregates (Rateb & Ebel,
2011).
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On the genetic level, fungi were shown to have a striking potential for the production
of diverse secondary metabolites. For instance, the genome sequences of the
Aspergilli Aspergillus fumigatus, A. nidulans and A. oryzae were analyzed, revealing
the presence of about 28 (A. fumigatus) to 48 (A. oryzae) gene clusters with
polyketide synthase and nonribosomal peptide synthtetase genes (Keller et al.,
2005).

All marine habitats can host marine fungal strains, for example, marine plants (e.g.
algae, sea grasses, driftwood and mangrove plants), marine invertebrates (e.qg.
sponges, corals, bivalves, crustaceans), vertebrates (fishes) and inorganic matter
(soil, sediments) (figure 1.1). However, the fraction of culturable isolates is very low -
in the range of 1% or less -, similar as in the case of bacteria. Since algae and
sponges are the most prevalent sources of marine fungi for chemical studies (figure
1.1), they have been the subject of meticulous studies regarding their fungal
communities. For example, from the marine sponge Tethya aurantium, 81
associated fungi were isolated and identified based on morphological characters and
phylogenetic analyses (Wiese et al., 2011).

allificial - osed cyancbacteria
substrates 19 <0.5%
water 1% |

fishes 1%

3% other plants
inclucing wood
(non mangrove)
6%

other marine
invertebrates
4%

ascidians
3%

corals
3%

Figure 1.1: Sources of marine fungal strains (Rateb & Ebel, 2011)
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1.5 Fungi in extreme marine environments

The extreme conditions in marine environments are encountered in the form of
elevated hydrostatic pressure and low temperatures in the deep-sea, low
temperatures in sea-ice, high temperature and elevated hydrostatic pressure with
high concentrations of metals in hydrothermal vents, hypersaline water bodies and
hypoxic conditions in coastal as well as offshore waters, deep sea sediments and oil-

contaminated sites (Raghukumar, 2008).

The organisms which live and thrive in spite of pronounced pressures can to a high
degree be expected to produce metabolites which might be of interest for drug
prospectors. Therefore, many researchers are interested in bioprospecting such

unusual environments in a trial to find exotic and unique productive organisms.

Examples of the extremophilic microbes (extremo-
philes), include acidophiles (acidic sulfur hot springs),
alkalophiles (alkaline lakes), halophiles (salt lakes),
hypo- and hyper-thermophiles (deep-sea vents) and

psychrophiles (alpine lakes, arctic and antarctic

waters) (Cragg et al., 2009).

berkeleydione

Abnormal acidophiles that thrive in the acidic, metal- 7o
rich waters and polluted environments were obtained / 5 "
from abandoned mine-waste disposal locations which o)

are toxic to most prokaryotic and eukaryotic

organisms, e.g., the novel sesquiterpenoid metabolite berkeleyamide D

berkeleydione and the polyketide-terpenoid metabolite berkeleyamide D were
obtained from Penicillium species isolated from the contaminated surface waters of
Berkeley Pit Lake in Montana. They showed activity against Huntington’s disease

and metallopro-teinase-3 and caspase-1 (Cragg et al., 2009).

Further examples are the organisms which grow at low temperature are being

explored biotechnologically to produce low temperature-active enzymes. These are
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used for waste digestion in cold conditions, food processing and detergents for cold
wash. For example, the several deep-sea fungi which were shown to produce
alkaline protease, e.g., Aspergillus terreus, produced a low temperature active serine

protease (Raghukumar, 2008).

1.6 Marine chemistry and pharmacology

Marine organisms are producing diverse structural metabolites such as polyketides,
alkaloids, peptides, proteins, lipids, shikimates, glycosides, isoprenoids and hybrids
of those metabolites (Mayer et al., 2011; Rateb & Ebel, 2011).

Kelecom (2002) predicted that there is a relationship between the type of secondary
metabolites and the origin of microorganisms, rather than the microorganisms
themselves. The latter was exemplified by the fungi of the Genus Aspergillus, where
they produce fumiquinazoline derivatives if they came from fish; sesquiterpene
nitrobenzoate derivatives if they originated from algae and indole diketopiperazine
derivatives if they isolated from sponge.

Kelecom (2002) also found that the numbers of antitumour and antibacterial
compounds from bacteria are almost the same, but fungi are rich sources of
anticancer rather than antibacterial metabolites. Therefore, when cytotoxic
compounds are desired, sediment bacteria, algal fungi or spongeal fungi should be
preferred. If antibacterial compounds are targeted, one should prefer bacteria over

fungi and better sediment bacteria.

Mayer et al. (1999-2011) in his annual reviews has reported the global marine
pharmacology preclinical pipeline during the period 1998-2008. These reviews
include 592 marine compounds that showed antitumor/cytotoxic activity and 666
additional compounds which demonstrated other pharmacological activities including
antibacterial, anticoagulant, anti-inflammatory, antifungal, anthelmintic, antiplatelet,
antimalarial, antituberculosis, antiprotozoal and antiviral activities; with actions on the
cardiovascular, endocrine, affecting the immune and nervous system; and other

miscellaneous mechanisms of action.
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The current clinical pipeline includes 14 marine-derived natural products that are
either in Phase |, Phase Il or Phase lll clinical trials (Mayer et al., 2010; Glaser &
Mayer, 2009; table 1.1).

Table 1.1: Marine-derived compounds which are in clinical development and others

which are approved as pharmaceutical drugs (Mayer et al., 2010 & 2011)

e Compound name Structural class 1D EEU 20 Source Disease area
status Target
Approved Cytarabine, Ara-C Nucleoside DNA polmerase | Sponge Cancer
Vidarabine, Ara-A nucleoside Viral DNA Sponge Antiviral
polymerase
Ziconotide Peptide N-Type Ca Snail Pain
chanel
Eribulin Mesylate (E7389) Macrolide Microtubules Sponge Cancer
i Trygliceride-
Omega-3-acid ethyl esters Omega-3 fatty acids | synthesizing Fish Hypertriglyceridemia
(Lovaza®)
enzymes
Trabectedin (ET-743) Alkaloid Mlnongl:l(X)ve of Tunicate Cancer
. . Antibody drug
Phase Il EEIPAIIELY Vo conjugate (MM .CD30 & Mollusk Cancer
(SGN-35) e microtubules
auristatin E)
- : - . . Racl & JNK ]
Plitidepsin (Aplidin®) Depsipeptide activation Tunicate Cancer
a7 nicotinic
Phase I DMXBA (GTS-21) Alkaloid acetylcholine Worm Cognition/Schizophrenia
receptor
Microtubules &
Plinabulin (NPI-2358) Diketopiperazine JNK stress Fungus Cancer
protein
Plasma
Elisidepsin (Irvalec®) Depsipeptide membrane Mollusk Cancer
fluidity
PM1004 (Zalypsis®) Alkaloid DNA-binding | Nudibranch Cancer
Antibody drug Glycoprotein
CDX-011 conjugate (MM NMB & Mollusk Cancer
auristatin E) microtubules
Marizomib
Phase | | (Salinosporamide A; NPI- SN AV Bacterium Cancer
0052) gamma lactam proteasome
PM01183 Alkaloid Mmorg,(&(\)ve 2 Tunicate Cancer
Antibody drug
SGN-75 conjugate (MM .CD70 & Mollusk Cancer
A microtubules
auristatin F)
Antibody drug
ASG-5ME conjugate (MM ASG'S . Mollusk Cancer
A microtubules
auristatin E)
Hemiasterlin (E7974) Tripeptide Microtubules Sponge Cancer
Bryostatin 1 Polyketide Protelnckmase Bryozoa Cancer
Pseudopterosins Diterpene glycoside SITOSETIOE Soft coral Wound healing

metabolism
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1.7 Who is the real biosynthetic producer?

The real producer for many natural products is not known, since macro-organisms
often have associated microorganisms. It is likely, that the associated
microorganisms are the actual producers of many of the natural products which were
reported to be isolated from macroorganisms. This assumption is based on the
striking structural similarities to known metabolites of microbial origin, suggesting
that these microorganisms (bacteria, fungi, microalgae) are at least involved in the
biosynthesis or are in fact the true sources of these respective metabolites (Konig et
al., 2006). There are many natural products which are suggested to be derived from
microbial symbionts, e.g., swinholide A, theopalauamide, bryostatin 1, pederin,

mycalamide A, mazamine A and onnamide (Konig et al., 2006; Piel, 2009).

Even microorganisms such as fungi may harbor other microbes who are the real
producers of secondary metabolites. The toxic metabolite, rhizoxin, originally isolated
from Rhizopus fungus contaminating rice seedlings, has actually been found to be
produced by the endo-symbiotic bacterial species, Burkholderia rhizoxina (Partida-
Martinez & Hertweck, 2005). The gene cluster encoding rhizoxin biosynthesis has
been identified (Partida-Martinez & Hertweck, 2007).

rhizoxin OCHg3

The answer to the question “who is the real biosynthetic producer?” may be obtained
by sorting the different cells of symbiotic organisms and analyzing the natural
product(s) of interest in each cellular type. Especially the recent advances in mass

spectral imaging provide a powerful method for investigation (Simmons et al., 2008).
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However, the presence of a natural product within

a particular cell type can provide only
circumstantial evidence as to its biosynthetic

origin. The pseudopterosins (in phase | clinical OH

. . O/SQA/OH
pipeline, skin care products) for example are
OH

potent anti-inflammatory terpenes obtained from I

the soft coral Pseudopterogorgia elisabethae. By using differential centrifugation
analysis of the biosynthesis site of the pseudopterosins produced a 99% pure
preparation of the dinoflagellate Symbiodinium sp. The compound pseudopterosin A
was found in this macroalgal preparation and therefore, it is concluded that the
pesudopterosin biosynthesis came from the dinoflagellate. However, a subsequent
patent has recognized associated bacteria as the biosynthetic producer of the
pseudopterosins, pointing out the danger of concluding too much from a cell

separation followed by chemical analysis (Simmons et al., 2008).

Therefore, cell sorting combined with gene probing techniques, such as catalyzed
reporter deposition (CARD)-FISH or in situ hybridization, can identify those
organisms with the genetic capacity to produce specific molecules of interest
(Simmons et al., 2008).

1.8 Why do organisms produce secondary metabolites?

The role of secondary metabolites in producer organisms is still not clrear. Unlike
primary metabolites, secondary metabolites are not essential for the normal growth
of an organism. It is argued that the secondary metabolites play various roles in an
organism but are not crucially important for the life of the producer. Unlike man and
animals, the plants or other producers cannot move from one place to another to
search for food, for their defence or shelter from environmental stress. The
secondary metabolites are thought to play a kind of defensive role against

environemtnal stress or many others:

1) They may be produced to lure and attract motile creatures for fertilization and

propagation, e.g. the flowers producing fascinating colors and fragrances to attract
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honeybees and in turn, fertilization takes place by the carried pollen grains. Humans
exploited these fragrances, for example, for the industry of perfumes (Harborne,
1986).

2) They may be produced for communication in terms of chemical signaling
compounds, e.g., bacteria exert cell-to-cell signaling o

which is known as quorum-sensing, to control their \5/“
0

density of population and biofilm formation (quorum- o o

sensing compounds). Examples of such compounds  y.3-oxohexanoyl-I-homoserine lactone

are the acyl homoserine lactones (AHLS), including N-

Ho,, . OH
3-oxohexanoyl-I-homoserine lactone and the universal o/B\o
signal furanone boronate diester from Vibrio fisheri. HO!+ }—+111OH
These compounds mediate activation of genes and HO""

induce virulence, spore formation and biofilm furanone boronate diester

formation (Cragg et al., 2009).

3) They may be produced for hunting and defense purposes, e.g. species of the
genus Conus (cone snall), inject venom composed of many peptides to stun their
prey (like fish) prior to capture, and the venom may also be used for defense against
predators. One component of this toxin mixture has been developed under the name
of ziconotide, as a non-narcotic analgesic (Cragg et al., 2009). Another fascinating
example is the isolation of isatin from the shrimp Palaemon macrodactylus. The
studies demonstrated that the surface of the shrimp embryos was consistently

covered by a bacterium of the genus Alteromonas which is the real producer of

isatin. Treatment of the embryos by antibacterial agents inhibited the o
growth of the bacteria, but all the embryos died from infection by the NH
fungus Lagenidium callinectes, indicating that the bacterial metabolite

o}

isatin protects the shrimp embryos against fungal infection (Kelecom,  isatin
2002).

4) They may be produced into the rhizosphere to attract the biofertilizers (chemotaxis
phenomenon) which serve different functions, like fixation of nitrogen and phosphate

solubilization, and thus enhance plant growth, e.g., Azotobacter bacteria are



Introduction -17 -

important nitrogen-fixing bacteria to higher organisms like plants, and the plant is

metabolizing this nitrogen to form amino acids and alkaloids (Kumar et al., 2007).

5) They may be produced to help the adaptation of the microorganism to the
surrounding conditions, e.g. organisms living in low potential water, as in the Dead
Sea, need to maintain water potentials lower than that of seawater in their cells to
enable water uptake. This is achieved for example by producinng osmolytes such as
glycerol, mannitol, other polyols and trehalose (Raghukumar, 2008). Another
example is the siderophores which are nonribosomal peptides secreted by
microorganisms like bacteria, fungi and grasses, for Fe™ uptake. The pathogen
anthrax Bacillus anthracis produces two siderophores, petrobactin and bacillibactin,
to capture ferric iron from iron-proteins (Cendrowski et al., 2004) and hence its
virulence for the human being. The strongest known siderophore is the enterobactin
(or enterochelin) which is found primarily in Gram-negative bacteria (Escherichia coli
and Salmonella typhimurium). Enterobactin has high affinity for Fe** chelation and

therefore it absorps iron in the gut (Dertz et al., 2006).

OH
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6) They may be produced due to a mutualistic nutritional relationship in a host-
microbial interaction, e.g., lichens, which are close associates of fungi with
phycobionts (photosynthetic cyanobacteria and/or micro-algae). The phycobiont
provides fixed carbon through photosynthesis to its host and obtains protection,
water and minerals (Piel, 2009). Whereas, mycophycobiosis is a mutualistic
relationship, it may be a parasitic one, for example, Lautitia danica (syn.
Didymosphaeria danica) on Chrondrus crispus, and Mycaureola dilseae on Dilsea

carnosa (Konig et al., 2006).
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7) There is an old fashioned opinion that they may be produced as waste products
(Cragg et al., 2009).
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2. Scope of the presented study

Natural products have a high impact on drug discovery in a wide variety of
therapeutic indications. The main goal of this study was the use of biotechnological
methods for the discovery of novel and bioactive natural products from marine-
derived fungi. Biosynthetic considerations are also included. To achieve this aim
three fungal strains living associated with marine algae and a sponge were to be

isolated and cultivated.

2.1 Cultivation of marine-derived fungi

The selected fungal strains were cultivated in media mimicking the marine habitat,
i.e. using artificial sea water, in addition to other nutrients (see materials and

methods, chapter 3) for mycelial growth.
2.2 Isolation and chemical investigations of selected fungal strains

The isolation relies on tracing the active principles from the selected extracts
following the NMR-guided fractionation and chromatographic purification. The
structure elucidation of the purified compounds based on the spectroscopic analyses
including 1- and 2-dimensional NMR spectroscopic studies (*H, **C, *H-'H COSY,
NOESY, HSQC, selective 1D NOE, 'H-'*C HMBC and 'H-N HMBC) UV, IR
spectra and high resolution mass spectrometery. The X-ray crystallography and
Circular Dichorism (CD) provides information on stereochemistry wehere ever was

needed.
2.3 Biological evaluation of the isolated pure compounds
Pure compounds isolated in this study were primarily tested for their antimicrobial

and cytotoxic activity. Additionally, compounds were assayed for their interaction

with some protease enzymes and cannabinoid receptors.
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3. Materials and methods

3.1 Origin of the studied fungal strains

From an algal sample Enteromorpha sp. was collected from Fehmarn, Baltic Sea,
and the fungal strain number 401 was isolated and identified as Coniothyrium
cereale. From algal sample belonging to the genus Ceramium which was collected
from the North See, Busum, Germany, the fungal strain number 717 was isolated
and identified as Phaeosphaeria spartinae. Identification of both fungi was done by
Dr. C. Decock, Belgian coordinated collections of microorganisms of the Catholic
University of Louvain, (BCCM/MUCL), Belgium.

From sponge sample Ircinia variabilis which was collected from Malta, the fungal
strain number 251 was isolated and identified as Auxarthron reticulatum.
Identification of the fungus was done by Prof. Imhoff Kiel, Kiel Centre of Marine

Natural Products (Kieler Wirkstoffzentrum), Germany.

The three fungal strains numbers 401, 717 and 251 are of the culture collection of

the Institute for Pharmaceutical Biology, Bonn University, Germany.
The three fungi are related to the same Divison Ascomycota, and the two fungi
Coniothyrium cereale and Phaeosphaeria spartinae have the same origin and differ

only in the taxonomy of families as shown in table 3.1.

Table 3.1: The taxonomy of the three fungi under study (Hawksworth et al., 1995)

Class Subclass Order Family Genus and sp.
Arthoniomycetes Dothideomycetes Pleosporales Leptosphaeriaceae Coniothyrium
cereale
Arthoniomycetes Dothideomycetes Pleosporales Phaeosphaeriaceae | Phaeosphaeria
spartinae.
Arthoniomycetes Eurotiomycetes Onygenales Onygenaceae Auxarthron
reticulatum
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3.2 Isolation of the fungal strains

The isolation of each fungus from the host tissues was carried out through single
colony isolation method (Wollenzien et al., 1995). Algal or sponge sample was rinsed
thricely with sterile water and after sterilisation with 70 % EtOH for 15 s were again
rinsed with sterile artificial seawater (ASW). Subsequently, the alga/sponge sterilized
sample was aseptically cut into small pieces and placed on agar plates containing
the isolation medium: agar 15 g/L, ASW 800 mL/L, glucose 1 g/L, peptone from
soymeal 0.5 g/L, yeast extract 0.1 g/L, benzyl penicillin 250 mg/L and streptomycin
sulfate 250 mg/L. The fungus growing out of the host tissues was separated on

biomalt medium until the culture was pure which afterwards, was identified.

3.3 Prepapartion of pre-cultures for screening

For screening purposes, three different solid media (BMS, MYA, CZ) were chosen
for the cultivation of each fungal strain to gain a range of cultivation conditions. This
strategy follows the idea of the so-called OSMAC approach (One Strain Many
Compounds; Bode et al., 2002) to achieve different secondary metabolite profiles

from one organism.

Each of the three fungal strains (401, 717 and 251) was cultivated on 500 mL of the
three different solid media BMS, MYA, CZ, respectively, in Petri dishes to obtain 9
fungal cultures. After one month of cultivation, fungal biomass, together with the
medium, was homogenized and extracted three times with 100 mL ethyl acetate.
Each of the three fungal crude extracts (screening extracts) were characterized by

'H-NMR and LC-MS, and tested for their cytotoxic and antimicrobial activities.

e BMS (biomalt agar medium): 15 g/L agar, 20 g/L biomalt extract, 1 L ASW.

e MYA (malt-yeast agar medium): 15 g/L agar, 4 g/L yeast extract, 10 g/L malt
extract, 4 g/L glucose, 1 L purified H,O, pH 7.3.

e CZ (Czapek agar medium): 35 g/L Czapek solution agar (including 30 g/L
saccharose, NaNO3 2.0 g/L, K;HPO,4 1.0 g/L, MgSO, 0.5 g/L, KCI 0.5 g/L,
FeSO, 0.01 g/L, 15 g/L agar), 1 L purified H,O.
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e The artificial sea water (ASW) was containing the following salts in g/1 L
purified water: KBr (0.1), NaCl (23.48), MgCl, x 6 H,O (10.61), CaCl, x 2H,0
(1.47), KCI (0.66), Na,SO4 (3.92), SrCl, x 6H,0 (0.04), NaHCOg3 (0.19), H3BO3
(0.03).

3.4 Large-sclae cultivation and extraction

Upscaled cultivations (10 L solid medium) were generated for detailed chemical
investigations for each of the three fungal strains. Therefore, the selected fungal
isolates were cultivated in Fernbach flasks at room temperature for 40 days, using
the same media as for screening purposes. The fungal strains Coniothyrium cereale
and Auxarthron reticulatum were cultivated on solid BMS medium
(Gesundheitsprodukte GmbH, Kirn, Germany) with agar (15 g/L). The fungal strain
Phaeosphaeria spartinae was cultivated on solid Czapek-Dox medium (Becton

Dickinson, France) with agar (15 g/L).

The fungal biomass and cultivation medium were homogenized using an Ultra-
Turrax apparatus and extracted with EtOAc (8 L for each) exhaustively and the

solvent was subsequently removed at reduced pressure at 30°C.

3.5 Chromatography

3.5.1 Thin layer chromatoraphy (TLC)

TLC was performed using either TLC aluminium sheets silica gel 60 Fzs4 (Merck) or
TLC aluminium sheets RP-18 F,s, (Merck) as stationary phase. Standard
chromatograms of extracts and fractions thereof were developed on silica gel using
PE/acetone, or on RP-18 TLC plates with MeOH/H,O, both under saturated
conditions at room temperature. Chromatograms were detected under UV light (254
and 366 nm), and heated at 95°C after spraying with vanillin-H,SO,4 reagent (0.5 g
vanillin dissolved in a mixture of 85 mL methanol, 10 mL acetic acid and 5 mL
H,SO4,).



Materials and methods -23 -

3.5.2 Vacuum liquid chromatography (VLC)

Sorbents for VLC were silica gel 60 (0.063-0.200 mm, Merck), silica gel 60 (0.040-
0.063 mm, Merck) or Polygoprep 60 C;5 (0.05 mm, Macherey-Nagel). Columns were
wet-packed under vacuum, using PE or dichloromethane for normal-phase, and
MeOH for reversed-phase conditions. Before applying the sample solution, the
columns were equilibrated with the first designated eluent. Standard columns for

crude extract fractionation had dimensions of 13 x 4 cm.

3.5.3 High performance liquid chromatography (HPLC)

Analytical HPLC was carried out using Waters system, controlled by Waters
millennium software, consisting of a 717 plus autosampler, Waters 600 E pump in
combination with a Waters 600 Controller with in-line degasser and a Waters 996
photodiode array detector. All organic solvents, which were used as eluents were
distilled prior to use. Water for HPLC was de-ionized using a Millipore system (milli-Q
academic). Waters Atlantis C18, 250 x 4.6 mm, 5um and Phenomenex C18 Luna-
100, 250 x 10 mm, 5um are HPLC-columns which were used for HPLC separation of

pure compounds:

3.6 Structure elucidation

The chemical structures of the isolated compounds were elucidated mainly using
one and two dimensional NMR techniques in combination with MS methods.
ACD/Labs-software NMR-calculations were utilized to support the NMR-based
structure elucidation (ACD/Labs-software, 2006). Further spectroscopic methods,
such as UV and IR spectroscopy provided additional structural information. The
absolute configuration of stereogenic centers of new compounds was mainly
assigned on the basis of CD spectroscopy and specific optical rotation. The absolute
structure determination of some compounds is determined by X-ray crystallography.
Identity of isolated compounds in comparison to previously published structures was
judged due to the *H- and **C-NMR data and specific optical rotation. Database and
literature searches were carried out using the MarinLit database (MarinLit database,
2008: http://www.chem.canterbury.ac.nz/marinlit/marinlit.shtml), AntiBase database

(Laatsch, 2008) and the SciFinder Scholar database (http://www.cas.org/
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SCIFINDER/SCHOLARY/). Chemical structures were designated as new, if they could

not be found in any of these databases.

3.6.1 NMR spectroscopy

All NMR spectra were recorded using either a Bruker Avance 300 DPX spectrometer
operating at 300 MHz or a Bruker Avance 500 DRX spectrometer operating at 500
MHz. NMR Spectra were processed using Bruker 1D WIN-NMR, 2D WIN-NMR or
XWIN-NMR Version 2.6, 3.1 and 3.5 software, or Bruker TopSpin software package
Version 1.3. Spectra were recorded in CDCI3;, CD30D, CD3COCD3;, DMSO-ds and
were referenced to residual solvent signals with resonances at 0y 7.26/77.0
(CDClg), 3.35/49.0 (CD30OD), 2.04/29.8 (CD3COCD3) and 2.50/39.5 (DMSO-dg).

Structural assignments were based on spectra resulting from one or more of the
following NMR experiments: *H, **C, DEPT 135, 'H-'H COSY, 'H-'3C direct
correlation (HSQC), *H-**C long range correlation (HMBC), *H-**N HMBC, *H-'H
NOESY and 'H selective 1D NOE.

3.6.2 Mass spectrometry (MS)

HPLC-ESIMS (referred to as LC-MS or HPLC-MS) measurements were performed
by employing an Agilent 1100 Series HPLC including DAD, with RP C 18 column
(Macherey-Nagel Nucleodur 100, 125 mm x 2 mm, 5 um) and gradient elution (from
MeOH 10: H,O 90 in 20 min to 100% MeOH, then isocratic for 10 min, 0.25 mL/min,
with 2 mmol NH4Ac buffer), coupled with an APl 2000, Triple Quadrupole
LC/MS/MS, Applied Biosystems/MDS Sciex and ESI source. All samples for LC-MS
(extracts, fractions and pure compounds) were solved in MeOH (1 mg/mL) for
injection into the HPLC-ESIMS system. HREIMS was recorded on a Finnigan MAT
95 spectrometer and HRESIMS on a Bruker Daltonik micrOTOF-Q Time-of-Flight
mass spectrometer with ESI source.

3.6.3 UV measurements
UV spectra were recorded on a Perkin-ElImer Lambda 40 with UV WinLab Version
2.80.03 software, using 1.0 cm quartz cells. The molar absorption coefficient € was

determined in accordance with the Beer-Lambert Law:



Materials and methods -25 -

A=excxb ¢ L = A
mol x cm mol
c b[cm]

€ = molar absorption coefficient that is an intrinsic property of the molecule and a
measurement of how strongly a molecule absorbs light at a certain wavelength; A =
absorption at peak maximum; ¢ = molar concentration; b = path length in

centimeters.

3.6.4 IR spectroscopy
IR spectra were recorded as film, using a Perkin-Elmer FT-IR Spectrum BX

spectrometer. Analysis and reporting were performed with Spectrum v3.01 software.

3.6.5 Optical rotation
Optical rotation measurements were conducted on a Jasco model DIP-140
polarimeter (1 dm, 1 cm?® cell) operating at A = 589 nm corresponding to the sodium

D line at room temperature. Specific optical rotation [a]] was calculated pursuant to:

+100-a
la]; =

> ¢l

a: rotation angle in degree

T: temperature [°C]

D: sodium yellow D emission line of A = 589 nm

c: concentration [g/100 mL]

I: cell length [dm]

The compounds were dissolved either in MeOH or chloroform. The rotation angles a

were determined as an average value based on at least 10 measurements.

3.6.6 CD spectroscopy
Circular dichroism (CD) is a spectroscopic method based on the differential

absorption of left- and right-handed circularly polarized light.

Ae =g -eg [mol* cm™]
€L: molar extinction coefficient for circularly left-polarized light
€r: molar extinction coefficient for circularly right-polarized light



Materials and methods - 26 -

CD spectra were recorded at room temperature on a JASCO J-810-150S
spectropolarimeter in a 1 cm-quartz cell. A background correction was performed by
subtracting the spectrum of the neat solvent recorded under identical conditions. The
path length was | = 0.1 cm. The CD was measured as ellipticity © (in mdeg,
millidegrees) and subsequently converted into the molar ellipticity [@]vw and finally

into Ag in accordance to the following equation:

XM
[Aly = —— =33x1Bx4e

100 xc x|

[©]m = molar ellipticity [degrees x cm?/dmol]
O = ellipticity [mdeg, millidegrees]

M = molecular weight [g/mol]

c = concentration [g/mL]

| = path lenght [dm]

3.6.7 X-ray

The measurement of the single X-ray crystallography was achieved by Dr. Gregor
Schnakenburg (Department of X-ray Crystallography, Institute of Inorganic
Chemistry, Bonn University, Germany). The data collection was performed on a
Bruker  X8-KappaApexll  diffractometer (area detector) using graphite
monochromated Mo-K,, radiation (4 = 0.71073 A). The diffractometer was equipped
with a low temperature device (Kryoflex I, Bruker AXS GmbH, 100K). Intensities
were measured by fine-slicing @ and ¢-scans and corrected for background,

polarization and Lorentz effects.

3.7 Evaluation of biological activity

3.7.1 Cytotoxicity assays

3.7.1.1 Human urinary bladder carcinoma cells 5637 [ATCC HTB-9]

This assay was performed by Prof. Dr. Ulrike Lindequist (Institute of Pharmacy,
Ernst-Moritz-Arndt-University Greifswald, Germany). ATCC HTB-9 were grown as a
monolayer in RPMI (Lonza, Verviers, BE) supplemented with 10 % fetal bovine
serum (Sigma, Deisenhofen, Germany) and 1 % penicillin-streptomycin solution

(penicillin 10000 IE/mL,; streptomycin 10000 pg/mL, Biochrom AG, Berlin, Germany).
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Cells were grown at 37 °C in 95 % air humidity, and 5 % CO,, and sub-cultured twice
weekly using trypsine/EDTA (0.05 % / 0.02 %, Lonza).

For assays, 5600 cells from a suspension of 2.5x10* cells/mL were seeded into each
well of 96-well plates (TPP, Trasadingen, CH) and incubated for 24 h. After washing
with HBSS (PAA, Colbe, Germany), fresh medium was added. Test substances were
diluted in assay medium using a stock solution (40 mM in vehicle DMSO). Final
vehicle concentration did not exceed 0.05 %. Plates were left undisturbed for 70 h at
37 °C. Finally, plates were washed twice with HBSS and incubated with freshly
prepared neutral red in RPMI (3.3 pg/mL) in the incubator for 3 h. After removing the
supernatant and extensive washing, neutral red was dissolved in acidic ethanol and
OD (optical density, or absorbance) at 540 nm was measured. Etoposide was used
as toxic control (ICso 0.32 uM), and cell culture medium as non-toxic control. Cell
viability was calculated as percentage of vehicle control after background reduction.
All experiments were carried out twice or thrice with 6 replicates for each
concentration tested. Where applicable, 1Cso values were calculated by linear

regression.

3.7.1.2 MTT assays with mouse cell line L-929

This assay was performed by the working group of Prof. Dr. Florenz Sasse
(Department of Chemical Biology, Helmholtz Centre for Infection Research,
Braunschweig, Germany). An MTT assay was used to measure the influence of
compounds on the propagation and viability of L-929 mouse fibroblasts (DSMZ
ACC2) in 96-well plates. Cells are able to reduce MTT [3-(4,5-dimethylthiazol-2-
yl2,5-diphenyltetrazolium bromide] (Sigma) to a violet formazan product. The
resulting purple colour gives a measure of the metabolic activity in each well. Cells
were kept in DME medium supplemented with 10 % FBS. 60 uL of serial dilutions of
the test compounds were added to 120 pL aliquots of a cell suspension (50.000/mL)
in each well. Blank and solvent controls were incubated under identical conditions.
After 5 days 20 uL MTT in phosphate buffered saline (PBS) were added to a final
concentration of 0.5 mg/mL. After 2 h the precipitate of formazan crystals was
centrifuged, and the supernatant discarded. The precipitate was washed with 100 pL
PBS and dissolved in 100 pL isopropanol containing 0.4 % hydrochloric acid. The
microplates were gently shaken for 20 min to ensure a complete dissolution of the

formazan and finally OD was measured at 590 nm using a plate reader. All
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experiments were carried out in two parallel experiments; the percentage of viable
cells was calculated as the mean with respect to the controls set to 100 %. An ICsg

value was determined from the resulting dose-response curves.

3.7.2 Antimicrobial assays

3.7.2.1 Agar diffusion assays

This assay was performed by two collaborating biological labs:

a) by the working group of Prof. Dr. Florenz Sasse (Department of Chemical Biology,
Helmholtz Centre for Infection Research, Braunschweig, Germany). Agar plates
containing 15 mL of medium were inoculated with bacterial or yeast suspensions in
liquid broth to give a final O.D. of 0.01 (bacteria) or 0.1 (yeasts). In the case of
molds, spores were collected from well-grown Petri dishes that were rinsed with 10
mL sterile aqua dest. 1 mL of the spore suspension was added to 100 mL of molten
agar medium. 20 pL of test samples in methanol (1 mg/mL) were applied onto 6 mm
cellulose discs. The methanol was allowed to evaporate and the discs were placed
upon the inoculated agar plate. The diameters in mm of the resulting growth zones
were determined after 24 h of incubation at 30 °C (test organisms: Micrococcus
luteus; Mycobacterium phlei; Klebsiella pneumonia; Pseudomonas aeruginosa; all
from HZI).

b) by the working group of Prof. Dr. Hans-Georg Sahl (Institute for Medical
Microbiology, Immunology and Parasitology, Pharmaceutical Microbiology Section,
Bonn University, Germany). Agar plates (5 % sheep blood, Columbia agar) were
overlaid with 3 mL tryptic soy soft agar, inoculated with 10* colony forming units of
the strains to be tested. All compounds were diluted to a concentration of 1mg/mL
with DMSO and 5 pL of this dilution were placed on the surface of the agar; the
diameter of the inhibition zone was measured after 24 hours incubation at 37 °C (test
organisms: Klebsiella pneumonia 1-10910; Pseudomonas aeruginosa 4991).

3.7.2.2 MIC assays

This assay was performed by the working group of Prof. Dr. Hans-Georg Sahl
(Institute for Medical Microbiology, Immunology and Parasitology, Pharmaceutical
Microbiology Section, Bonn University, Germany). MIC determinations were carried

out in microtiter plates according to NCCLS standards with twofold serial dilutions of
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the compounds. Strains were grown in half-concentrated Mueller-Hinton broth
(Oxoid). Bacteria were added at an inoculum of 10° CFU/mL in a final volume of 0.2
mL. After incubation for 24 h at 37 °C the MIC was read as the lowest compound

concentration causing inhibition of visible growth.

3.7.3 Enzyme assays

The enzyme assays were performed by Prof. Dr. Michael Gutschow (Pharmaceutical
Institute, Pharmaceutical Chemistry I, Bonn University, Germany). HLE was assayed
spectrophotometrically at 405 nm at 25 °C. Assay buffer was 50 mM sodium
phosphate buffer (500 mM NaCl, pH 7.8). A stock solution of the chromogenic
substrate MeOSuc-Ala-Ala-Pro-Val-para-nitroanilide was prepared in DMSO and
diluted with assay buffer. Inhibitor stock solutions (10 mM) were prepared in DMSO.
Final concentration of DMSO was 1.5 %, the final concentration of the substrate was
100 uM. Assays were performed with a final HLE concentration of 50 ng/mL. An
inhibitor solution (10 uL) and the substrate solution (50 pL) were added to a cuvette
that contained the assay buffer (890 yL), and the solution was thoroughly mixed. The
reaction was initiated by adding the HLE solution (50 uyL) and was followed over 10
min. 1Cso values were calculated from the linear steady-state turnover of the
substrate. HLE inhibition by active compounds was determined in duplicate
experiments with five different inhibitor concentrations. Inactive compounds (ICso >
20 uM) were evaluated in duplicate measurements at a concentration of 25 uM
(Gutschow et al., 2005). The other enzyme assays were performed as described
(Pietsch & Gutschow, 2002). Compounds were evaluated in duplicate
measurements at a single concentration of 25 uM (chymotrypsin, trypsin, papain,
cholesterol esterase, acetylcholinesterase) or 100 uM (thrombin). ICso values were
calculated (ICso = [I] / (Vo/v -1)), and limits ICso > 500 uM (trypsin), 1Cso > 100 uM
(chymotrypsin, papain), ICso > 75 UM (acetylcholinesterase), ICso > 50 uM (thrombin,

cholesterol esterase) were considered for inactive compounds.

3.7.4 Assays toward CB receptors

This assay was performed by the working group of Prof. Dr. Christa E. Miller
(Pharmaceutical Institute, Pharmaceutical Chemistry [, University of Bonn,
Germany). Competition binding assays were performed versus the cannabinoid
receptor agonist radioligand [*H](-)-cis-3-[2-hydroxy-4-(1,1-dimethylheptyl)phenyl]-
trans-4-(3-hydroxy-propyl)cyclohexanol (CP55,940). [*H]CP55,940 was used in a
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concentration of 0.1 nM and as a source for human CB; and CB, receptors
membrane preparations of Chinese hamster ovary (CHO) cells stably expressing the
respective receptor subtype were used (25 ug of protein per vial for CB; assays,
and 1 pg of protein per vial for CB, receptor assays, respectively). Stock solutions of
the test compounds were prepared in DMSO. The final DMSO concentration in the
assay was 2.5%. After the addition of 15 uL of test compound in DMSO, 60 pL of
3[H]CP55,940, 60 pL of membrane preparation and 465 L of assay buffer (50 mM
TRIS, 3 mM MgCl,, 0.1% BSA, pH 7.4) were added, and the suspension was
incubated for 2 h at room temperature. Total bindig was determined by adding
DMSO without test compound. Nonspecific binding was determined in the presence
of 10 uM of unlabeled CP55,940. Incubation was terminated by rapid filtration
through GF/C glass fiber filters presoaked with 0.3 % polyethyleneimine, using a
Brandel 48-channel cell harvester (Brandel, Gaithersburg, Maryland, USA). Filters
were washed three times with ice-cold washing buffer (50 mM TRIS, 0.1% BSA, pH
7.4) and then dried for 1.5 h at 50°C. Radioactivity on the filters was determined in a
liquid scintillation counter (TRICARB 2900TR, Packard / Perkin-Elmer) after 6 h of
preincubation with 3 mL of scintillation cocktail (LumaSafe plus, Perkin-Elmer). Data
were obtained from three independent experiments, performed in duplicates. Data
were analyzed using Graph Pad Prism Version 4.02 (San Diego, CA, USA). For the
calculation of K; values the Cheng-Prusoff equation and a Kp value of 2.4 nM
([*H]CP55,940 at hCB;) were used.

3.8 Chemicals and solvents

Acetic acid Merck (Germany)

Acetone Merck (Germany)

Acetone-dg 99.8% Deutero GmbH (Germany)
Acetonitrile Merck (Germany)

Actinomycete isolation agar Becton Dickinson Difco (U.S.A.)
Agar-Agar Fluka (Switzerland)

Benzyl penicillin Fluka (Switzerland)

Biomalt extract Villa Natura GmbH (Germany)

CaCl, x 2 H,0 Merck (Germany)
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Chloroform
Chloroform-d;
Czapek solution agar
D-(+)-Glucose
Diethyl ether

Ethanol

H3BO3

H,SO,

KBr

KCI

Malt-extract
Methanol Lichrosolv, LC-MS grade
Methanol-d, 99.8% D
MgCl, x 6 H,O

NacCl

NaHCO3;

NaOH

Na,SO,
N-Methyl-N-nitroso-urea
SrCl; x 6 H,O
Streptomycin sulfate

Yeast extract

Merck (Germany)

Deutero GmbH (Germany)
Becton Dickinson (U.S.A.)
Serva (Germany)

VWR international, Prolabo (Belgium)
Roth (Germany)

Serva (Germany)

Merck (Germany)

Merck (Germany)

Merck (Germany)

Roth (Germany)

Merck (Germany)

Deutero GmbH (Germany)
Merck (Germany)

Merck (Germany)

Merck (Germany)

Merck (Germany)

KMF (Germany)

Dr. Reik Loser, University of Bonn
Merck (Germany)

Fluka (Switzerland)

Fluka (Switzerland)

All other chemicals were supplied by Merck (Germany), Fluka (Switzerland), Roth

(Germany) and Sigma-Aldrich (Germany). All other solvents were research grade
and supplied by Infracor or BASF. Acetone, CH,Cl,, EtOAc, MeOH and PE were

distilled prior to use.
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4. Results of the chemical investigation of the marine-derived
fungus Coniothyrium cereale

4.1 Extraction and isolation

Fungal biomass and media were extracted with 8 L EtOAc to yield 10.0 g of crude
extract. This material was fractionated by RP VLC using a stepwise gradient solvent
system of increasing polarity starting from 50 % methanol and 50 % water to 100 %
methanol which yielded 12 fractions. The pure compounds were obtained using RP-
HPLC separation as following:

e subfraction 6 afforded compounds 1, 4-9, 11-12 and 16-17.

subfraction 8 afforded compounds 18-22.

subfraction 9 afforded compound 10.

subfraction 11 afforded compounds 13-15.

subfraction 12 afforded compounds 2-3.

4.2 Antimicrobial phenalenone derivatives from the marine-derived

fungus Coniothyrium cereale (Elsebai et al., 2011)

This chapter reports on the structure elucidation of new phenalenone derivatives 1-7
and the known compounds (-)-cereolactone (8), (-)-sclerodin (9), lamellicolic
anhydride (10), (—-)-scleroderolide (11) and (-)-sclerodione (12) (figure 4.1).

Compound 1

The molecular formula of compound 1 was deduced from accurate mass
measurements to be CigH160s (351.0878, [M+Na]") which requires 11 degrees of
unsaturation. An UV maximum at 353 nm clearly evidenced that compound 1 has an
extended aromatic system, whereas the IR spectrum showed a OH stretching

vibration at 3325 cm™ which corresponds to hydroxy groups in the molecule.

The *H-NMR spectrum of compound 1 (table 4.1) was characterized by resonances
due to three tertiary methyl groups (64 2.81 for Hz-12, &y 1.85 for H3-18 and &4 1.80
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for H3-19), one of them bound to an aromatic moiety (Hs-12) and two of them located
at a double bond (Hs-18, H3-19) as deduced from their downfield chemical shifts. A
further *H-NMR resonance was due to an oxygen-substituted methylene moiety (S
4.72 for H,-20), whereas two *H-NMR singlet resonance signals arose from aryl
protons (64 6.46 for H-1 and &y 6.84 for H-10). These aryl protons (H-1 and H-10),
each had a distinctive set of correlations in the *H-"*C HMBC spectrum suggesting
that each of these protons is attached to a different benzene ring. Resonances for an
olefinic proton (34 5.55 for H-21), and two downfield shifted *H-NMR signals due to
chelated hydroxy groups (6y 11.57 for OH-2 and &y 11.33 for OH-9) were also

detected.

The 'C-NMR spectrum (table 4.2) disclosed 18 resonances, 11 of them for
quaternary carbons. Carbons C-3, C-4, C-8, C-11 and C-13 are sp? quaternary
aromatic atoms and not attached to electronegative substituents, whereas carbons
C-2, C-9 and C-14 are sp? quaternary aromatic atoms attached to oxygen as judged
from their **C-NMR chemical shifts (table 4.2). The remaining quaternary carbons
were accounted for two carbonyl carbons, C-5 and C-7, which are probably part of
an anhydride moiety, and C-22 being part of an olefinic double bond. In the HMBC
spectrum, H-1 showed cross peak correlations with C-2, C-3, C-13 and C-14,
whereas H-10 had correlations with C-8, C-9, C-12 and C-13. CHs3-12 had
heteronuclear couplings to C-10, C-11 and C-13. OH-2 showed cross peak
correlations with C-1, C-2 and C-3; and OH-9 with C-8, C-9 and C-10. This pattern of
heteronuclear correlations, together with the UV and *H-NMR data indicated two
connected penta-substituted benzene rings, i.e. a naphthalene-type compound
substituted at C-2 and C-9 with hydroxy groups and at C-11 with a methyl group. The
guaternary aromatic carbon C-14 had to be further connected to an oxygen

containing substituent according to its **C-NMR chemical shift.

The presence of the |, I-dimethyl-1-propenyl group in 1 was proven as follows: The
'H-NMR spectrum contained two singlet resonances at 5y 1.85 and 1.80 due to a
geminal dimethyl group attached to an allylic carbon. This was corroborated by the
HMBC correlations of both H3-18 and H3-19 to C-22.
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Figure 4.1: Structures of natural products 1 - 12 isolated from Coniothyrium cereale
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The *H-'H COSY spectrum showed cross peak correlations for a *H-'H-spin system
ranging from both terminal methyl protons via H-21 to H,-20. The isoprenyl unit is
attached to C-14 through oxygen due to a cross peak correlation in the HMBC
spectrum of H,-20 to C-14.

Comparison of our spectroscopic data with those of known compounds in the
literature indicated that compound 1 is a phenalenone derivative closely similar to
sclerodin (9) (Ayer et al., 1986). Since **C-NMR shifts of all carbons of the polyketide
nucleus (C-2 to C-14) are close to identical to those found for the respective carbon
atoms of sclerodin, the carbonyl groups C-5 and C-7 had to be located at C-3 and C-
8. The degree of unsaturation required the presence of three rings in compound 1. In
sclerodin (9) carbonyl C-7 and C-5 are linked via oxygen to form a cyclic anhydride,

which is also the case for compound 1.

Compound 1 is thus a prenylated phenalenone-type compound for which the trivial
name coniosclerodin is suggested. Compound 1 was described before as a synthetic
compound by etherification of lamellicolic anhydride (10) with dimethylallyl bromide
(McCorkindale et al., 1983). The *H-NMR spectroscopic data of compound 1 are in

good agreement with literature data.

Compound 2

Spectroscopic data proved that compound 2 is closely similar in structure to
compound 1, the only difference being the presence of the methylene group CH,-19
instead of the methyl group CHs3-19 in compound 1. This methylene group is
attached to oxygen due to its chemical shifts in both *H- and **C-NMR spectra (dn/c
4.26/61.6), and connected to C-22 due to the cross peak correlation in the HMBC
spectrum of H,-19 to the quaternary C-22.

Compound 3

HREIMS, UV, IR and NMR spectroscopic data (tables 4.1 and 4.2) indicated that
compound 3 has the same planar structure as compound 2, the only difference being
the configuration of the double bond A*?* which is E in the case of compound 3 and

Z in compound 2, i.e 2 and 3 are E- Z configurational isomers.



Results of the chemical investigation of the marine-derived fungus Coniothyrium cereale

-36 -

Table 4.1: *H-NMR spectroscopic data (8 ppm, mult, J in Hz) for compounds 1 — 7

no. |1° 2° 3° 4? 5° 6° 7°
1 6.46, s 6.67, s 6.70, s 6.56, s 6.46, s 6.59, s
10 6.84, s 6.93, s 6.94, s 6.82, s 6.93, s 6.72, s 6.73, s
12 2.81,s 2.84,s 2.86,s 2.80, s 2.70, s 2.73, s 2.62,s
15 . - o 4.77, q (6.6) = - -
16 - - - 1.65, d (6.6) - - -
18 1.85, s 1.87, s 4,05, s 1.49, s 1.83, s 1.80, s 1.79, s
a: 3.96, d
19 1.80, s 4.26, s 181, s (11.7) 1.83, s 1.80, s 1.79, s
b: 3.86, d
(11.7)
4.72,d 5.00,d 4.99, d 491, d 477, d 4.74, d
20 (6.6) (6.6) (6.3) - (6.6) (6.3) (6.6)
21 5.55, brt 5.71, brt 5.94, brt 5.66, brt 5.61, brt 5.59, brt
(6.6) (6.6) (6.3) - (6.6) (6.3) (6.6)
OH-2 |11.57,s 11.72, s
OH-9 [11.33,s 11.37, s

2in CDCl3; ® in acetone-dg

Table 4.2: 3 C-NMR spectroscopic data (3¢ ppm, mult.?) for compounds 1 — 7

no. 1° 2° 3¢ 4° 5¢ 6° 7°

1 97.0,CH 981,CH 981,CH 114.7,C 975 CH 98.2,CH 99.3, CH
2 168.0,C  168.7,C  168.8,C 164.0,C 171.6,C* 157.8,C  161.0,C
3 92.6, C 93.7, C 93.9, C 93.3,C 106.5,C  105.7,C 95.1,C

4 135.1,C  136.1,C 136.1,C 1356,C 122.9,C 1525,C  134.9,C
5 164.7,C* 165.7,C* 165.6,C  164.8,C* 172.6,C* 185.4,C* 165.8,C
6 - - - - 155.8,C - -

7 165.2,C* 166.1,C* n.d.’ 165.2, C* - 187.7,C* -

8 97.2, C 98.4, C 98.6, C 97.2, C 131.3,C 108.8,C 130.3,C
9 165.3,C  165.8,C 1659,C 166.1,C 146.1,C 1552, C 138.3,C
10 118.3,CH 118.8,CH 118.8,CH 117.5,CH 119.6,CH 119.2,CH 119.4, CH
11 150.7,C  151.3,C 151.3,C  150.1,C 137.3,C 147.2,C 132.9,C
12 26.0,CH; 26.0,CH; 26.1,CH; 23.8,CH; 24.7,CH; 24.1,CH; 21.9,CH,
13 112.4,C  113.2,C  113.4,C 1085 C  113.1,C 113.0,C 111.5C
14 166.7,C  167.5,C  167.7,C  167.4,C  170.2,C* 1653,C  165.6,C
15 - - - 91.9,CH - - -

16 - - - 14.5,CH; - - -

17 - - - 48.8,CH - - -

18 25.8,CH; 21.4,CH; 66.8,CH, 20.8,CH; 25.8, CH; 258, CH; 25.8, CH,
19 18.4,CH; 61.6,CH, 14.3,CH; 645, CH, 183,CH; 183,CH; 18.3, CH,
20 66.6, CH, 67.1,CH, 675, CH, - 67.9,CH, 66.9, CH, 66.9, CH,
21 117.5,CH 120.3,CH 117.2,CH - 118.9,CH 119.5,CH 119.7, CH
22 140.2,C  1435,C 1438,C - 140.5,C  139.7,C  139.4,C

2 Implied multiplicities determined by DEPT. ° not detected; ¢ in CDCls; ¢ in acetone-
de; * interchangeable
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The deduction of the double bond configuration in both compounds was determined
from the *C-NMR chemical shift of the respective methyl group. CHz-19 of
compound 3 resonates at d. 14.3 which necessitates that it is on the same side of
the double bond as CH,-20. CH3-18 of compound 2 is more down-field shifted (&
21.4) and hence the Z configuration for A*?* was deduced. Compounds 2 and 3 are
thus 19-hydroxylated derivatives of compound 1 and hence the trivial hames Z-
coniosclerodinol and E-coniosclerodinol are suggested for compounds 2 and 3,

respectively.

Compound 4

'H- and *C-NMR spectra of compound 4 are similar to those of compound 1,
especially concerning the C-1 to C-14 part of the molecule. This evidences that both
molecules share the same polycyclic aromatic nucleus. A *H-NMR resonance for H-1
is, however missing in compound 4. Mass spectrometric analysis of compound 4
revealed an accurate mass of 367.0781 (CigH160-Na, [M+Na]*), requiring 11 ring
double bond equivalents. Seven ring double bond equivalents have been accounted
for the aromaticity within the carbon skeleton and for two carbonyl groups suggesting
that the molecule is tetracyclic. The fourth ring includes a hydroxylated methylene
moiety (dy 3.96 for H-19a and &y 3.86 for H-19b), two methyl groups (14.5 for C-16
and 20.8 for C-18), of which CH3-16 is connected to the oxygenated methine CH-15
due to the observed *H-'H coupling. HMBC correlations allowed connecting the C-15
to C-19 part of the molecule, which is an oxygenated hemiterpene unit. C-17 of this
partial structure was attached to C-1 of the aromatic moiety due to heteronuclear
long range couplings of CH3-18 and CH,-19 to C-1. Ring closure to a dihydrofuran
ring occurred via the oxygen atom at C-15 to C-14 of the aromatic nucleus. Further
proof for this structure came from comparison of the spectroscopic data with those of
the known compound 9 (Ayer et al., 1986). The negative specific optical rotation ([a]°
-140.0) which this compound has in common with the known metabolite 9 and further
natural products such as trypethelone (with opposite sign) having the same structural
features (Mathey et al.,, 1980) suggested the S-configuration at C-15. NOESY
correlation between H-15 and CHs-18 indicated that these substituents are on the
same side of the molecule and suggesting the 17S configuration. We propose the
trivial name (S,S)-sclerodinol for compound 4.
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Compound 5

The molecular formula of compound 5 was deduced by accurate mass measurement
to be C1gH1606 (351.0837, [M+Na]*) which requires 11 degrees of unsaturation. The
'H- and **C-NMR spectra of compound 5 (tables 4.1 and 4.2) are similar to those of
compound 1. Differences in the spectra arose from the arrangement of the carbonyl
groups. In compound 5, an a-keto-lactone group is present, instead of the cyclic
anhydride as in compound 1. This is confirmed by the more downfield shifted **C-
NMR resonance of C-8 (8. 131.3 in 5, d: 97.2 in 1) due to its direct connection to
oxygen. Furthermore, comparison of spectroscopic data of 5 with those of compound
scleroderolide (11) confirmed the a-keto-lactone moiety (Ayer et al., 1987a).
Therefore; compounds 5 and 1 are positional isomers. We propose the name

conioscleroderolide for compound 5.

Compound 6

The *H- and **C-NMR spectroscopic data of compound 6 (tables 4.1 and 4.2) are
similar to those of compounds 5 and 12. The *C-NMR chemical shift of C-8 in
comparison to 5 was shifted upfield to &. 108.8, indicating that this carbon is not
oxygenated. The third ring within this metabolite connects C-8 and C-3 via a diketo-
bridge which is confirmed by comparing its spectroscopic data with those of
sclerodione (12) (Ayer et al., 1986). The trivial name coniosclerodione is suggested

for compound 6.

Compound 7

In case of compound 7, the **C-NMR spectrum (table 4.2), however had only one
signal for a carbonyl group (C-5, d. 165.8). As in compound 5, the *C-NMR
resonance of C-8 is downfield shifted to 130.3 ppm, a value characteristic for an
oxygenated aromatic carbon. Clear evidence for the lactone oxygen to be placed at
C-8 and not at the close to equivalent position C-3, came from the HMBC correlation
of H-10 to C-8. Mass spectrometric analysis suggested the presence of a tricyclic
molecule with a lactone ring between C-3 and C-8. NMR resonances for the
terpenoid moiety were identical to those of compounds 1, 5 and 6. We give the name

coniolactone to compound 7.
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Compounds 8-12

Extensive spectroscopic analyses including 1D- and 2D-NMR, LC/MS and specific
optical rotations of compounds 8, 9, 10, 11 and 12 proved that they are (-)-
cereolactone 8 (Ayer et al., 1986), (-)-sclerodin (9) (Ayer et al., 1986), lamellicolic
anhydride (10) (McCorkindale et. al., 1973 and 1983), (—)-scleroderolide (11) (Ayer et
al., 1987a), and (-)-sclerodione (12) (Ayer et al., 1986), respectively. The complete
spectroscopic data for the lactone 8 is described here for the first time and the name
cereolactone is suggested for it. Most of the **C-NMR chemical shifts of lamellicolic

anhydride (10) are reported here for the first time.

Coniosclerodin (1): yellowish white crystals (100 mg; 10 mg/L); (+)-HRESIMS: m/z
351.0878 (CisHisNaOgs [M+Na]® requires 351.0839); m.p. 190-193°C; UV Amax
MeOH/nm (log €) 250 (4.1), 353 (3.9); IR Vma/cm™ (ATR) 3325, 2922, 1715, 1663,
1599, 1455, 1386, 1300, 1182, 1036.

Z-Coniosclerodinol (2): white crystals (10 mg; 1.0 mg/L); (+)-HRESIMS: m/z
367.0801 (CigHisNaO; [M+Na]" requires 367.0788); m.p. 187-189°C; UV Amax
MeOH/nm (log €) 260 (4.5), 350 (3.9); IR Vma/cm™ (ATR) 3335, 2919, 1718, 1663,
1597, 1458, 1300, 1181, 1036, 808, 755.

E-Coniosclerodinol (3): white crystals (3 mg; 0.3 mg/L); HREIMS: m/z 344.0896
(C18H1607 [M]" requires 344.0891); UV Anax MeOH/nm (log €) 274 (4.3), 354 (4.0); IR
vmadcm™ (ATR) 3330, 2920, 1718, 1662, 1597, 1458, 1300, 1181, 1036, 808, 755.

(S,S)-Sclerodinol (4): yellow amorphous powder (7 mg; 0.7 mg/L); (+)-HRESIMS:
m/z 367.0781 (CigH16NaO; [M+Na]" requires 367.0788); m.p. 252-256°C; [a]**p -
140 (c 0.33 in CHCI3); UV Anax MeOH/nm (log €) 213 (4.2), 274 (4.0); IR Vmadcm™
(ATR) 3355, 2922, 1741, 1624, 1597, 1364, 1309, 1186, 1032, 855.

Conioscleroderolide (5): yellow crystals (10 mg; 1 mg/L); (+)-HRESIMS: m/z
351.0837 (CisHisNaOgs [M+Na]® requires 351.0839); m.p. 201-202°C; UV Amax
MeOH/nm (log €) 245 (4.6), 428 (4.0); IR Vma/cm™ (ATR) 3335, 2925, 1736, 1669,
1583, 1465, 1361, 1308, 1180, 1031.
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Coniosclerodione (6): red crystals (8 mg; 0.8 mg/L); (+)-HRESIMS: m/z 335.0902
(C1gH16NaOg [M+Na]" requires 335.0890); UV Anax MeOH/nm (log €) 251 (4.5), 354
(3.9); IR Vmacm™ (ATR) 3330, 2924, 1708, 1606, 1441, 1379, 1299, 1187, 1035.

Coniolactone (7): reddish white crystals (15 mg; 1.5 mg/L); (+)-HRESIMS: m/z
323.0896 (Ci7;HisNaOs [M+Na]" requires 323.0890); m.p. 216-217°C; UV Amax
MeOH/nm (log €) 260 (4.3), 340 (3.8); IR Vmad/cm™ (ATR) 3330, 2923, 1715, 1675,
1381, 1182, 1017.

(-)-Cereolactone (8): reddish crystals (12 mg; 1.2 mg/L); (+)-ESIMS: m/z 301.0
[M+H]": m.p. 230-232°C; [0]**5 - 55 (c 0.6 in CHCl3); UV Anax MeOH/nm (log €) 261
(4.3), 358 (3.7); IR Vmax/cm™ (ATR) 3295, 2923, 1704, 1643, 1625, 1529, 1481, 1378,
1140; *H-NMR (300 MHz; CDCls) & 6.63 (brs, H-10), 4.62 (g, J = 6.6 Hz, H-15), 2.57
(s, Ha-12), 1.49 (s, Ha-18), 1.44 (d, J = 6.6 Hz, H-16), 1.24 (s, Ha-19); *C-NMR (75
MHz; CDCls) & 167.4 (C-5), 164.9 (C-14), 156.3 (C-2), 137.1 (C-9), 133.8 (C-4),
132.5 (C-11), 128.9 (C-8), 120.9 (C-1), 118.3 (CH-10), 107.3 (C-13), 94.9 (C-3), 92.0
(CH-15), 43.3 (C-17), 25.5 (CH3-18), 20.9 (CHs5-12), 20.0 (CH5-19), 14.4 (CH5-16).

(-)-Sclerodin (9): white crystals (100 mg; 10 mg/L); [a]**5 - 73 (c 1.0 in CHCls), (+)-
ESIMS: m/z 329.4 [M+H]".

Lamellicolic anhydride (10): pale yellow crystals (5 mg; 0.5 mg/L); (+)-ESIMS: m/z
261.3 [M+H]"; *H-NMR (300 MHz; DMSO-dg) & 6.86 (brs, H-10), 6.36 (s, H-1), 2.81
(s, Hsz-12), *C-NMR (75 MHz; DMSO-dg) & 166.4 (C-2), 164.2 (C-9), 150.4 (C-11),
116.7 (CH-10), 112.3 (C-13), 99.9 (CH-1), 97.7 (C-8), 90.9 (C-3) 24.8 (CH3-12); not
detected (C-4, C-5, C-7, C-14).

(-)-Scleroderolide (11): yellow crystals (15 mg; 1.5 mg/L); [a]**p - 119 (c 0.2 in
CHCls), (+)-ESIMS: m/z 329.4 [M+H]".

(-)-Sclerodione (12): red crystals (11 mg; 1.1 mg/L); [a]**p - 118 (c 0.3 in CHCl,),
(+)-ESIMS: m/z 313.3 [M+H]".
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4.3 Unusual phenalenone derivatives from the marine-derived fungus

Coniothyrium cereale

In this chapter four new metabolites (13, 14, 16 and 18) are reported from the
mycelium of C. cereale, in addition to the ubiquitous fungal ergostane-type sterol
(22E, 24R)-Ergosta-4,6,8(14), 22-tetraen-3-one (15) and entatrovenetinone (17).

Compounds 13 and 14 represent two unusual nitrogen-containing compounds, which
are composed of a sterol portion condensed by two bonds to a phenalenone

derivative. Compound 18 is unusual in that it contains an imine functionality.

Subfraction 11 of the ethyl acetate extract of the mycelium of the marine-derived
fungus C. cereale was subjected to RP-HPLC separation to give the yellowish brown
compounds 13 and 14. At first glance, from their 'H- and **C-NMR spectra, they
were suspected to be a mixture of a sterol and a phenalenone like compound, but
the HPLC chromatogram showed only one peak for each compound. Further
elucidation of the mass gave a signal at 733 D correspondent to a molecular formula
C47Hs9NOg, suggesting that compounds 13 and 14 are adducts of a sterol and a
phenalenone derivative. Further investigation of the 1D- and 2D-NMR spectra

confirmed the adduct formation as follows.

Compound 13

The *H-NMR spectrum of the phenalenone portion of compound 13 gave rise to
signals for two exchangeable phenolic hydrogens, one strongly chelated (&4 16.91
for OH-2) with a carbonyl group (IR 1711/3354 cm™), and one weak chelated (dy
9.69 for OH-9), a characteristic NH resonance at dy 3.93. The 'H- and *C-NMR
spectra showed an aromatic methyl (dy,c 2.78/25.9 for CH3-12) and two aromatic
protons (&4 6.38 and 6.81 for H-1 and H-10, respectively). Signals due to an
isopentyl portion are methyl singlets at &y,c 1.81/25.8 for CH3-18 and dy,c 1.76/18.3
for CH3-19, a downfield shifted doublet at &/c 4.69/66.0 for the methylene protons
CH,-20 attached to oxygen and a methine triplet at dy,c 5.56/118.4 for CH-21. The

prenylation occurred at the oxygen attached to C-14 due to the HMBC correlation of
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H-20 to C-14 as depicted in figures 4.2 and 4.3. These chemical shifts of the prenyl

portion are very similar to those of the compound coniosclerodin (1).

12
conio-azasirosterol (13)

acetone adducts of compounds 16 and 17 hydrated form of compound 18

Figure 4.2: Structures of natural products 13 - 18 isolated from Coniothyrium cereale
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The sterol portion of the molecule gave rise to *H- and **C-NMR signals (table 4.3)
very similar to those of a sterol compound related to an ergosterol. Thus, the methyl
groups of the sterol portion produced singlets at &y,c 0.50/11.6 and 1.23/23.6 for the
angular tertiary CH3-18" and 197, respectively, and four doublets at &y,c 0.96/20.7,
0.76/19.6, 0.78/19.9 and 0.85/17.6 for the secondary methyl groups CH3-21", 267,
27" and 287, respectively, of the sterol side chain. The two alkenic CH groups of the
side chain gave rise to double doublets at dy,c 5.07/135.2 and 5.17/132.2 for CH-22"
and 23", respectively.

28’

22’ CH
. f\(ljSH>5' <\' 3 .
24 \

3,
11 . CHs
19 23 A
., CH 16"
1 3 H3CJ
, 26’

22 4/)
&—9 Figure 4.3: Significant TH-13C HMBC correlations (arrows,

19 proton to carbon) and 1H-1H cosy (bold lines) of compound 13

The *H-'H COSY and *H-*C HMBC correlations resulted in a sterol side chain of
nine carbons with one olefinic double bond to give an ergostene side chain (figure
4.3).
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Table 4.3: *H- and **C-NMR (CDCIs) spectroscopic data for compounds 13 and 14

no. mult. Oy of 13, Oc of 13 mult. Oy of 14, Oc of
(mult, Jin Hz) (mult, J in Hz) 14
1 CH 6.38, s 97.4 C 118.2
2 C 173.9 C 169.9
3 C 104.4 C 105.4
4 C 120.6 C 120.9
5 C 174.4 C 174.8
6 C 124.2 C 124.1
7 C 141.5 C 140.6
8 C 104.2 C 104.1
9 C 157.9 C 158.4
10 CH 6.81, s 117.5 CH 6.82, s 116.4
11 C 143.0 C 142.3
12 CHs 2.78, s 25.9 CHs 2.80, s 23.6
13 C 112.5 C 108.7
14 C 167.3 C 166.2
15 - - - CH 4.67, q (6.6) 91.2
16 - - - CHs; 1.46, d (6.6) 14.6
17 - - - C 43.2
18 CHs 1.81,s 25.8 CHs 1.54, s 25.7
19 CHs; 1.76, s 18.3 CH 1.30, s 20.7
20 CH, 4.69, d (6.2) 66.0 - - -
21 CH 5.56, brt (6.2) 118.4 - - -
22 C 139.0 - - -
OH-2 16.91, s 16.84, s
OH-9 9.69, s 9.76, s
NH 3.93, s 3.98, s
1 CH, 1.98, m 29.7 CH, 2.01, m 29.4
2 CH, 1.66, m 30.2 CH, 1.68, m 30.3
3 CH 4,10, m 66.7 CH 4,11, m 66.8
4 CH, a:1.52, m 37.0 CH, a:1.54, m 37.0
b:2.12, m b:2.12, m
5 C 55.5 C 55.6
6 CH 4.85, brs 75.8 CH 4.85, brs 75.6
7 CH 5.00, brs 116.9 CH 5.00, brs 116.9
8 C 140.6 C 140.5
9 C 139.0 C 139.0
107 C 40.2 C 40.1
117 CH 5.68, brd (5.5) 124.9 CH 5.68, d (5.49) 124.8
127 CH, a:2.12, m 41.9 CH, a:2.13, m 41.9
b:2.30, m b:2.32, m
13 C 42.4 C 42.3
14’ CH 2.07, m 50.9 CH 2.10, m 50.9
15 CH, 1.53, m 22.9 CH, 1.53, m 22.7
16” CH, 1.60, m 28.6 CH, 1.64, m 28.5
17 CH 1.20, m 55.7 CH 1.23, m 55.7
18 CHs 0.50, s 11.6 CHs 0.51, s 11.6
197 CHs 1.23, s 23.6 CHs 1.25, s 23.5
207 CH 1.95, m 40.3 CH 1.98 40.3
217 CHs 0.96, d (6.3) 20.7 CHs 0.98, d (6.6) 20.6
22 CH 5.07,dd (7.7, 15.0) 135.2 CH 5.10, dd (7.7, 15.0) 135.3
23 CH 5.17,dd (7.3, 15.0) 132.2 CH 5.18, dd (7.0, 15.0) 132.2
24 CH 1.78, m 42.8 CH 1.82, m 42.8
25 CH 1.40, m 33.0 CH 1.43, m 33.0
26" CHs; 0.76, d (6.3) 19.6 CHs; 0.78,d (6.3) 19.6
27 CHs; 0.78, d (6.3) 19.9 CHs; 0.80, d (6.3) 19.9
28 CHs; 0.85, d (6.3) 17.6 CHs; 0.88, d (6.3) 17.6
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Further two olefinic CH groups resonating at dy,c 5.00/116.9 and 5.68/124.9 are
assigned to CH-7" and 11", respectively, to form an exocyclic diene system with the
guaternary carbons C-8" and C-9° due to HMBC as illustrated in figure 4.2. These
structural features were confirmed by the *H-**C HMBC correlations as illustrated in
table 4.3 and figure 4.3. The methine multiplet at dy,c 4.10/66.7 has the expected
complexity of steroidal 3-carbinol hydrogen which is characteristic of 36-
hydroxysterols. The steroidal nucleus is attached to the phenalenone part through
two bonds. The first bond is from C-5" to C-6 through a NH bridge and this is
confirmed by HMBC correlations of NH to C-5, 7, 4, 5", 6" and 10". The second
bond is from CH-6" to C-7 via oxygen bridge due to the HMBC correlation of H-6" to
C-7.

Compound 14

Compound 14 is similar to compound 13, except that the prenyl moiety is attached to
the phenalenone part as a trimethyl dihydrofuran ring. Compound 14 is isolated in an
epimeric pure form (figure 4.4) and it was reported before as an epimeric mixture at
C-15 under the name dehydroazasirosterol (Ayer & Ma, 1992a). Therefore, we gave
the name conio- azasirosterol and cereo-azasirosterol for compounds 13 and 14,

respectively.

23° _
208 9-0H T HH 4

Figure 4.4:1H-NMR spectrum (300 MHz, CDCl3) of compound 14, mostly characterized by the downfield
shifted resonance at 16.84 ppm for a strong H-bonded OH-2 & at 9.76 ppm for a weak H-bonded OH-9 as
well the NH resonance at 3.98 ppm, in addition to the other resonances of the sterol portion especially of

olefinic and oxygenated protons.
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Compound 15

The LC/MS, *H- and *C-NMR spectra of compound 15 revealed an ergostane-type
compound (ergosteroid) which had the same structure as (22E, 24R)-ergosta-
4,6,8(14),22-tetraen-3-one (Jinming et al., 2001).

Compound 16

Compound 16 was not obtained from the extracts but isolated as acetone adducts on
C-6 (figure 4.2). The position of acetonyl moiety of the acetone adduct was
confirmed by the HMBC correlation of H,-23 to C-6. A pair of epimers (1:1 epimeric
mixture) at C-6 was found which was confirmed by the absence of CD Cotton effects
and zero optical rotation for the acetone adduct of compound 16. The acetone
adduct of compound 16 is reported under the name rousselianone A" (Xiao et al.,
1993).

Compound 17

Also compound 17 was not obtained from the extracts but isolated as acetone
adducts on C-6 (figure 4.2). The position of acetonyl moiety is confirmed by the
HMBC correlation of H,-23 to C-6.

Table 4.4: NMR (CDCI;) spectroscopic data for the acetone adduct of compound 17

no. Oc mult. On, COSsY HMBC NOESY
(mult, J in Hz)

1 118.4/118.5 C

2 165.5/165.4 C

3 102.5 C

4 137.4 C

5 196.9/196.8 C

6 77.1/77.3 C

7 199.2 C

8 105.4 C

9 166.2/166.1 C

10 117.9 CH 6.74, br s 12 8,9 12,13 12

11 149.3 C

12 24.3 CHs 2.76, s 10 10, 11, 13 10

13 109.7 C

14 166.1 C

15 91.7/91.6 CH 4.64, q (6.6) 16 17,18, 19 16, 18

16 14.7 CHs 1.46, d (6.6) 15 15, 17 15, 19

17 43.3 C

18 25.7 CHs 1.51/1.52, s 1,17,19 15

19 20.6 CHs 1.30/1.27,s 1, 15,17, 18 16

23 51.8/52.1 CH, 3.31/3.27, s 5,6,7,24

24 206.1/205.9 C

25 31.1/31.0 CHs 2.20, s 24

OH-2 13.34/13.29, s 1,2,35

OH-9 12.81/12.78, s 8,9,10
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A pair of epimers (1:1 epimeric mixture) at C-6 was found which was confirmed by
the presence of two sets of resonances for the acetone adduct of compound 17 in
the *H- and *C-NMR spectra (see appendix). The complete spectroscopic data of
the acetone adduct of compound 17 is listed in table 4.5 for the first time. Compound
17 (entatrovenetinone) was formerly separated from Gremmeniella abietina (Ayer et
al., 1986).

The genuine triketone compounds (16 and 17) were recognized by LC/MS (m/z 340)
using additionally prepared extract without subjecting to acetone during the

extraction process (figure 4.15).

Compound 18

Compound 18 has the same structural features as in compound 17, except that there
is an imine moiety at C-6 and a lactone oxygen between C-8 and C-7, to produce a
unique heptanoid ring with imine functionality surrounded by two carbonyl groups.
Compound 18 could not be isolated in the imine form, but in its hydrated form (figure
4.2). The latter was suspected due to the presence of epimeric mixture (1:1 ratio) at
C-6 corroborated from the two sets of resonances in *H- and **C-NMR spectra (see
appendix). The attachment of oxygen to C-8 was proven from its chemical shift at
130.2 ppm in the **C-NMR spectrum (table 4.5). The latter is similar to the chemical
shifts in the lactone compounds 7 and 8, and the diketolactones 5 and 11 (chapter
4.2; Elsebai et al., 2011).

The presence of a nitrogen atom was suggested by the odd numbered molecular
mass 373 Da (HRESIMS m/z, found = 396.1057 [M+Na]"). The position of the imine
at C-6 is supported by the structure of compounds 13 and 14 where the nitrogen
atom is at the same position which is the middle carbonyl group. This is also
chemically the most plausible position because the middle carbonyl group of the
triketone is the most active one for a transamination reaction. In addition, the
respective carbon chemical shifts were in agreement with the values calculated by
the ACD NMR predictor software® (ACD laboratories) for the hydrated derivative of
compound 18. We report here the complete spectroscopic data (table 4.5) for the

hydrated form of compound 18.
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Table 4.5: NMR (CD3;COCD3) spectroscopic data for the hydrated form of 18

no. Oc mult. Oy, (Mmult, Jin HMBC NOESY
Hz)

1 117.9 C

2 169.2 C

3 94.9 C

4 125.8 C

5 189.1/189.2 C

6 119.1 C

7 157.1 C

8 130.2 C

9 146.7 C

10 1185 CH 6.81, s 8,9, 12,13

11 132.0 C

12 22.1 CH; 2.66, s 10, 11, 13, 14

13 109.8 C

14 167.2 C

15 92.06/92.13 CH 4.69, q (6.6) 14,17, 18, 19 16, 18

16 14.8/14.7 CH; 1.51, d (6.6) 15, 17 19

17 43.9/43.8 C

18 25.8/26.0 CH; 153, s 1,15,17, 19 15

19 20.9/21.0 CH; 1.30, s 1,15,17, 18 16

OH-2 12.99

OH-9 11.98

Stereochemistry of compounds 13-18

Compound 14 has the all stereogenic centres as in compounds 13-18. Due to the
similarity in NMR chemical shifts for both compounds 13 and 14 and their identical
biogenetic origin, they should have the same stereochemistry of the sterol portion;
and likewise for compounds 17 and 18, which have the same phenalenone
stereogenic centre as in compound 14. Therefore, the stereochemistry of compound

14 is discussed in details.

For the sterol portion, both the type and orientation of substituents in the steroid
nucleus affect their *C-NMR chemical shifts (Dias & Gao, 2009). Consequently, the
orientation of 3'-OH is B due to the *C chemical shift of C-3" at 8¢ 66.7 for
compound 13 and &c¢ 66.8 for compound 14 (in the a-carbinol C-3" has chemical shift
around d¢ 71.0; Blunt & Stothers, 1977). The NH bridge is a-oriented due to the
NOESY correlation of NH to H-3" (figure 4.5) which is further confirmed by
enhancing the H-3" resonance signal upon irradiation of NH resonance using 1D-
NOE measurement. Also, the absence of a NOESY correlation between CHs;-19°
and NH further confirmed the a-orientation of the amine bond. A NOESY correlation
between CHs-19"and CH-6" indicated the oxygen bridge between C-7 and CH-6" to

be a-oriented and in turn the whole phenalenone nucleus. The phenalenone nucleus
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is therefore perpendicular to the flattish sterol part due to the aforementioned
NOESY correlations and the trans fusion of the steroid rings A/B and C/D in addition
to the planar arrangements of the middle atoms of the sterol nucleus with the C-C
double bonds. CH3-19” has a NOESY correlation to CH3-18". The B-orientation of the
CH3-19" group was further confirmed by its enhancement upon irradiation at the
CH3-18" using a 1D-NOE measurement. CH3-18" has no NOESY correlation to CH-
14" confirming the trans fusion of the steroid ring C/D and this is matching with the

transoid nature of most natural steroids.

Figure 4.5: Significant 1H-1H 2D NOESY correlations of compound 14

The stereochemistry of the sterol side chain was determined to be as shown in figure
4.5. It was determined by comparison of the **C-NMR data of compound 14 with
those of the (22E, 24R)-methyl- A%- sterol side chain of known steroids (Ishizuka et
al., 1997; Wright et al., 1978). Wright et al. (1978) studied the **C-NMR spectra of
diastereomeric C-24 alkyl sterols and they found that the differences in the **C-NMR
chemical shifts of side-chain carbons permitted the determination of the absolute
configuration at C-24, and stated that the absolute configuration of the sterol side
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chain can be determined by the **C chemical shifts of the respective carbons. Wright
et al. (1978) found that specifically the resonance for the C-28" methyl carbon
appears at a characteristic value of 17.6 £ 0.1 ppm in the 24R epimer. Interestingly,
in compounds 13, 14 and 15, the **C chemical shifts of C-28" are the same which is
17.6 ppm, although the main sterol skeletons in compounds 13, 14 and 15 are not
similar, indicating the R configuration at C-24" for all of them. This is possible since
these chemical shifts are insensitive to structural changes remote from the C-24"
stereogenic centre (Wright et al., 1978). Further confirmation of the 24'R
configuration was described by Goad et al. (1974) who recognized that many sterols
of plants and microorganisms contain a methyl or ethyl group at C-24", and both C-
24" diastereoisomers have been found to occur naturally. Goad et al. (1974)
established that there appears to be some phylogenetic significance to the
configuration at C-24", since, in general, algae and fungi produce sterols with the
24’R configuration in the A% derivative (24°S if a saturated side chain) whereas

sterols in most vascular plants possess the 24°S configuration.

The presence of NOESY correlation between H3-18" / H-20" and between H-14" / Hs-
21" indicated that the sterol side chain is 8- oriented to the main sterol nucleus and

the transoid nature of rings C/D (figure 4.5).

We assume a S configuration of the single stereogenic centre of the phenalenone
nucleus at C-15 for compounds 14, 17 and 18 based on the same biogenetic origin
as the previous compounds, i.e. compounds 4, 8, 9, 11 and 12 (Elsebai et al., 2011)

and compounds 19-21.

Conio-azasirosterol (13): Yellowish brown powder (7.5 mg; 0.7 mg/L); (+)-
HRESIMS: m/z found = 756.4235 [M+Na]" and calcld = 756.4240 [M+Na]*; [0]**o
+90 (¢ 0.3 in CHCl3); UV Anax MeOH/nm (log €): 395(4.9), 245(4.1); IR Vmadcm™
(ATR): 3354, 2919, 2850, 1741, 1711, 1609, 1461, 1371, 1193, 1064, 1032, 977.

Cereo-azasirosterol (14): Yellowish brown powder (9.3 mg; 0.9 mg/L); (+)-
HRESIMS: m/z found = 756.4235 [M+Na]" and calcld = 756.4240 [M+Na]"; [0]**o
+35 (¢ 0.6 in CHCl3); UV Anax MeOH/nm (log €): 395(4.8), 240(4.5); IR Vmad/cm™



Results of the chemical investigation of the marine-derived fungus Coniothyrium cereale -51-

(ATR): 3382, 2919, 2850, 2358, 1737, 1711, 1608, 1461, 1371, 1295, 1193, 1064,
1033, 977, 861.

(22E, 24R)-Ergosta-4,6,8(14), 22-tetraen-3-one (15): Yellowish brown powder (8.5
mg; 0.8 mg/L); ()ESIMS m/z = 391.6 [M-H]"; **C-NMR (75 MHz; CDCl5): § 34.0
(CH2-1), 18.9 (CH2-2), 200.5 (C-3), 122.6 (CH-4), 165.6 (C-5), 124.3 (CH-6), 134.6
(CH-7), 124.3 (C-8), 44.2 (CH-9), 36.8 (C-10), 25.4 (CH,-11), 34.0 (CH»-12), 44.0 (C-
13), 156.7 (C-14), 35.5 (CH,-15), 27.7 (CH,-16), 55.6 (CH-17), 18.9 (CHs-18), 16.6
(CHs-19), 39.3 (CH-20), 21.2 (CH3-21), 134.9 (CH-22), 132.2 (CH-23), 42.8 (CH-24),
33.1 (CH-25), 19.6 (CH3-26), 19.9 (CH3-27), 17.6 (CH3-28).

The acetone adduct of compound 16: Yellowish brown powder (10 mg; 1.0 mg/L);
(+)-HRESIMS: m/z found = 421.1258 [M+Na]* and calcld = 421.1264 [M+Na]"; UV
Amax MeOH/nm (log €): 331(4.0), 255(3.9), 216 (3.9); IR vma/cm™ (ATR): 2919, 2850,
2359, 1708, 1608, 1460, 1379, 1206, 836, 720, 668, 534.

The hydrated form of compound 18: Yellowish green powder (6.5 mg; 0.6 mg/L);
(+)-HRESIMS: m/z found = 396.1057 [M+Na]* and calcld = 396.1059 [M+Na]".
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4.4 Novel HLE-inhibitory alkaloids with a polyketide skeleton from

the marine-derived fungus Coniothyrium cereale

The marine endophytic fungus C. cereale produced the structurally most unusual
polyketide-type alkaloids (-)-cereolactam (19) and (-)-cereoaldomine (21),
incorporating a lactam and an imine functional groups, respectively. Compound 19
can also be viewed as an indole derivative. Usually an indole nucleus originates from
tryptophan, but in the case of compound 19, the indole is most probably of polyketide
origin based on the histochemistry of its producing fungus, its meta oxygenation
pattern and the reported literature for the polyketide origin of fungal phenalenones.
Accordingly, compound 19 is the first indole derivative of polyketide biosynthetic
pathway. Alkaloid structures as well as that of the related metabolite (-)-trypethelone
(20) were established from extensive NMR spectroscopic investigations and X-ray
crystallography. The absolute configuration was determined based on CD spectra

and specific optical rotations.

The nitrogen-containing compounds 19 and 21 showed significant inhibition of
human leukocyte elastase (HLE) with 1Cso values of 9.28 and 3.01 puM, respectively.
In agar diffusion assays compound 20 was found to be considerably inhibitory
toward Mycob. phlei, Staph. aureus and E. coli, with inhibition zones of 18, 14 and
12 mm, respectively. Cytotoxicity was also determined for compound 20 using an
MTT assay with mouse fibroblast cells; it had significant activity with an 1Csy value of
7.5 uM.

Compound 19

The molecular formula of compound 19 was determined to be C,7H;7NO, as
deduced from accurate mass measurements (HRESIMS m/z 300.1230 [M+H])
which requires ten degrees of unsaturation. UV maxima at 354 and 390 nm clearly
evidenced that compound 19 comprises an extended aromatic system, whereas the
IR spectrum showed resonance peaks at 3255 and 1701 cm™ corresponding to a
strongly chelated hydroxyl and a carbonyl group, respectively.
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The 'H-NMR spectrum (table 4.6) of compound 19 is characterised by four
resonances due to three tertiary and one secondary methyl groups (&4 2.65 for Hs-
12, oy 1.36 for H3-16, &4 1.43 for Hs3-18 and oy 1.15 for H3-19). An interesting
resonance in the *H-NMR spectrum at 5y 9.29 accounts for a non-chelated NH group

which wass confirmed by *H-">N HMBC (resonance signal at &y 128.0 ppm).

OH NH
HO o)
(L o
11CH5
CHO O
CH,

(-)-cereoaldomine (21)

02 o1

“CH; “CH;

R-acetonyl-(-)-trypethelone (20a) S-acetonyl-(-)-trypethelone (20b)

Figure 4.6: Structures of natural products 19 - 21 isolated from Coniothyrium cereale, two artifact compounds of 20
and X-ray crystallographic structure of compound 20
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Two further *H-NMR resonance signals arose from one aryl (34 6.69 for H-10) and
one aliphatic proton (64 4.43 for H-15). The latter is downfield shifted indicating its
direct attachment to an electronegative atom. The aryl proton H-10 did not show any
'H-'H coupling, thus suggesting a penta-substituted benzene ring in the molecule.
The C-NMR spectrum (table 4.7) disclosed 17 resonances resulting from four
methyl groups (CHs-12, CHs-16, CH3-18 and CHs-19), one sp? methine group (C-10),
and a further sp® methine group (C-15), all resulting from structural elements already
deduced from the *H-NMR data.
Table 4.6: *H-NMR spectroscopic data (34 ppm, mult, J in Hz) for 19 — 21.

no. 19° 20° 21°

8 7.34,d (2.6)

10 6.69, s 6.88, d (2.6) 7.37, brs

12 2.65, s 259, s 10.71, s

15 4.42, q (6.6) 4.76, q (6.6) 4.73, q (6.6)
16 1.36, d (6.6) 1.52, d (6.6) 1.47, d (6.6)
18 1.43,s 1.45,s 141,s

19 1.15, s 1.28, s 1.22, s

NH 9.29, s 7.46, brs*
OH-8 9.25, brs*
OH-9 11.50, brs*

2in DMSO-d6; ? in methanol-d4. %in acetone-d6; *signals exchangeable

Table 4.7: *3C-NMR spectroscopic data (3¢ ppm, mult.?) for compounds 19 - 21.

no. 19° 20° 21°

1 119.5,C 122.6,C 124.3,C
5 137.4,C 176.6, C 183.1,C
3 112.2,C 183.6,C 176.5, C
4 128.5,C 135.5,C 110.0, C
7 165.3,C

8 105.1, C 116.6, CH 149.0, C
9 151.1,C 162.3,C 149.7,C
10 117.4, CH 124.8, CH 112.4, CH
11 142.1,C 142.7,C 126.7,C
12 20.8, CHs 22.3, CHs 191.5, CH
13 106.8, C 118.0,C 122.2,C
14 156.3, C 175.1,C 168.2, C
15 88.9, CH 94.2, CH 92.7, CH
16 14.2, CHs 14.9, CH, 14.6, CH;
17 44.0, C 43.9, C 44.0,C
18 25.6, CHs 26.0, CHs 25.6, CHs
19 21.0, CHs 20.6, CHs 20.4, CH,

2 Implied multiplicities determined by DEPT. ° in DMSO-d6; ¢ in methanol-d4. %in
acetone-d6
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All other carbon atoms in 19 were quaternary, including the six sp? aromatic carbon
atoms C-1, C-3, C-4, C-8, C-11 and C-13, as well as C-2, C-9 and C-14 which were,
according to their **C-NMR chemical shift, attached to oxygen. C-7 resonated at
165.3 ppm indicating a carbonyl moiety, whereas C-17 proved to be an aliphatic sp®
guaternary carbon atom. The nitrogen atom, which was evident from the molecular
formula had to be present in form of an amide group due to HMBC correlation to the

carbonyl group at C-7 (figure 4.7).

In the *H-*3C HMBC spectrum, H-10 showed
strong correlations to C-8, C-12 and C-13,
whereas CHg3-12 displayed heteronuclear
couplings to C-10, C-11 and C-13 (figure
4.7). Also, in the *H-*C HMBC spectrum, the

NH proton was found to have correlations

with C-3, C-4, C-7 and C-8 supporting the 2)

presence of a y-lactam ring. The direction of 12 : 15 \‘/ N
the amide bond is as shown in figure 4.6, i.e. QH?

the NH is attached to C-3 and not to C-8, Figure 4.7: Significant 'H-13C HMBC correlations
. . (arrows, proton to carbon) of compound 19

due to the H-10/C-7 correlation in the HMBC

spectrum. C-2, C-9 and C-14 had to be further connected to an oxygen containing

substituent according to their *C-NMR chemical shifts (table 4.7).

The *H-NMR spectrum contained two singlet resonances at 8y 1.43 (Hs-18) and 1.15
(Hs-19) due to a geminal dimethyl group attached to the quaternary carbon C-17,
which was corroborated by the HMBC correlation between both H3-18 and Hs-19 to
C-17. C-17 is attached to C-1 due to the HMBC correlations of both H3-18 and H3-19
to C-1. Also, there are HMBC correlations of the CH3-16 to both C-17 and C-15
establishing the C-15 to C-19 part of the structure, i.e. a prenyl moiety. Finally, CH-
15 is attached to C-14 via oxygen due to its downfield chemical shift (d. 88.8). This
pattern of HMBC correlations, together with the UV and *H-NMR data indicated a
naphthalene-type compound, substituted at C-2 and C-9 with hydroxyl groups and at
C-11 with a methyl group, and having furanoid and y-lactam rings. The y-lactam ring
with the aryl ring attached to the furanoid one resulted in an indole nucleus.

Compound 19 is thus composed of a dihydroxy-methyl-naphthalene nucleus fused to
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trimethyldihydrofuran and y-lactam rings. We give the name (-)-cereolactam to

compound 19.

Compound 20

Extensive spectroscopic analysis including
1D- and 2D-NMR (tables 4.6 and 4.7 and
figure 4.8), accurate mass measurements
(HRESIMS at m/z 295.0941 [M+Na]*), UV
and IR data of compound 20 indicated that it
has the same planar structure as the
enantiomer trypethelone (Mathey et. al.,

1980), but differs concerning the

conflguratlon at C-15. Flna”y' the structure Figure 4.8: Significant "H-13C HMBC correlations
of Compound 20 was proven by Sing|e (arrows, proton to carbon) of compound 20
crystal X-ray crystalography (figure 4.6). For compound 20 the trivial name (-)-

trypethelone is suggested.

Compounds 20a and 20b

Extensive spectroscopic analysis including 1D- and 2D-NMR (see appendix),
HRESIMS of compounds 20a and 20b proved that they are similar to compound 20
with the addition of acetonyl moiety at C-3. The latter is due to the cross peak
correlation between both diastereotopic protons of CH,-23 to C-2 and C-3, and this
is further confirmed by the accurate mass HRESIMS measurement. We give the

names R- and S-acetonyl-(-)-trypethelone to compounds 20a and 20b, respectively.

Compound 21

Compound 21 with a molecular formula of C15H15NOs (HRESIMS at m/z 324.0842
[M+ Na]’) has a similar skeleton as 19 and 20, however the methyl CH3z-12 is
replaced by an aldehyde group, and in contrast to compound 20, compound 21 has
only one carbonyl group and one aromatic proton in the molecule. The presence of
the aldehyde was deduced from the chemical shifts 8yc 10.71/191.5 in *H- and *3C-
NMR spectra being representative for CHO-12. The aldehyde group was determined
to be attached to C-11 from cross peak correlations in HMBC of the aldehyde proton
H-12 to carbons C-9, C-10, C-11 and C-13.
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The molecular formula deduced for 21 (C16H15NOs), the presence of only a single
resonance signal for an aromatic proton (84 7.37, H-10) and the **C-NMR chemical
shift of C-8 (5. 149.7), all indicated that C-8 is also hydroxylated. Thus C-8 and C-9
are hydroxylated and their **C-NMR chemical shifts are close to similar to
compounds  8-methoxytrypethelone-methylether and  4°-hydroxy-8-methoxy-
trypethelone-methylether (Mathey et. al., 1980) which have the same substitution

pattern of this aromatic ring.

Compound 21 is further distinguished by an imine functionality (IR 1624 cm™)
replacing one of carbonyls found in compound 20. The position of the iminie
functionality is deduced from calculations of the **C-NMR chemical shifts of both
possible regio isomers using the ACD NMR predictor software® (ACD laboratories).
Comparison of these calculated with the measured **C-NMR data of compound 21
clearly indicates that the imine group is positioned at C-3 which is the same position
as in compound 19. In addition, the presence of the two artifact compounds 20a and
20b with their acetonyl moities at C-3 is a further proof that the carbonyl group at C-3
is the active one for transamination. We give the name (-)- cereoaldomine to

compound 21.

Stereochemistry

Compounds 19-21, all contain a single stereogenic centre at C-15, have the same
substitution pattern around this centre, and display comparable NOESY correlations.
Additionally, all compounds display a negative specific optical rotation ([a]° -70 for
compound 19, — 355 for compound 20, -320 for compound 21), indicating that 19-21
have the same absolute configuration at C-15. For compound 20, the absolute
configuration at C-15 was determined as 15S by comparing its CD spectrum with
that of the reference compound trypethelone (Mathey et. al., 1980). Thus, compound
2 had a negative Cotton effect at Amax 480 (-1.8) which is opposite to that described
for the reference compound trypethelone (Mathey et al., 1980). Furthermore, the
laevorotatory specific optical rotation ([a]° -355 for compound 20 and +364 for (+)-
trypethelone) showed that compound 20 is the enantiomer of the known metabolite
(+)-trypethelone (Mathey et al., 1980). As 20, compounds 19 and 21 also displayed
negative Cotton effects, even though at different Anax (390 nm for both compounds

19 and 21, and 480 nm for compound 20) due to their different chromophores.
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Based on their chiroptical propterties, the stereogenic centre at C-15 for compounds

19 and 21 is also proposed to have the S configuration.

We assume the S configuration at the chiral centre C-15 depending on biogenetic
origin. Compound 20a has R configuration at C-3 due to the NOESY correlation
between CH3-25 and CH3-19. Compound 20b has S configuration at C-3 due to the
NOESY correlation between CH3-25 and CH3-18.

(-)-Cereolactam (19): Green compound powder (11.5 mg; 1.15 mg/L); (+)-
HRESIMS: m/z found = 300.1236 [M+H]" and calcld =300.1230 [M+H]"; [a]o — 70 (c
0.10, methanol); CD (MeOH): Amax 390 (A€ =-0.3) nm; UV Anax MeOH/nm (log €): 213
(5.1), 274 (5.0), 339 (4.3), 354 (4.3), 390 (4.1); IR Vmadcm™ (ATR): 3255, 2922,
2851, 1701, 1618, 1379, 1062, 873, 824.

(-)-Trypethelone (20): Dark violet crystalline compound (21.5 mg; 2.1 mg/L); (+)-
HRESIMS: m/z found = 295.0941 [M+Na]* and calcld = 295.0946 [M+Na]"; m.p.
250-255°C; [a]p — 355.0 (c 0.10, methanol); CD (MeOH): Amax 480 (A€ =-1.8) nm; UV
Amax MeOH/nm (log ¢€): 213 (4.8), 274 (5.0), 283 (4.9), 316 (4.3), 515 (3.9); IR
Vmadcm™ (ATR): 3358, 2922, 2891, 2360, 1603, 1458, 1382, 1294, 1178, 1029.

X-ray Diffraction Structure Determination for (-)-trypethelone (20):

Crystal data: C16H1604; crystal size (mm) 0.60 x 0.30 x 0.08, dark red-violet needle;
crystal system monoclinic; space group P21; unit cell dimensions a = 7.2659(5) A, b
=14.0034(9) A, ¢ = 13.9617(9) A, a. = y=90°, B = 97.446(2)°, V = 1408.59(16) A3,
Z, p =1.284 gcm™; p = 0.092 mm™; F(000) = 576; Theta range for data collection
2.83 to 26.00° reflections collected/unique 7990/4342 [R(int) = 0.0446],
completeness to theta 26.00° = 99.9%; refinement method full-matrix least-squares
on F2; final R indices [I>2sigma(l)] R; = 0.0399, wR, = 0.1045; largest difference
between peak and hole 0.250 and -0.208 e A-3.

CCDC 819315 contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from “The Cambridge Crystallographic

Data Centre” via www.ccdc.cam.ac.uk/data request/cif.
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(-)-Cereoaldomine (21): Bright blood red color (6 mg; 0.6 mg/L); (+)-HRESIMS: m/z
found = 324.0842 [M+Na]" and calcld = 324.0848 [M+Na]*; [a]po — 320.0 (c 0.30,
methanol); CD (MeOH): Anax 324 (A€ = +0.9), 362 (A€ = -0.4), 383 (A€ =-0.3), 390
(A€ = -0.3) Nm; UV Anax MeOH/nm (log ¢€): 268 (5.2), 501 (4.5); IR Vma/cm™ (ATR):
3314, 2922, 2891, 1735, 1712, 1624, 1567, 1461, 1380, 1273, 1097, 1032, 877.

R-acetonyl-(-)-trypethelone (20a): Reddish violet crystalline compound (6.3 mg;
0.6 mg/L); (+)-HRESIMS: m/z found = 353.1361[M+Na]’, calcld = 353.1359
[M+Na]*; *H- and *C-NMR see appendix; [a]o —210.0 (¢ 0.30, methanol); UV Amax
MeOH/nm (log €): 265 (4.5), 346 (4.0); IR vmadcm™ (ATR): 3360, 3230, 2920, 2363,
1670, 1380, 1180, 1018.

S-acetonyl-(-)-trypethelone (20b): Reddish violet crystalline compound (14.9 mg;
1.4 mg/L); (+)-HRESIMS: m/z found = 353.1352[M+Na]’, calcld = 353.1359
[M+Na]"; *H- and **C-NMR see appendix; [a]o — 363.0 (c 0.30, methanol); UV Anax
MeOH/nm (log ¢€): 265 (4.4), 346 (4.2); IR vmadcm™ (ATR): 3361, 3228, 2920, 2360,
1672, 1383, 1175, 1017.
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4.5 Novel dioxa-benzoazulene derivative with a polyketide skeleton from

the marine-derived fungus Coniothyrium cereale

Further investigation of the marine endophytic fungus Coniothyrium cereale
produced the structurally nonprecedented azulene derivative (22). The dioxa-
benzoazulene nucleus of 22 is in contrast to the usual terpene origin of azulene
compounds, and in turn it is the first azulene derivative with a polyketide origin based
on the histochemistry of its producing fungus, its meta oxygenation pattern and the

reported literature for the polyketide origin of fungal phenalenones.

cereoazulene (22) 44

Figure 4.9: Structure of natural product 22 isolated from Coniothyrium cereale
The molecular formula of compound 22 was established as Ci16H1506 from accurate
mass measurements (HRESIMS at m/z 329.0996 [M+Na]*), which requires eight
degrees of unsaturation. The IR spectrum showed a OH stretching vibration at 3358

cm™ which corresponded to a non-chelated hydroxyl.

The *H- and **C-NMR spectra (table 4.8) of compound 22 are characterized by four
resonances due to three tertiary and one secondary methyl groups (duic 2.40/17.6
for CH3-12, 1.30/15.0 for CH3-16, 1.36/26.2 for CH3-18 and 1.30/17.3 for CH3-19).
Four further resonance signals arose from two aryl CH groups at &y,c 6.97/108.6 for
CH-8 and 6.95/124.6 for CH-10 and two aliphatic CH groups at dy,c 3.53/60.7 for
CH-1 and 4.22/87.5 for CH-15.

An interesting resonance in the **C-NMR spectrum is at 8¢ 113.3 for the quaternary
C-14 indicating its attachement to two oxygen atoms. The latter means the double

bond between C-1 and C-14 is oxidized, unlike in the previously mentioned
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compounds (compounds 1-21), with a creation of new protonated carbon CH-1. This
is substantiated from the correlation in the *H-**C HMBC spectrum between H-1 and
C-14. In addition, the position of C-14 was confirmed by the correlation in the *H-**C
HMBC spectrum from Hs-12 to C-14 (figure 4.10). Further correlations in the *H-*C
HMBC spectrum indicated that the C-14 to C-19, including C-1, part of the molecule
resulted in a trimethyl-tetrahydrofuran ring and not in a trimethyl-dihydrofuran ring as

in the previous compounds 1-21.

The two aryl H-8 and H-10 protons showed
meta coupling to each other (Jy.g/n-10=2.2
Hz), thereby suggesting a tetra-substituted
benzene ring in the molecule which was
further proven through correlations in the
'H-3C HMBC spectrum. The ¥C-NMR

spectrum (table 4.9) showed a resonance

for one oxygenated aromatic sp®> methine

Figure 4.10: Significant 'H-13C HMBC correlations
(arrows, proton to carbon) of compound 22

carbon at &¢ 160.9 for C-9 and its position
was confirmed by the HMBC correlations
with H-8 and H-10 (figure 4.10).

Table 4.8: NMR (CD30D) spectroscopic data for compound 22

no. Oc mult.® Oy, (mult., J COSY HMBC NOESY
in Hz)

1 60.7 CH 3.53,s 2,13,14,17, 18, 19 15,18

2 170.4 C

3 170.8 C

4 131.0 C

8 108.6 CH 6.97,d (2.2) 10 3,9, 10,13

9 160.9 C

10 124.6 CH 6.95,d (2.2) 8,12 8,9, 12,13, 14 12

11 136.1 C

12 17.6 CH; 2.40,s 10 8 (w), 10, 11, 13, 14 10

13 137.5 C

14 113.3 C

15 87.5 CH, 4.22, q (6.6) 16 16, 17 1,16, 18

16 15.0 CH; 1.30, d (6.6) 15 15 15,19

17 43.8 C

18 26.2 CH; 1.36, s 1,15,17,19 1,15

19 17.3 CH; 1.30, s 1,15,17, 18

2 Implied multiplicities determined by DEPT (135).
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The *C-NMR spectrum (table 4.9) showed further two resonances for two carbonyl
carbons of ester functionalities at &c 170.4 for C-2 and 170.8 for C-3. The
correlations in the *H-*C HMBC spectrum connected the carbonyl at C-2 to CH-1
and the carbonyl at C-3 to C-4. Those two carbonyl groups are attached together
through ester oxygen due to their chemical shifts and the fitting with the molecular
mass. These structural features produce a unique dioxa-benzoazulene derivative

with tetrahydro-furan and benzene rings.

Compound 22 is unusual in that its nucleus is dioxa-benzoazulene and of polyketide
origin, and therefore, to the best of our knowledge, compound 22 represents the first
azulene derivative of polyketide origin since it is known that the azulene nucleus is

usually of terpene origin. We proposed the name cereoazulene for compound 22.

Stereochemistry

Compound 22 has three stereogenic centres at C-1, C-14 and C-15. We assume the
S configuration for the stereogenic centre at C-15 based on biogenetic
considerations in relation to the previous compounds 1-21. The stereogenic centre at
C-1 is proposed to have R configuration due to the NOESY correlation between H-15
and H-1. The determination of the orientation of OH-14 using selective 1D-NOE was
unsuccessful due to the exchangeability of OH-14.

It is noteworthy that the *C-NMR chemical shift of CHs-19 is at 17.3 ppm in
compound 22, whereas for all previously mentioned compounds 1-21, this methyl
group resonated around 21 ppm. This can be attributed to the anisotropic effect of
the carbonyl group at C-2 in 22. The same situation concerning the resonance for
CH3-19 is encountered for herqueinone, dihydro-herqueinone monomethyl ether and
dihydro-herqueinone dimethyl ether. In these compounds CH3-19 resonates at 15.9,
16.3 and 15.6 ppm, respectively and this was attributed to the anisotropic effect of
the neighboring carbonyl group (Yoshioka et al., 1981 and 1982; Suga et al., 1981).
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16CH3 16CHg 16CHs
herqueinone dihydro-herqueinone monomethyl ether ~ dihydro-herqueinone dimethyl ether

Cereoazulene (22): Yellowish brown powder (4.3 mg; 0.4 mg/L); (+)-HRESIMS: m/z
found: 329.0996 [M+Na]® and calcld = 329.1001 [M+Na]"; [a]o — 82.0 (c 0.13,
methanol); CD (MeOH): Amax 304 (A€ = +0.1), 254 (A€ = 0.1), 235 (A€ = -0.2) nm;
UV Amax MeOH/nm (log €): 235 (3.2), 304 (2.8); IR Vmad/cm™ (ATR): 3358, 2879,
2849, 2359, 1738, 1541, 1462, 137, 1165, 1025, 720.
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4.6 Biological activity of the phenalenone derivatives 1-22

The compounds were evaluated for the antimicrobial and cytotoxic activities.
Additionally, inhibitory activities toward the enzymes human leukocyte elastase
(HLE), bovine chymotrypsin, bovine trypsin, human thrombin, papain from Carica
papaya, porcine cholesterol esterase, and acetylcholinesterase from Electrophorus

electricus were determined.

In antimicrobial assays, compounds 5, 6, 8, and 11 showed antimicrobial activity
toward Staphylococcus aureus SG 511 with MIC values of 23.8, 65.7, 52.0, and 23.8
MM, respectively (table 4.9).

In agar diffusion assays with Mycobacterium phlei HZI considerable inhibition zones
(> 15 mm) were observed for compounds 2, 4 and 7, however serial dilution assays
toward Mycobacterium smegmatis ATCC 70084 did not reveal any activity (table
4.9). Compound 11 had marginal activity against Saccharomyces cerevisiae ATCC
9763 with a MIC value of 95.4 uM (table 4.9).

In agar diffusion assays with Mycob. phlei HZI, Staph. aureus HZI and E. coli HZI,
compound 20 showed considerable inhibition zones of 18, 14 and 12 mm,
respectively. Noteworthy, trypethelone, the reported enantiomer of compound 20,
was described as having significant antibacterial activity against Bacillus subtilis
(ATCC 6633), and showed modest antibacterial activity against Staph. aureus col
(MRSA) (CGMCC 1.2465) (Sun et al.,, 2010). The antimicrobial activity of the
aforementioned compounds is in accordance with the literature, which describes the

phenalenones generally as antibiotics (Simpson, 1979).

In cytotoxic assays, compounds 5 and 11 showed very weak in vitro cytotoxicity
toward an epithelial bladder carcinoma cell line with ICsy values of 27 and 41 uM,
respectively. Cytotoxicity was also determined using an MTT assay with mouse
fibroblast cells. In these assays only compounds 12 and 20 had significant activity
with an 1Cs value of 6.4 and 7.5 pM, respectively.
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Toward some protease enzymes, compounds 1, 5, 9, 19 and 21 showed strong
inhibition of HLE with ICso values of 7.16, 13.3, 10.9, 9.28 and 3.01 pM, respectively
(table 4.9). The tested compounds were inactive toward the enzymes chymotrypsin,
trypsin, thrombin, papain, cholesterol esterase and acetylcholinesterase.

Table 4.9 MIC values (in pM) toward Staphylococcus aureus SG 511 and
Saccharomyces cerevisiae ATCC 9763, and inhibition zones (diameter in mm) in
agar diffision assays using Micrococcus luteus and Mycobacterium phlei, and activity

toward HLE enzyme.

Comp. | Staphylococcus | Saccharomyces | Micrococcus Mycobacterium ICso [UM]
no. |aureus SG 511 |cerevisiae luteus HZI (in phlei HZI (in mm), | toward HLE
(in um), ATCC 9763 (in | mm), concentration of 20 enzyme
concentration of | uM), concentration of | pg/disk
5 pg/disk concentration of | 20 pg/disk
5 pg/disk
1 n.a. n.a. n.a. n.a. 7.16+14
2 n.a. n.d. n.d. 16 n.d.
3 n.a. n.d. n.d. n.d. n.d.
4 n.a. n.a. n.a. 20 n.a.
5 23.8 n.d. n.d. 10 13.3+1.7
6 65.7 n.d. 10 12 n.a.
7 n.d. n.d. n.a. 22 n.a.
8 52.0 n.a. n.a. 12 n.a.
9 n.a. n.a. n.a. n.a. 109+24
10 n.a. n.a. n.d. n.d. n.d.
11 23.8 95.4 12 14 n.d.
12 200.0 n.d. n.a. 10 n.a.
13 n.a. n.a. n.a. n.a. n.d.
14 n.a. n.a. n.a. n.a. n.d.
19 n.a. n.a. n.a. n.a. 9.28 + 2.77
20 n.a. n.a. n.a. 18 n.a.
21 n.a. n.a. n.a. n.a. 3.01+ 0.23
22 n.d. n.d. n.d. n.d. n.d.

n.d. = not determined; n.a. = not active; in agar diffusion assays all compounds were
not active against Klebsiella pneumonia and Pseudomonas aeruginosa from HZI as
well as Klebsiella pneumonia 1-10910 and Pseudomonas aeruginosa 4991; in serial
dilution assays all compounds were not active toward Mycobacterium smegmatis
ATCC 70084.
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4.7 Biosynthesis of the phenalenone derivatives 1-22

4.7.1 Labeling studies and proposed biosynthesis of 1-22

Thomas (1973) stated that the fungal phenalenones are polyketides, unlike the plant
phenalenones which are derived from shikimate. This statement was confirmed by
employing the feeding experiment with labelled acetate on deoxyhergeinone, which
is a typical phenalenone compound (Simpson, 1976 and 1979) and demonstrated
that the fungal phenalenone nucleus was found to originate from a heptaketide,

which cyclises to a tricyclic aromatic ring system as depicted in figure 4.11.

Ayer et al. (1987b) studied the biosynthetic origin of the carbon atoms of the
oxygenated ring (ring C) of phenalenones, i.e. C-5 to C-7 in compounds 9, 11 and
12, using the fungus Gremmeniella abietina. The fungus G. abietina was grown in
liquid still culture in the presence of sodium[l-**C] acetate and of sodium[2-'3C]
acetate, separately. Examination of the *C-NMR spectrum of sclerodione (12),
isolated from the culture containing [1-*3*C] acetate, revealed that carbons 2, 4, 5, 7,
9, 11, 14, 16 and 17 were enriched relative to the natural abundance spectrum.
When sclerodione (12) was isolated from the culture containing [2-°C] acetate,
carbons 1, 3, 8, 10, 12, 13, 15, 18 and 19 were enriched. The authors stated that
these results are fully consistent with the hypothesis of formation of sclerodione (12)
by loss of CHs from an acetate unit. The **C-NMR spectrum of sclerodin (9) showed
the same labeling pattern as that for sclerodione (12), i.e. C-5 and C-7 were

enriched.

Ayer et al. (1987b) speculated that the triketone entatrovenetinone (17) could be a
precursor of sclerodione (12), by loss of C-6 through oxidative decarboxylation
(figure 4.11), and the sclerodione (12) may be a biosynthetic precursor to sclerodin
(9) but not to scleroderolide (11) (figure 4.11).

Therefore, the phenalenone derivatives with a heterocyclic or re-tracted ring C are
formed by oxidative loss of carbon, and thus, the metabolites sclerodione (12),
sclerodin (9) and scleroderolide (11) have one carbon atom less than the parent
phenalenone heptaketide. Consequently, in the produced skeleton of 12 and 9, two
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acetate C1 carbons are neighbouring and the C2 of an acetate precursor unit (C-6)
is missing (figure 4.11). In case of scleroderolide (11), C-5 is derived from C1 of
acetate unit, C-6 is derived from C2 of acetate unit, and C-7 is missing indicating

decarboxylation of C2 of the last acetate unit.

(Ayer et.al, 1987b)

CHs
sclerodin (9),
(feeding experiment
by Ayer et.al., 1987Db)

deoxyherqueinone,
(feeding experiment
by Simpson, 1979)

CHs squalene

. O
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Figure 4.11: Results of feeding experiments on deoxyherqueinone, sclerodin (9) and scleroderolide (11) and

proposed biosynthetic pathways of compounds 5, 9, 11-18 thereof
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The higher fungi, mainly Ascomycetes and Basidiomycetes, produce many
ergosterol analogues (Jinming et al., 2001). Biogenetically, A®-, A% and A’-
ergosteroids originate from A>’-ergosterol which is distributed widely in both fungi
and marine organisms (lorizzi et al., 1988). The co-occurrence of compounds 13, 14
and 15 suggested that the sterol portion of compounds 13 and 14 could also derive
from ergosterol. The exact mechanism of condensation between the two nuclei is not
yet studied; however the co-occurrence of compounds 13-18 may illustrate a
possible biogenetic pathway uniting ergosterol and phenalenone derivatives through

a free radical pathway (figure 4.11), or a cyloaddition condensation.

We presented here the second example of a fungus which has the spectacular ability
to combine sterols with phenalenones to give a unique combination of two different
classes of natural products. The first fungus was reported by Ayer and Ma (1992a)
but in this case, these heterodimers were produced as epimeric mixture at C-15. In

contrast, our fungus C. cereale produced them in an epimeric pure form.

Scleroderolide (11) was also found in the current study, together with
conioscleroderolide (5), coniolactone (7) and cereolactone (8) and compound 18.
Their biosynthesis may proceed as shown in figure 4.11 and 4.12. Based on the
aforementioned biosynthetic studies, however C-8 is supposedly derived from C2 of
acetate, therefore, in a post-PKS reaction oxidation on C-8 must occur. For the
diketolactone compounds conioscleroderolide (5) and scleroderolide (11), a
decarboxylation of the last carbon of the heptaketide chain may have occurred,
followed by lactonization between the newly created carboxylic group (C1 of the
terminal acetate unit) and OH-8. This explains why C2 of the terminal acetate unit is

missing in the feeding experiments for scleroderolide (11) biosynthesis (figure 4.11).

The imine containing compound 18, may arise from a complete heptaketide, followed

by oxidation at C-6 and subsequent transamination (figure 4.11).

Compounds 7-8 and 19-22 are related to metabolites with a phenalenone skeleton
(figure 4.12). A hexaketide instead of a heptaketide origin could be proposed for 7-8
and 19-22 to produce a naphthalene skeleton with a biosynthetic origin related to

methyl phenalenones.



Results of the chemical investigation of the marine-derived fungus Coniothyrium cereale - 69 -

0
EnzS
=0 HO 0
o] 2 0 o
CHj
o HO
HsC O~ “CH,
;yzlizati?n,. o CH, 0 CH,
ai’cfgxyatlo hexaketide precursor cyclization, cereoazulene (22)
-CO,, prenylation
OEO O SAM on C-8 oxidation
HO OH cyclization
HO 5.0
CH3; OH "CHs
8
lactonization, HO OH
prenylation
220 CH,
? CHs OH trypethelone (20)

HO OH
e
oxid.

CH; O
— 7
coniolactone;)\\< CHs O
HO $_0O
Claisen O‘
rearrangement

oxid. of CH3-12,
hydroxylation at C-8

cereolactone (8) CH; OH
oxid. of CH3-7 transamination
atC-3
o
NH OH NH
HO OH HO HO O
transamination,
OO CH, lactam formation, O‘ CHCS:H
CH3 prenylation 3
CHy O CH; OH CHO O
CH CHs
cereolactam (19) 3 cereoaldomine (21)

Figure 4.12: Proposed biosynthetic relationship of compounds 7- 8 and 19- 22

For the formation of the basic skeleton of compound 19, the hexaketide undergoes
methylation on C-8 using S-adenosyl methionine, cyclization, aromatization and then
subsequent oxidation of CH3-7 to form a carboxylic group. A transamination at the
carbonyl substituted position C-3 and closure of the lactam ring can be proposed
(figure 4.12).
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The skeleton of compound 20 would result from loss of C-5 through a-oxidation of

the cyclized hexaketide to produce a naphthoquinone derivative.

Compound 21 may arise from compound 20 through oxidation of its CH3-12 into
aldehydic group and hydroxylation on C-8 and transamination at the carbonyl
substituted position C-3 (figure 4.12).

According to the proposed biosynthetic pathways of the naphthalene derivatives 7-8
and 19-21 and the reported feeding experiments of related phenalenone derivatives,
the folding of these compounds is unique and is not typical F- or S-mode because

there are two intact acetate and half units in the initial folded ring.

Compound 22 may have resulted from compound 20 by enzymatic oxidation
between the two carbonyl groups and a second oxidation of the double bond

between C-1 and C-14 to produce dioxa-azulene derivative (figure 4.12).

The co-occurrence of lamellicolic anhydride (10) with the other sclerodin derivatives
(1-4, 9) indicates that the backbone skeleton of the phenalenone nucleus is firstly
formed and afterwards prenylation occurs. The prenylation occurs through C-O-14
either to produce a side chain as in compounds 1-7, 13 and 16, or is further
processed through a Claisen rearrangement to produce a furanoid ring as in
compounds 8, 9, 11, 12, 14, 16-22. Therefore the phenalenone derivative containing
the isoprene unit as a side chain can be represented as a precursor for the one

containing a furanoid ring through a Claisen rearrangement (figure 4.13).

HOOH HO Ho
) )
0] O\/ N O

Ng

Figure 4.13: Claisen rearrangement reaction for the conversion of a side chain isoprene unit into a tri-methyl-
dihydrofuran ring
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4.7.2 Artifact formation versus biosynthesis in phenalenones

The phenalenone nucleus is comparatively stable,
although oxidative cleavage leading to naphthalic
anhydrides is probable. Thus atrovenetin and
deoxyherqueinone are readily converted to the naphthalic
anhydride via photochemical oxidation (Narasimhachari et

al., 1968). The latter was supported by the fact that the

concentration of the anhydride is initially very low and

R=H, atrovenetin

increases with time (within a week) of storage of the crude R=CHs, deoxyherqueinone

fungal extracts containing atrovenetin and deoxyherqueinone.

Therefore, it is possible that the reported anhydride may be the result, at least in
part, of the isolation procedure (Thomas, 1973). However, the discovery of oxa- and
azaphenalene derivatives (N-(2-hydroxyethyl)-lachnanthopyridone, lachnanthopyr-
one and L. tinctoria naphthalide) in Lachnanthes tinctoria (Edwards et al., 1972),
together with the phenyl naphthalic anhydride (Cooke, 1970), is indicative of an
enzymatic oxidation ability for the phenalenone ring in this plant (Thomas, 1973).

O X 0

| o o) o o)
I | OH OO OO
OCHjz OCHj
Ph (0]
Ph OH Ph OH
X=0: lachnanthopyone L. tinctoria naphthalide phenyl naphthalic
X=N-(CH;),0H: N-(2-hydroxyethyl)-lachnanthopyridone anhydride

Confirmation for the enzymatic origin of the naphthalic anhydrides, at least by the
fungus Coniothyrium cereale, is provided in figure 4.14. We did a second fresh
fungal biomass extraction firstly under normal aerobic conditions, and secondly
under N, gas. LC/MS analysis of the extracts was done twice, first inmediately after
extraction and then after one week. In all four LC/MS measurements an obvious
LC/MS signal for coniosclerodin (1) and (-)-sclerodin (9) is present at the same
retention time as of the pure compounds. In addition, they were produced in high
amounts (10 mg/L) and as shown in figure 4.14, and this yield was not significantly
affected by extraction and fractionation procedures, designed to minimize
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photochemical oxidative process. The same situation happened with the fungus
Fusicoccum putrefaciens, where (+)-sclerodin was obtained in high amounts (from
18 to 24 mg/L; Rossi & Ubaldi, 1973) and the extraction was done in dark using
solvents previously treated with sodium metabisulphite.

Ayer et al. (1987b) (figure 4.11) suspected that the triketones 16 and 17 were the
precursors of the naphthalic anhydride derivatives 1 and 9, and of the diones 6 and
12. Our LC/MS measurements also showed a signal for a compound with a
molecular weight of m/z 340 Da (figure. 4.15), possibly related to the triketone
derivatives 16 and 17, in addition to a signal for a compound with the mass of the
dione derivatives 6, 12 at m/z 312 Da (figure 4.16) and the mass for naphthalic
anhydrides 1 and 9 was found at m/z 328 Da (figure 4.14). This is a further
confirmation of the enzymatic origin of the dione derivatives (6, 12) and the
naphthalic anhydrides (1-4, 9, 10).
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Figure 4.14: LC/MS analysis of fungal extract immediately after extraction under N, gas. A) HPLC
chromatogram, TIC detection. B) B1: ESIMS positive mode showing [M+H]* signal, and B2: ESIMS
negative mode showing [M-H]* signal. The molecular mass of naphthalic anhydrides coniosclerodin (1)
m/z 328 Da and sclerodin (9) m/z 328 Da are present.

During the former isolation (see chapter 4.3), compounds 16 and 17 were obtained

as acetone adducts for triketone compounds. Figure 4.15 shows a signal for the
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molecular weights of these genuine triketone compounds and not of their acetone

adducts. Here the extraction was done without using acetone.

From the same LC/MS analysis, the signal at m/z 312 Da for the diketone

sclerodione 6 was obtained indicating that the oxidation of triketone 16 to diketone

sclerodione 6 is enzymatically processed.
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Figure 4.15: LC/MS analysis of the same fungal extract as in figure 4.14 showing the molecular mass of
the triketone compounds 16 and 17 at m/z 341 Da [M+H]* and m/z 339 Da [M-H]".
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Figure 4.16: LC/MS analysis of the same fungal extract as in figure 4.14 showing the molecular mass of
dione derivatives coniosclerodione (6) and sclerodione (12) at m/z 313 Da [M+H]* and 311 Da [M-H]*.
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Another point which is indicative for the enzymatic origin of the oxidized
phenalenones by the fungus C. cereale, is the discovery of compound 22 (chapter
4.5), since the naphthalic anhydride moiety of compound 22 indicates the enzymatic
oxidation of the naphthlaic anhydrides 1-4 and 9.
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5. Results of the chemical investigation of the marine-derived
fungus Phaeosphaeria spartinae

5.1 Extraction and isolation

Fungal biomass and media were extracted with 8 L EtOAc to yield 10 g of crude
extract. This material was fractionated by Si VLC using a stepwise gradient solvent
system of increasing polarity starting from 20% acetone in petroleum ether to 100%
acetone which yielded 28 fractions.

e RP-HPLC separation of subfraction 5 afforded compound 23.
e RP-HPLC separation of subfraction 15 afforded compound 29.
e RP-HPLC separation of subfraction 18 afforded compounds 30 and 31.

e RP-HPLC separation of the subfraction 19 afforded compounds 24, 25 and
26-28.

5.2 Novel steroidal compound from the marine-derived fungus

Phaeosphaeria spartinae

Investigation of the marine-derived fungus Ph. spartinae led to the isolation of a
novel steroidal compound 23. The unusual nature of this compound is due to the
presence of a carboxylic functional group at C-4, in addition to the similarity to
progesterone hormone. Until 2010, scientists thought that only animals could make
progesterone. For the first time in 2010, the researchers reported the first discovery
of the female sex hormone progesterone in a plant. The progesterone, a well-known
mammalian compound, was isolated from the plant leaves of the Common Walnut or
English walnut tree Juglans regia (Pauli et al., 2010). The reason for its presence in
plants is less apparent whereas its biological role has been extensively studied in
mammals and involves preparation of the uterus for pregnancy and as well to

maintain the pregnancy.

Chemical investigation of the extract of the marine-derived fungus Ph. spartinae
revealed progesterone like structure 23 (figure 5.1). Now a question imposes itself; is
the discovery of compound 23 in that fungus will be a take-off point or a standpoint
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beginning for the discovery of progesterone itself in fungi?, especially after the
discovery of progesterone in plants at 2010. The new discovery of progesterone like
compound 23 may unravel more of the biological function of progesterone itself and
its derivatives in organisms other than mammals, a point that deserves more

research and attention.

HOOC
20

spartogesterone (23) progesterone

Figure 5.1: Structures of the natural product 23 isolated from Phaeosphaeria spartinae, and progesterone hormone

Compound 23

The 1D NMR experiments provided evidence for a steroidal skeleton similar to that
of a pregnane type nucleus. The *C-NMR spectrum (table 5.1) disclosed 22
resonances resulting from three tertiary methyl groups (&; 12.9 for C-18, &, 18.8 for
C-19 and 8. 31.6 for C-22), eight sp®> methylene groups (5. 36.1 for C-1, 5. 31.5 for
C-2, 6. 23.6 for C-6, &, 28.2 for C-7, &. 25.1 for C-11, &, 37.0 for C-12, & 24.1 for C-
15, and & 23.8 for C-16), five sp® methine groups (5. 73.3 for C-3, d. 54.9 for C-4,
5. 44.8 for C-5, d. 53.0 for C-14, and . 63.3 for C-17), and four sp® quaternary

carbon atoms.

Two of those sp? quaternary carbon atoms (5. 129.2 for C-8, and d. 136.0 for C-9,)
are forming the double bond A% due to their downfield shifted **C-NMR resonances.
This double bond is tetrasubstituted due to a lack of any olefinic protons in the *H-

NMR spectrum.
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The third sp? quaternary carbon atom is due to a free and nonconjugated carbonyl
group (5. 212.3 for C-21). The fourth sp? quaternary carbon atom is due to a
carboxylic function (5. 178.9 for C-20). Two sp® quaternary carbon atoms (3. 36.9 for
C-10 and d. 44.8 for C-13) are also detected in the **C-NMR spectrum.

The 'H-NMR spectrum indicating a terpenoid skeleton (table 5.1) where it is
characterized by three resonances due to tertiary methyl groups (64 0.60 for Hs-18,
Oy 1.05 for H3-19 and &y 2.18 for H3-22). Five methine protons (0y 3.72 for H-3, oy
2.33 for H-4, &y 1.59 for H-5, &y 2.33 for H-14 and &y 2.74 for H-17), and eight

methylene proton groups resonating between 1.00 and 2.50 ppm (table 5.1).

Table 5.1: NMR (in methanol-ds3) spectroscopic data for compound 23

no. OS¢ mult.? Oy, (mult, J in Hz) COSY HMBC NOESY
1 36.1 CH, a:1.88, m 1b 1b
b: 1.33, m 1a, 2b 3 1a, 3
2 315 CH, a:1.89, m 2b, 3 2b, 3
b: 1.58, m 1b, 2a, 3 2a, 19
3 73.3 CH 3.72,1d (11.0, 4.8) 2a, 2b, 4 2,4,20 1b, 2a, 5
4 54.9 CH 2.33,1(11.0) 3,5 3,5, 20 19
5 44.8 CH 1.59, m 4, 6a 3,4 3
6 23.6 CH, a:1.44, m 57 6b
b: 1.57, m 7 6a
7 28.2 CH, 2.07, m 6a, 6b 56,9, 14
8 129.2 C
9 136.0 C
10 36.9 C
11 25.1 CH, a:1.73, m 11b 11b
b:1.43, m 1la 1lla
12 37.0 CH, a:2.11, m 12b 13, 14 12b
b: 1.75, m 12a 12a
13 44.8 C
14 53.0 CH 2.33, m 15 17
15 24.1 CH, 1.75, m 14, 16a, 16b 14 16a
16 23.8 CH, a:2.31, m 15, 17 14, 17 15, 16b
b:2.17, m 15, 17 17 16a
17 63.3 CH 2.74,1(8.8) 16a, 16b, 15 13, 15, 18, 21 14, 15, 22
18 12.9 CH; 0.60, s 12, 13, 14, 17 19, 22
19 18.8 CH; 1.05, s 1,5,9, 10 2b, 4, 18
20 1789 C
21 2123 C
22 31.6 CH; 2.18, s 17,21 18

The IR showed a broad stretching vibration at 3395 cm™ which is correspondent to a

free, non-chelated hydroxyl group, and it is pendent on C-3 due to the downfield

& Implied multiplicities determined by DEPT (135).

shifting of C-3 in both *H- and **C-NMR spectra (3. 3.72/73.3).
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The interpretation of *H-'H COSY, HMQC and *H-**C HMBC spectra (table 5.1 and
figure 5.2) led to the assignment of
functional group positions and
proton/carbon resonances. A series
of COSY cross peak correlations
connected C-1 through to C-7 and
allowed to deduce the continuous
spin system from C-14 through to
C-17 (figure 5.2). The position of

carboxyl group at C-4 is confirmed

. Figure 5.2: Significant 'H-13C HMBC correlations (arrows, proton
by HMBC correlation of H-3 to C- to carbon) and COSY (bold lines) of compound 23

20. The free carbonyl group at C-21 is attached to C-17 due to the HMBC correlation
of H-17 to C-21 (figure 5.2). A methyl ketone CH3-22 was suggested by a single
downfield methyl resonance in the *H-NMR spectrum at dy 2.18 for Hs-22 which is
substantiated by HMBC correlation of H3-22 to C-21. Therefore the aforementioned
spectroscopic data revealed a novel steroidal compound with a hydroxy tetracyclic
system possessing a A%° double bond and an acetyl side chain and an unusual

carboxylic functionality at C-4.

The molecular formula of compound 23 was deduced by accurate mass
measurement (HRESIMS, 383.2193 [M+Na]") to be CxHs,04 which implies seven
degrees of unsaturation, and because no other unsaturation function was indicated
by the spectroscopic data, the four remaining unsaturated functions were accounted
to four rings, suggesting the presence of a tetracyclic terpene derivative.

Stereochemistry

Compound 23 contains seven chiral centres at positions C-3, C-4, C-5, C-10, C-13,
C-14 and C-17, whose stereochemistry is determined as follows. The NOESY
correlation between Hs-19 and H3-18 indicated that those two angular methyl groups
are on the same side, and they are usually B-oriented which is in accordance with
the predominant B-orientation of the angular methyl groups in natural steroids (figure
5.3). Then there is a series of NOESY correlations between those angular methyl
groups to the other protons as shown in figure 5.3, where H3-19 has NOESY

correlation to H-4 and has neither correlation to H-3 nor to H-5, and this oriented the
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carboxyl group to a-orientation
and the OH-3 to B-one. The
latter is substantiated by the
NOESY correlation between H-5
and H-3 and the lack of NOESY
correlation between H-3 and H-

4. The coupling constant value

Juz-na=11 Hz, indicated the axial

COOH

axial orientation of H-3 and H-4.
The NOESY correlation between Figure 5.3: Significant 'H-'H 2D NOESY correlations of compound 23
H3-18 and Hs-22 directed the methyl-ketone group to B-orientation, which is further

supported by the NOESY correlation between H-14 and H-17 in the a-orientation.

The lack of NOESY correlation between H-5 and CH3-19 and between H3-18 and H-
14 indicated the transoid nature of rings A/B and rings C/D as shown in figure 5.3.
We suggested the name spartogesterone for compound 23.

Spartogesterone (23): Yellowish brown crystals (4.5 mg; 0.4 mg/L), Chemical
formula: CxH3,04; (+)-HRESIMS m/z found = 383.2193 [M+Na]", calcld = 383.2198
[M+Na]"; [a]**p -17.0 (c 0.18, methanol); UV Amax MeOH/nm (log €): 235 (3.9), 270
(3.9); IR Vmax/cm™ (ATR): 3395, 2962, 2359, 2341, 1700, 1378, 1085, 668.
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5.3 New polyketides from the marine-derived fungus Phaeosphaeria

spartinae (Elsebai et al., 2009)

Further investigation of this marine-derived fungus Ph. spartinae led to the isolation
of the new natural products spartinol A (24), B (25), C (26) and D (27). Compound 26
(spartinol C) showed moderate inhibition of human leukocyte elastase (HLE).

17

OH OH

spartinol A (24) spartinol B (25)

H3C

HaC HsC

H3C

OH OH

spartinol C (26) spartinol D (27)

Figure 5.4: Structures of natural products 24 - 27 isolated from Phaeosphaeria spartinae

Compound 24
The molecular formula of compound 24 was deduced by accurate mass
measurement (HRESIMS, 343.1860 [M+Na]") to be CigH»sOs. The *C-NMR

spectrum (table 5.2) disclosed 19 resonances resulting from three methyl groups (&
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12.0 for C-1, & 19.0 for C-18, and . 20.4 for C-19), one sp® methylene group (3.
30.3 for C-2), eight sp? methine groups (3. 141.6 for C-4, . 129.7 for C-5, 5. 133.8
for C-6, & 130.9 for C-7, 8. 132.8 for C-8, d. 134.3 for C-9, &; 130.0 for C-11, and &,
130.9 for C-12), six sp*> methine groups (3. 39.3 for C-3, d. 44.1 for C-10, d. 73.6 for
C-13, 5. 76.3 for C-14, &, 53.7 for C-15, and 8. 75.4 for C-17) and one sp?
guaternary carbon atom (. 214.7 for C-16).

The 'H-NMR spectrum (table 5.2) is characterized by three signals due to methyl
groups (64 0.81 for Hs-1, dy 1.19 for H3-18, and dy 0.95 for H3-19) and three further
signals due to oxygen-bearing methine groups (&4 4.11 for H-13, &y 3.57 for H-14,
and oy 4.26 for H-17). Eight methine protons with signals in the olefinic region of the
'H-NMR spectrum (34 5.58 for H-4, 8y 6.03 for H-5, 5 6.13 for H-6, dy 6.06 for H-7,
oy 5.99 for H-8, &y 5.40 for H-9, &y 5.42 for H-11, and dy 5.57 for H-12) are
incorporated into four double bonds. The UV spectrum displayed an absorption band
with a maximum at 271 nm indicating an extended conjugated system. The IR
spectrum showed a broad OH stretching vibration at 3395 cm™ which is
correspondent to free, non-chelated hydroxyl groups, and at 1699 cm™ for the

carbonyl group at C-16.

Table 5.2: NMR (in acetone-dg) spectroscopic data for compound 24

no. | oc mult.* On» COSsY HMBC NOESY
(mult., J in Hz)

1 12.0 CH, 0.81(t, 7.3) 2 2,3 2

2 30.3 CH, 1.28 (m) 1 1,3,4,19 3

3 39.3 CH 2.05 (m) 2,4,19 2,4,5 1,2,4,19

4 141.6 CH 5.58 (dd, 7.7, 15.0) 3,5 2,3,5,19 2,3,6,19

5 129.7 CH 6.03 (dd, 11.0, 15.0) 4,6 3 3,19

6 133.8 CH 6.13 (dd, 11.0, 15.0) 4

7 130.9 CH 6.06 (dd, 11.0, 15.0) 9

8 132.8 CH 5.99 (dd, 11.0, 14.6) 7,9 10

9 134.3 CH 5.40 (dd, 9.2, 14.6) 8,10 7,10 7,15, 18

10 |44.1 CH 3.32(t,9.2) 9,11, 15 8,9 14

11 | 130.0 CH 5.42 (d, 10.3) 10, 12,13 12 10, 12

12 | 130.9 CH 5.57 (d, 10.3) 10, 11, 13 11,13 11, 13

13 | 73.6 CH 4.11 (brd, 7.7) 11,12,14 12,15

14 | 76.3 CH 3.57 (dd, 7.7, 10.6) 13,15 10, 13, 15, 16 10

15 | 53.7 CH 3.13 (brt, 9.9) 10, 14 9,10,13,14,16 9,13,17

16 | 214.7 C

17 | 754 CH 4.26 (q, 7.0) 18 16, 18 15, 18

18 | 19.0 CHs 1.19 (d, 7.0) 17 16, 17 9,17

19 | 204 CHs 0.95 (d, 6.6) 3 2,3, 4 3

% Implied multiplicities determined by DEPT-135.
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The *H-'H COSY spectrum showed two *H-'H spin systems. The first one included
H-17 and Hs-18, and the second one comprises a continuous chain of proton
couplings from Hs-1 to H-15 (table 5.2). CH3-19 is bound to CH-3 due to their cross
peak correlations in both *H-'‘H COSY and *H-*C HMBC spectra. The molecular
formula C19H2504 requires the presence of six degrees of unsaturation, five of which
have been accounted for by four double bonds (A*®, A%’ A®° and A'™'?) and the
one carbonyl group (C-16); thus, compound 24 must be monocyclic. The cyclization
occurs between C-10 and C-15 as evident from cross peak correlations in both *H-'H
COSY and *H-**C HMBC spectra (figure 5.5).

The *C-NMR chemical shifts of C-1 to C-9 are close to identical to those of the
corresponding resonances of neocarzilin A (Nozoe et al., 1992) (figure 5.6) which
shows the same structural features as the nonpolar side chain of compound 24. *C-
NMR chemical shifts of the cyclohexene moiety are closely similar to those of
arthropsatriol B (Ayer et al., 1992b) which shares with 24 the identical cyclohexene

substructure (figure 5.6).

HsC CCl,

Figure 5.5: Significant 'H-13C HMBC correlations
(arrows, proton to carbon) of compound 24 Figure 5.6: Arthropsatriol B (left) and Neocarzilin A (right)

Stereochemistry of compound 24

Compound 24 contains six chiral centres at C-3, C-10, C-13, C-14, C-15 and C-17,
the relative configuration of some of them was determined using *H-'H J values and
2D 'H-'H NOESY correlations. The 2D *H-'H NOESY correlations between H-13/H-
15 indicated that these protons are on the same side of the cyclohexene ring,
whereas the NOESY correlation between H-10/H-14 evidenced that protons 10 and

14 are on the other side of the ring (figure 5.7). *H-'H coupling constants of Ju1s.
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n1a=7.7 Hz and Jui4n15=10.6 Hz and Juio-n15=9.2 Hz revealed the axial-axial
orientation of the respective protons and clarified their relative configuration. The
double bonds of the side chain were all trans configurated due to *H-'H coupling
constants of = 15 Hz and additionally due to the expected ‘H-'H 2D NOESY
correlations.

By comparing with published data of similar compounds, the &c of C-13 (&6¢c 73.6
ppm) is close to that in arthropsatriol B (&¢c 72.9 ppm), however not to that in
arthropsatriol A (6¢ 65.9 ppm), which suggests that the configuration at C-13 is S* as
in arthropsatriol B (figure 5.6; Ayer et al., 1992b). The relative configuration at C-10,
C-14 and C-15 is S*, S* and R*, respectively. We propose the trivial name spartinol
A for 24.

Figure 5.7: Significant 'H-'H 2D NOESY correlations of compound 24

Compound 25

The HRESIMS, UV, IR and NMR spectroscopic data (table 5.3) indicated a close
structural similarity of compound 25 to 24. The only difference being that compound
25 has the carbonyl group at position 17 and the hydroxyl group at C-16. This was
deduced from the chemical shifts of CH3-18 (Onic 2.09, 26.4) which are more
downfield shifted compared to those of compound 24 (&yc 1.19, 19.0).

Also the H-NMR resonance of Hs-18 in 25 is a singlet and the 'H-'*C HMBC
spectrum showed that the hydroxyl bearing carbon C-16 is located next to the
cyclohexene ring. Regarding the chiral centres C-10, C-13, C-14 and C-15, the
relative stereochemistry of compound 25 is identical to that of compound 24 based
on the 'H-'H J values and 2D 'H-'H NOESY correlations. We propose the trivial

name spartinol B for compound 25.
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Table 5.3: NMR (in acetone-dg) spectroscopic data for compound 25

no. | &¢ mult.® &y, (mult., J in Hz) COSY HMBC NOESY
1 12.0 CHs 0.84 (t, 7.3) 2 2,3 2
2 30.4 CH, 1.30 (m) 1,3 4
3 39.3 CH 2.06 (m) 2,4,19 4 1,2,5,19
4 1415 CH 5.58 (dd, 8.0, 15.0) 3,5 2,3,5,19 2,3,6,19
5 129.8  CH 6.03 (dd, 11.0, 15.0) 4,6 3 3,19
6 133.6  CH 6.09 (dd, 11.0, 14.6) 57
7 1309 CH 5.99 (dd, 11.0, 14.6) 6, 8
8 133.8 CH 5.94 (dd, 11.0, 14.6) 7,9 10
9 1355  CH 5.24 (dd, 9.2, 14.6) 8, 10 7,10 7
10 | 40.7 CH 3.12 (td, 9.2,2.5) 9,11, 15 8,9, 14
11 | 1306 CH 5.26 (br d, 10.3) 10, 12, 13 12 10, 12
12 | 1305 CH 5.52 (d, 10.3) 10, 11, 13 11, 13 11
13 | 73.6 CH 4.08 (br d, 7.3) 12, 14 15
14 | 73.4 CH 3.53 (dd, 7.3, 10.6) 13,15 15 10
15 | 48.9 CH 2.13 (brt, 9.9) 10, 14, 16 13, 16
16 | 75.4 CH 4.59 (s) 15 10, 14, 15, 17 15
17 |2121 C
18 | 26.4 CHs 2.09 (s) 16, 17
19 | 20.4 CHs 0.97 (d, 6.6) 3 2,3, 4 3,4
2 Implied multiplicities determined by DEPT-135.

Table 5.4: NMR (in acetone-dg) spectroscopic data for compound 26
no. | dc mult® &y, (mult., Jin Hz) COSY HMBC NOESY
1 12.0 CHs;  0.83(t 7.3) 2 2,3 2
2 30.3 CH,  1.30(m) 1,3 1,3, 4,19 1
3 39.3 CH 2.05 (m) 2,4,19 1,2,4,5,19 1,2,5,19
4 140.8 CH 5.54 (dd, 8.0, 15.0) 3,5 2,3,6,19 2,3,19
5 129.9 CH 6.06 (dd, 11.0, 15.0) 4 3 3,19
6 1325 CH 6.12 (d, 11.0)°
7 131.8 CH 6.12
8 131.8 CH 6.12 (d, 15.0)° 9 10
9 138.3 CH 5.60 (dd, 9.2, 15.0) 8, 10 8, 10 10, 15
10 |41.7 CH 3.39 (td, 9.2, 2.5) 9,11,12,15 8,9,12,15 8,9, 11, 14
11 | 1315 CH 5.30 (br d, 10.3) 10, 12, 13 9,10,12,13,15 10
12 | 1296 CH 5.50 (br d, 10.3) 10, 11, 13 10, 14 13
13 | 73.7 CH 4.00 (d, 7.3) 11, 12, 14 12,15
14 | 747 CH 3.72 (dd, 7.3, 10.3) 13,15 10, 13, 15, 16 10
15 | 47.6 CH 1.99 (br t, 9.9) 10, 14, 16 9,10,13,16,17 9,13,16
16 | 75.2 CH 3.64 (d, 9.8) 15, 17 17 15, 18
17 |69.0 CH 3.91 (m) 16, 18 15, 16 10, 18
18 | 224 CH;  1.21(d,5.9) 17 16, 17 16, 17
19 | 204 CHs;  0.96 (d, 6.6) 3 2,3, 4 3,4

2 Implied multiplicities determined by DEPT-135, ° Coupling constants determined by
2D NMR spectra.

Compound 26
The HRESIMS, UV, IR, and NMR spectroscopic data (table 5.4) indicated a close

structural similarity of compound 26 to compounds 24 and 25, the only difference

being that 26 does not contain a carbonyl group (figure 5.4). Instead C-16 and C-17

are both hydroxylated as evident from their **C-NMR chemical shifts (3¢ 75.2 and
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69.0, respectively). Regarding the chiral centres C-10, C-13, C-14 and C-15, the
relative stereochemistry of compound 26 is identical to that of compound 24 based
on the *H-'H J values and 2D 'H-'H NOESY correlations. We propose the trivial
name spartinol C for compound 26.

Compound 27

Compound 27 has a molecular mass of 292 Da according to LC-MS analysis. It
shares with compounds 24-26 the C-1 to C-15 part of the structure, but differs
concerning the side chain at C-15. Due to a **C-NMR resonance at §c174.1 and IR
absorption at 1716 cm™, compound 27 contains a carboxyl function which is
attached to C-15. As judged from **C-NMR chemical shifts, *H-'H J values and the
common biosynthetic origin of 24-27, the relative stereochemistry of compound 27 at
C-10, C-13, C-14 and C-15 is identical to that of compound 24. We propose the

trivial name spartinol D for compound 27.

Biological activity
Compound 26 showed moderate inhibition of HLE with an ICso value of 17.7 + 2.48
pMg/mL. Compound 26 showed no cytotoxic activity toward a panel of cancer cells at

concentrations of 1 pug/mL and 10 pg/mL, respectively.

Spartinol A (24): Yellowish brown amorphous powder (10 mg; 1 mg/L); (+)-
HRESIMS: m/z [M+Na]* calcd for C1gH,504Na: 343.1880; found 343.1860; [a]*p -72
(c 0.67, acetone); UV Amax MeOH/nm (log €): 232 (3.62), 271 (3.39); IR Vmad/cm™
(ATR): 3395, 2964, 2930, 1699, 1640, 1368, 1236, 1058.

Spartinol B (25): Yellowish brown amorphous powder (7 mg; 0.7 mg/L); (+)-
HRESIMS: m/z [M+Na]" calcd for C1gH,504Na: 343.1880; found 343.1868; [0]**, -73
(c 1.01, acetone); UV Amax MeOH/nm (log €): 232 (3.51), 275 (3.15); IR Vmad/cm™
(ATR): 3395, 2965, 2872, 1703, 1362, 1223, 1089.

Spartinol C (26): Yellowish brown amorphous powder (9 mg; 0.9 mg/L); (+)-
HRESIMS: m/z [M+Na]* calcd for C1eH3004Na: 345.2012; found 345.2036; [a]**p - 55
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(c 0.28, acetone); UV Anax MeOH/nm (log €): 231 (3.38), 273 (2.94); IR Vpadcm™
(ATR): 3385, 2923, 2853, 1671, 1457, 1379, 1067.

Spartinol D (27): Yellowish brown amorphous powder (7 mg; 0.7 mg/L); LC-MS
(ESI, negative mode): m/z = 291.2 [M-HJ; [a]**b - 132 (c 0.8, acetone); UV Amax
MeOH/nm (log €): 230 (2.8), 275 (2.4); IR vma/cm™ (ATR): 3404, 2925, 2360, 1716,
1630, 1200; *H- and **C-NMR: see appendix.
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5.4 Novel bicyclo-spartinols from the marine-derived fungus

Phaeosphaeria spartinae

Further investigation of this marine-derived fungus Ph. spartinae led to the isolation
of the novel natural products furanospartinol (28) and pyranospartinol (29) and they
are respectively, ketal and hemiketal nuclei. The nuclei furanoid hexene and
pyranoid hexene are nonprecednted. Both compounds did not show neither
antimicrobial, nor cytotoxic activities. They also did not show activity toward a panel

of protease enzymes.

furanospartinol (28) pyranospartinol (29)

Figure 5.8: Structures of natural products 28 - 29 isolated from Phaeosphaeria spartinae

Compound 28

The molecular formula of compound 28 was deduced by accurate mass
measurement (HRESIMS, 357.2036 [M+Na]" to be. CxH300s This molecular
formula was supported by *H- and **C-NMR spectra (table 5.5) which showed close

to similar chemical shifts to those of compounds 24-27.

The C-NMR spectrum (table 5.5) disclosed 20 resonances resulting from three
methyl groups (6. 12.0 for C-1, d. 18.7 for C-18 and &, 20.4 for C-19), one methoxyl
group (3. 48.5 for C-20), one sp® methylene group (3. 30.3 for C-2), eight sp?
methine groups (6. 140.9 for C-4, &. 129.9 for C-5, 6. 132.8 for C-6, &; 131.7 for C-7,
5. 131.3 for C-8, &, 135.6 for C-9, d. 132.0 for C-11 and &, 131.8 for C-12), six sp®
methine groups (6. 39.3 for C-3, & 45.2 for C-10, &, 72.1 for C-13, d. 80.8 for C-14,
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5 54.1 for C-15, 8. 83.0 for C-16) and one sp® quaternary carbon atom (3. 110.4 for
C-17).

The *H-NMR spectrum (table 5.5) is characterized by three resonance signals due to
methyl groups (&4 0.83 for Hs-1, &y 1.26 for H3-18 and &y 0.96 for Hz-19) and one for
a methoxyl group (6y 3.19 for Hsz-20). Further three signals were assigned to
oxygen-bearing methine groups (04 4.25 for H-13, &4 3.46 for H-14, and dy 3.95 for
H-16) and three more resonances to non-oxygen-bearing methine groups (64 2.07
for H-3, &y 2.89 for H-10, and &4 1.55 for H-15). Eight methine protons resonating in
the olefinic region of *H-NMR spectrum (3 5.56 for H-4, 8y 6.05 for H-5, & 6.13 for
H-6, dy 6.12 for H-7, dy 6.18 for H-8, &y 5.63 for H-9, &4 5.49 for H-11 and &y 5.52
for H-12) are incorporated into four double bonds A*°, A%, A®® and A™*2. The UV
spectrum displayed an absorption band with a maximum at 270 nm indicating an
extended conjugated double bond system. The IR showed a broad OH stretching

vibration at 3404 cm™ which is correspondent to free, non-chelated hydroxyl groups.

Figure 5.9 : Significant 'H-13C HMBC correlations of compound 28

A continuos series of the H-'H COSY and 'H-*C HMBC cross peak correlations
(table 5.5) connected the skeleton of compound 28 as showen in figure 5.9. These
correlations placed the triene system, i.e. A*°, A®" and A%°, as shown in figure 5.9
which is the same case as in compounds 24-27. The cyclohexene ring of compound
28 is deduced from both *H-'H COSY and 'H-'*C HMBC correlations connecting
carbons C-10 through to C-15 and placing the A**? and hydroxyl function at C-13
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and C-14 due to the **C chemical shifts of the respective carbons. The *C-NMR
chemical shift 6. 110.4 for C-17 implies a double oxygenated carbon atom, one of
those oxygen is in the form of a methoxyl group, due to the HMBC correlation of Hs-
20 to C-17. By applying *H-**C HMBC coupling using different coupling constant (4
Hz), it showed a cross peak correlation between H-14 and C-17, indicating a ring
closure connecting C-14 and C-17 through an oxygen bridge to form a tetrahydro-

furan ring.

This is further confirmed by the molecular formula CoH3004 0f compound 28 which
implies six degrees of unsaturation, five of which have been accounted for by the
four double bonds A*?, A®” A®® and A'™'? and the cyclohexene ring, so compound
28 must be bicyclic as shown in figure 5.8.

Table 5.5: NMR (in acetone-dg) spectroscopic data for compound 28

no. Oc mult.? Oy, COSY HMBC NOESY
(mult., Jin Hz)

1 12.0 CH; 0.83 (t, 7.3) 2 2,3,19 2

2 30.3 CH, 1.30 (m) 1,3 1,3,4,19 1

3 39.3 CH 2.07 (m) 2,4,19 1,2,4,5,19 1,5,19

4 140.9 CH 5.56 (dd, 8.0, 15.0) 3,5 2,3,6,19 2,3,19

5 129.9 CH 6.05 (dd, 11.0, 4,6 3,7 3,19
15.0)

6 132.8 CH 6.13 (d, 11.0)

7 131.7 CH 6.12 (d, 11.0)

8 131.3 CH 6.18 (dd, 11.0, 9 6, 10 10, 11
15.0)

9 135.6 CH 5.63 (dd, 9.2, 15.0) 8,10 8,10, 15 15

10 45.2 CH 2.89 (brt,9.8) 9,11,15 9 8,14, 16

11 132.0 CH 5.49 (d, 10.7) 10, 12,13 10, 12 8, 10, 12

12 131.8 CH 5.52 (d, 10.7) 10, 11,13 10, 11, 14 11,13

13 72.1 CH 4.25 (brd, 7.3) 12,14 14 15,18

14 80.8 CH 3.46 (dd, 7.7, 11.0) 13,15 10, 13, 15, 16, 10,16, 20

17

15 54.1 CH 155 (td, 11.0,8.1) 10,14,16 9,10,13,14,16 9,13,16

16 83.0 CH 3.95(dd, 5.9,8.1) 15,0H-16 10,15, 17 10, 14, 15, 20

17 110.4 C

18 18.7 CH; 1.26 (s) 16, 17 13, 15, 20

19 20.4 CH; 0.96 (d, 6.6) 3 1,2,3,4 3

20 48.5 CH; 3.19 (s) 17 14, 16, 18

OH-16 4.26 (d, 5.9) 16

& Implied multiplicities determined by DEPT (135).

Stereochemistry of compound 28

Compound 28 contains seven chiral centres at C-3, C-10, C-13, C-14, C-15, C-16
and C-17. Using the *H-'H J values, the 2D *H-'H NOESY cross peak correlations
and comparing with the published data of compounds 24-27 (Elsebai et al., 2009),
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the relative stereochemistry was considered as follows. The NOESY correlations
between H-13/H-15 and H-13/H3-18 indicated that all are on the same side of the
furano-hexenyl ring. Also the NOESY correlations between H-10/H-16, H-16/H-14
and H-16/Hs-20 indicated that H-10, 14, 16 and 20 are all on the other side of the
furano-hexenyl ring (figure 5.10). The relative configuration at C-10, C-13, C-14, C-
15, C-16 and C-17 is S*. All three conjugated double bonds are (E) configured as
evident from 'H-'H coupling constants (table 5.5). We propose the trivial name
furanospartinol for compound 28.

Figure 5.10: Significant 'H-H 2D NOESY correlations of compound 28

Compound 29

The molecular formula of compound 29 was deduced by accurate mass
measurement (HRESIMS, 377.1935 [M+Na]") to be CigH300s. This molecular
formula was supported by *H- and **C-NMR spectra (table 5.6).

The C-NMR spectrum (table 5.6) disclosed 19 resonances resulting from three
methyl groups (5. 12.1 for C-1, d. 26.6 for C-18 and & 14.6 for C-19), one sp°
methylene group (3¢ 26.1 for C-2), six sp?> methine groups (5. 137.6 for C-5, &,
130.2 for C-6, &, 133.3 for C-7, &, 132.6 for C-8, d. 127.8 for C-11 and &, 131.9 for
C-12), eight sp® methine groups (3. 41.8 for C-3, & 75.5 for C-4, 8. 75.0 for C-9, &,
38.3 for C-10, &, 75.4 for C-13, &, 73.0 for C-14, &, 43.3 for C-15 and d. 67.7 for C-
16) and one sp® quaternary carbon atom (5. 97.9 for C-17).



Results of the chemical investigation of the marine-derived fungus Phaeosphaeria spartinae - 91 -

The *H-NMR spectrum (table 5.6) is characterized by three resonance signals due to
the methyl groups (64 0.88 for Hs-1, &4 1.40 for H3-18 and &y 0.87 for H3-19) and five
further signals are due to oxygen-bearing methine groups (o4 3.99 for H-4, d4 4.01
for H-9, &y 4.13 for H-13, dy 3.64 for H-14, and &y 3.79 for H-16) and three non-
oxygen-bearing methine groups (&4 1.44 for H-3, &4 2.33 for H-10, and &y 2.14 for H-
15). Also the *H-NMR spectrum showed two signals for the diastereotopic protons of
CH,-2 at oy 1.54 and 1.10, and further six methine protons in the olefinic region of
'H-NMR spectrum (dy 5.74 for H-5, dy 6.22 for H-6, 8y 6.23 for H-7, 8 5.61 for H-8,
Oy 5.42 for H-11 and &y 5.54 for H-12) which are incorporated into three double
bonds A>® A”® and A™'?. The UV spectrum displayed an absorption band with a
maximum at 271 nm for an extended conjugated double bond system as drawn in
figure 5.8. The IR showed a broad OH stretching vibration at 3363 cm™ which is

correspondent to free, non-chelated hydroxyl groups.

Figure 5.11: 'H-13C HMBC correlations of compound 29

A continuos series of the *H-'H COSY and 'H-*C HMBC cross peak correlations
(table 5.6) connected the skeleton of compound 29 as showen in figure 5.11. These

correlations placed the triene system, i.e. A>°, A”® and AM*?

as depicted in figure
5.11. The sp® methine group CH-3 (Spc 1.44/41.8) is present as a centralized atom
between CHs-1, CH,-2, CH3-19, CH-4 and CH-5 and this is confirmed from the *H-'H
COSY and 'H-**C HMBC correlations with them. CH-4 is oxygenated due to its
chemical shift in both *H- and **C-NMR spectra (table 5.6) to create a new chiral
centre which is not present in the aforementioned spartinols (24-28) and also to

delete one double bond of the triene system.
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The cyclohexene ring of compound 29 is deduced from both *H-*H COSY and *H-'3C
HMBC correlations connecting carbons C-10 through to C-15 and placing the A2
and hydroxyl function at C-13 and C-14 due to the '*C chemical shifts of the
respective carbons. The **C-NMR chemical shift at ;. 97.9 for C-17 implies a double
oxygenated carbon atom. Tertiary methyl group CH3-18 is directly attached to C-17
due to HMBC correlation of Hs-18 to C-17 and its resonance as a singlet in the *H-
NMR spectrum. By applying *H-*C HMBC using different coupling constant (4 Hz), it
showed a cross peak correlation between H-9 and C-17, indicating a ring closure
connecting C-14 and C-17 through oxygen bridge to form a pyran ring. The latter is
further confirmed by HRESIMS, 377.1935 [M+Na]", resulted in the molecular formula
Ci9H3006 which implies five degrees of unsaturation, four of which have been

11,12
A

accounted for by the three double bonds (A*>®, A”® and ) and the cyclohexene

ring, so compound 29 must be bicyclic.

Table 5.6: NMR (in acetone-dg) spectroscopic data for compound 29

no. OS¢ mult.? 8y, (mult., Jin Hz) COSY HMBC NOESY
1 121 CH, 0.88(t 7.3) 2 3 2a, 2b
2 261 CH, a 1.54(m) 1,2b, 3 1,3, 4,19 1, 2b
b: 1.10 (m) 1, 24, 3 1,3, 4,19 1, 2a
3 41.8 CH 1.44 (m) 2,4 4,5
4 75.5 CH 3.99 (brt, 5.7) 3,5 2,3,6,19 2a, 2b, 3, 19
5 137.6 CH 5.74 (ddd, 2.8, 6.3, 11.3) 4,6 4,7 2a, 2b, 3,6, 19
6 130.2 CH 6.22 (d, 11.3) 4
7 133.3 CH 6.23 (d, 11.3)
8 132.6 CH 5.61 (ddd, 3.1, 7.9, 11.3) 7,9 6 7,9, 10, 11
9 75.0 CH 4.01 (dd, 7.9, 10.4) 8,10 7,17 7,8,11, 15
10 38.3 CH 2.33 (brt, 10.6) 9,11, 15 9 8,11, 14
11 127.8 CH 5.42 (d, 10.1) 10, 12, 13 10, 13, 15 10, 12
12 131.9 CH 5.54 (d, 10.1) 10, 11, 13 10, 14 13
13 75.4 CH 4.13 (br s) 14 12, 15
14 73.0 CH 3.64 (brt, 9.8) 13, 15 13, 15 10
15 43.3 CH 2.14 (brt, 10.7) 14, 16 13, 14 9,13, 16
16 67.7 CH 3.79 (br s) 15 10, 15, 17 15, 18
17 97.9 C
18 26.6 CH; 1.40 (s) 9, 16, 17 9, 16
19 146 CH, 0.87(d, 6.6) 3 3,4 3

# Implied multiplicities determined by DEPT (135).

Stereochemistry of compound 29

Compound 29 contains nine chiral centres at C-3, C-4, C-9, C-10, C-13, C-14, C-15,
C-16 and C-17. Their relative configuration was determined using *H-'H J values and
2D 'H-'H NOESY correlations. The NOESY cross peak correlations between H-15

and between resonances of H-13, H-16 and H-9 and Hs-18 indicated that these
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protons are on the same side of the pyrano-hexenyl ring (figure 5.12). Whereas, the
NOESY correlation between H-10 and H-14 evidenced that protons 10 and 14 are on
the other side of the ring (figure 5.12).

Figure 5.12: Significant 'H-'H 2D NOESY correlations of compound 29

The relative configuration at C-9, C-10, C-13, C-14, C-15, C-16, and C-17 is R*, S*,
S*, S*, R*, S* and R*, respectively. The double bonds of the side chain were all Z
configurated due to the *H-'H 2D NOESY correlations between H-7/H-8 and H-5/H-6

(figure 5.12). We propose the trivial name pyranospartinol for compound 29.

Furanospartinol (28): Yellowish brown amorphous powder (11.5 mg; 0.1 mg/L); (+)-
HRESIMS: m/z [M+Na]" calcd for CooH300sNa: 357.2042; found 357.2036; [a]**p -
251.0 (c 0.86, acetone); UV Anax MeOH/nm (log €): 232 (3.62), 270 (3.39); IR
Vma/cm™ (ATR): 3404, 3326, 2960, 1455, 1118, 1044.

Pyranospartinol (29): Yellowish brown amorphous powder (6.3 mg; 0.6 mg/L); (+)-
HRESIMS: m/z [M+Na]* calcd for CigH30OgNa: 377.1940; found 377.1935; [o]*’s -
42.0 (c 0.53, acetone); UV Anax MeOH/nm (log €): 232 (3.9), 271 (3.4); IR Vmadcm™
(ATR): 3363, 2925, 1677, 1202, 1086.
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5.5 Postulated biosynthetic pathway of the isolated polyketides 24-29

Compounds 24-29 are proposed to be polyketides, constructed from nine acetate

units, however, compound 27 could be constructed from eight acetate units.

Spatrtinols are remarkable examples of an acetate-derived metabolites containing all
types of oxidation level, i.e. carbonyl, secondary alcohol, alkene and methylene, as
well as having a portion which has cyclized to aliphatic ring (figure 5.13). The long
side chain is more reduced than the short one, therefore the starting of their

biosynthesis is proposed from the beginning of the long side chain.

It is remarkable that the acetate units in the triene system are present between the
double bonds; whereas an acetate unit is present within the hexenyl double bond.
The latter indicates that a partial isomerization process occurs during the
intramolecular aldol condensation to obtain the acetate unit within the hexenyl

double bond. The same occurred with the diene double bonds of compound 29.

Compound 29 may have a different biosynthetic pathway as depicted in figure 5.13 if
the OH-4 originated from C1 of acetate unit. This pathway also explains the
isomerization of the long side chain to obtain a diene system instead of a triene one,
and hence the acetate units are present within the double bonds. The short
oxygenated side chain is folded to form additionally a furanoid ring in case of
compound 28 and a pyranoid ring in case of compound 29 by loss of water.

Based on the proposed biosynthetic pathway in figure 5.13, the construction of these
spartinols is a typical F-mode (Thomas, 2001; Bringmann et al., 2006 and 2009;
Dairi et al., 2011), although they are not aromatic polycyclic. This is due to the
presence of two intact acetate units in the initial cyclohexanoid ring, and the odd
numbers of carbon atoms in both side chains (nine carbon atoms in the long chain
and three carbon atoms in the short one). According to the latter, the methyl group at
C-3 is proposed to come from SAM which is supported by the C2 acetate unit origin
of C-3.
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Figure 5.13: Postulated biosynthetic pathways of the isolated spartinols 24-29
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5.6 Spartinoxide, a new enantiomer of A82775C with inhibitory activity
toward HLE from the marine-derived fungus Phaeosphaeria spartinae
(Elsebai et al., 2010)

Further investigation of this marine-derived fungus led to the isolation of spartinoxide
(30), which is the enantiomer of the known compound A82775C. Additionally, the
known metabolites 4-hydroxy-3-prenyl-benzoic acid (31) and anofinic acid (32) were
obtained. Compounds 30-32 were assayed against the enzymes human leukocyte
elastase (HLE), trypsin, acetylcholinesterase and cholesterolesterase. Compounds
30 and 31 showed potent inhibition of HLE with 1Cso values of 1.71 + 0.30 uyg/mL (6.5
MM) and 1.67 £ 0.32 pg/mL (8.1 uM), respectively.

Compound 30

The 'H-NMR spectrum of compound 30 (table 5.7) is characterised by three
resonances due to tertiary methyl groups (dy 1.77 for Hsz-1, &y 1.72 for H3-2 and oy
1.82 for Hs3-15), and further two resonances due to methylene groups with
diastereotopic protons (04 2.12 for H-5a, &y 2.92 for H-5b, &4 2.00 for H-9a and &y
2.60 for H-9b). Further *H-NMR resonance signals arise from a terminal methylene
group (64 4.84 for H-14a and dy 4.94 for H-14b), three oxygen-bearing methine
groups (&4 4.04 for H-8, dy 3.08 for H-7, and &y 4.44 for H-16), and two non-oxygen-
bearing methine groups (0 5.20 for H-4, dy 6.08 for H-12), with the last two
incorporated into the double bonds A** and A™*?. The IR spectrum showed a broad
OH stretching vibration at 3335 cm™, which is correspondent to free, non-chelated
hydroxyl groups. The *C-NMR spectrum (table 5.7) disclosed 16 resonances
resulting from three methyl groups (6. 26.0 for C-1, . 18.1 for C-2 and 6. 20.1 for C-
15), two sp* methylene groups (5. 32.5 for C-5, 8. 35.1 for C-9), one sp? methylene
group (3 113.8 for C-14 ), two sp® methine groups (8. 119.2 for C-4, &, 100.8 for C-
12), three sp® methine groups (3. 63.9 for C-7, 8. 67.2 for C-8, 5. 69.8 for C-16) and
one sp quaternary carbon atom (5. 204.7 for C-11), three sp? quaternary carbon
atoms (5. 136.4 for C-3, 5. 102.9 for C-10, 5. 141.2 for C-13) and one sp? quaternary
carbon atom (8. 65.3 for C-6).
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Figure 5.14: Structure of natural product 30 isolated from Phaeosphaeria spartinae, and known isomers thereof

Table 5.7: NMR spectroscopic data for compound 30 (methanol-d) and its isomers
A82775C (acetone-ds) and Iso- A82775C (acetone-dg)

30 A82775C | Iso-
A82775C
no. o&¢" Oy, (mult., COSY HMBC NOESY | d¢° &c’
Jin Hz)
1 26.0,CH;  1.77(s) 4, 5a, 5b 2,3,4,6 4 25.9 25.9
2 18.1, CH;  1.72(s) 4 1,3,4,6 5b 18.0 18.0
3 136.4, C 135.0 135.5
4 119.2, CH 5.20 (brt, 7.5) 1, 2, 5a, 1,7,16 | 118.6 119.2
5b
5a 325, CH, 212 (dd, 6.2, 1,4,5b 3,4,6,16 5b, 7 30.9 33.6
15.0)
5b 292 (dd, 8.8, 1,4, 5a 3,4,6,7,16 2, 5a,
15.0) 16
6 65.3, C 63.6 65.9
7 63.9,CH  3.08(s) 8, 9b 5,6,8,9 4,5a,8 | 62.3 63.3
8 67.2,CH  4.04 (brt, 6.6) 7,9a, 9b 6,7, 10 7, 9a, | 66.8 68.6
9b
9a 35.1,CH, 2.00 (ddd, 2.2, 8,9b, 12 7, 8,10, 11, 9b,16 |31.4 31.1
7.7,12.8) 16
9b 260 (dd, 55, 7, 8 9a 6, 7, 8 10, 8, 9a,
12.8) 12, 16 11, 16 12
10 102.9,C 102.0 104.2
11 204.7,C 204.4 204.7
12 100.8,CH 6.08 (s) 9a, 9b, 16 9b, 97.9 98.1
14b, 15
13 141.2,C 140.1 139.9
14a 113.8,CH, 4.84(s) 14b, 15 15 14b, 15 | 113.6 114.2
14b 4.94 (s) 14a, 15 12,13, 15 12, 14a
15 20.1, CH; 1.82(s) 14a, 14b 11, 12, 13, 14a 19.9 19.7
14
16 69.8,CH  4.44(d, 2.9) 12 5,9, 10, 11, 4, 5b, | 70.7 68.6
12,13 9a

2 Implied muiltiplicities determined by dept135. "data from literature (Sanson et al.,
1991). °data from literature (Liu et al., 2008).

Our attention was first attracted to compound 30 by the resonance at &. 204.7 in the

13C-NMR spectrum, without any evidence for a carbonyl functionality in the IR
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spectrum, suggesting the presence of an allene functionality. This allenic C-11 is

strongly downfield shifted owing to the strong anisotropic diamagnetic effect exerted
by both double bonds, i.e. A*** and A2,

b a
Q]
< I
12
CH
|

CHj
15

Figure 5.15: Significant 1H-13C HMBC correlations of compound 30

In the *H-*C HMBC spectrum, the methyl groups CHs-1 and CHs-2 showed cross
peak correlations to C-3 and their singlet resonances in the H-NMR spectrum
supported their direct attachment to A**. CH-4 is directly attached to CH.-5 due to its
resonance as a triplet in the *H-NMR spectrum and the respective cross peak
correlations in the *H-'H COSY and 'H-*C HMBC spectra. C-1 to C-5 forms an
isoprenyl unit, which is attached to the cyclohexane ring at C-6 due to cross peak
correlations between H,-5 and C-6, and C-7 and C-16 in the 'H-'*C HMBC

spectrum.

In both 'H-*C HMBC and 'H-'H COSY spectra, the resonance signal for H-16
correlates with that of C-9, C-10 and C-11. CH-7, CH-8, and CH»-9 are connected to
each other (figure 5.14; table 5.7). In the *H-"*C HMBC, Hs-15 correlates with C-13
indicating its direct attachment to C-13, which is substantiated by the singlet and
more down-field resonance in the *H-NMR spectrum (54 1.82 for Hs-15). The
resonance at 8. 113.8 in the **C-NMR spectrum results from the terminal methylene
group CH»-14, as evident from the DEPT 135 and HSQC spectra. CH»-14, together
with CHs-15, is connected to C-13, as deduced from HMBC correlations. This methyl
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substituted vinylic unit is attached to C-12 due to cross peak correlations of H-12
with C-14 and C-15 in the HMBC spectrum. Additionally, H-14a correlates with C-15
and the other methylene proton H-14b with C-12, C-13 and C-15, thus attaching the
allene to the terminal vinyl moiety, as shown in figure 5.15.

The molecular formula of compound 30 was deduced by accurate mass
measurement to be 285.1461 [M+Na]", which requires six degrees of unsaturation.

10,11 11,12
) A ) A )

Five of these have been accounted for by four double bonds (A%* and

A and the cyclohexane ring. Compound 30 must be bicyclic, and the second
cyclization occurs between carbons C-6 and C-7. In the *H- and **C-NMR spectra,
C-6, CH-7, CH-8 and CH-16 showed resonance signals indicative for substitution
with oxygen. Owing to the **C-NMR chemical shifts of C-6 (5 65.3) and C-7 (5 63.9),
the second ring is an epoxide, as encountered in A82775C and 1so-A82775C. The
planar structure of 30 is supported by comparing the published spectroscopic data of
A82775C (Sanson et al., 1991) and Iso-A82775C (Liu et al., 2008) with those of 30.

Even though compounds A82775C and Iso-A82775C are stereoisomers, their NMR
data are very similar. Thus, in order to determine the stereostructure of 30, a detailed

analysis had to be undertaken.

Stereochemistry

The stereochemistry of compound 30, including the allene chiral axis and chiral
centres at C-6, C-7, C-8 and C-16, was determined from NOESY data, ‘H-'H J
values and by comparing its specific optical rotation with that of compound A82775C.
The singlet resonance of H-7 in the *H-NMR spectrum indicates that the dihedral
angle between H-7 and H-8 8,5 = 90° according to the Karplus equation, which
requires that the orientation of OH-8 is opposite to that of the epoxy group. H-8
showed cross peak correlations in the NOESY spectrum with both H-9a and H-9b,
indicating that the orientation of H-8 is in between H-9a and H-9b (Jgga = 7.7 Hz; Jg.gp
= 5.5 Hz). The correlation in the *H-'H COSY between H-7 and H-9b is due to W-
coupling and therefore these protons are on the same side of the molecule, i.e. 8-
oriented. The NOESY correlation between H-9a and H-16 places these two protons
on the other side of the molecule, i.e. a-oriented. The allenic proton H-12 showed a
cross peak correlation in the NOESY spectrum with H-9b. From all NOESY
correlations observed a sofa conformation for the whole molecule is proposed (figure
5.16).



Results of the chemical investigation of the marine-derived fungus Phaeosphaeria spartinae - 100 -

The relative configuration of compound 30 is thus identical to that of A82775C.
Compound 30, however is the enantiomer of compound A82775C due to the
opposite specific optical rotation ([0]*®, -180 for compound 30 and +175 for
compound A82775C (Sanson et al., 1991). Therefore, the absolute configuration of
compound 30 is determined to be 6S, 7R, 8S, 11S, 16R. We propose the generic

name spartinoxide for compound 30.

Figure 5.16: Significant 'H-'H 2D NOESY correlations of compound 30

Compounds 31 and 32

The structures of compounds 31 and 32 (figure 5.17) were determined from 1D and
2D- NMR spectroscopic and LC/MS data which agreed well with those reported.
Compounds 31 (Abraham & Arfmann, 1990) and 32 (anofinic acid; Ayer & Trifonov,
1994) were described before from several sources and shown to possess many

biological activities.

HyCo _CHs
]/ CHj
H,C A N-ch,
HOOC HOOC
31 32

Figure 5.17: Structures of natural products 31- 32 isolated from Phaeosphaeria spartinae
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Biological activity

Compounds 30 and 31 showed potent inhibition of HLE with ICso values of 1.71 *
0.30 pyg/mL (6.5 uM) and 1.67 £ 0.32 pg/mL (8.1 yM), respectively. Compound 32
was less active against HLE (ICsp = 22.9 = 4.4 uM). Compounds 30, 31 and 32 did
not show inhibition of bovine trypsin, acetylcholinesterase from Electrophorus
electricus, and porcine cholesterolesterase. There is no reported biological activity
for the compounds A82775C and 1s0-A82775C; only the extract from which
compound 1s0-A82775C derived showed inhibition of HIV-1 replication in C8166
cells (Liu et al., 2008).

Spartinoxide (30): Yellowish white powder (10 mg, 1 mg/L); (+)-HRESIMS: m/z
[M+Na]" calcd for CigH20OsNa: 285.1467; found: 285.1461; [a]*p, -180 (c 0.4,
methanol); UV Amax MeOH/nm (log €): 220 (4.3), 283 (3.8): IR Vma/cm™ (ATR): 3335,
2359, 1955, 1653, 1093.

Compound 31: ¥C-NMR (methanol-d,): 121.8 (C-1), 131.9 (C-2), 128.7 (C-3), 160.5
(C-4), 114.7 (C-5), 129.9 (C-6), 169.9 (C-7), 28.4 (C-8), 122.6 (C-9), 133.1 (C-10),
25.4 (C-11), 17.3 (C-12).

Anofinic acid (32): *C-NMR (methanol-ds): 123.8 (C-1), 128.9 (C-2), 121.6 (C-3),
157.9 (C-4), 116.8 (C-5), 132.1 (C-6), 167.2 (C-7), 122.2 (C-8), 131.9 (C-9), 78.1 (C-
10), 28.3 (C-11), 28.3(C-12).
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6. Results of the chemical investigation of the marine-derived

fungus Auxarthron reticulatum

6.1 Extraction and isolation

Fungal biomass and media were extracted with 8 L EtOAc to yield 9.2 g of crude
extract. This material was fractionated by Si VLC using a stepwise gradient solvent
system of increasing polarity starting from 20% acetone in petroleum ether to 100%
acetone which yielded 11 fractions.

e RP-HPLC separation of the subfraction 3 afforded compound 33.

e RP-HPLC separation of the subfraction 11 afforded compound 34.

6.2 A fungal dipeptide, a novel class of exogenous ligands for CB;

receptors from the marine-derived fungus Auxarthron reticulatum

This chapter reports on the structure elucidation of the diketopiperazine alkaloid
amauromine (33) and the quinolinone alkaloid methyl-penicinoline (34). Their
structures were established from extensive spectroscopic investigations on the basis
of one and two dimensional NMR studies (*H, *C, HSQC, COSY, NOESY and
HMBC NMR spectra) as well as mass spectrometric (HRESIMS), UV and IR
spectroscopic analyses. The structure of compound 34 was proven by X-ray
crystallography. Compound 34 is identical to the reported methyl marinamide, which
however was claimed to be an isoquinoline alkaloid and whose structure is herewith

revised.

Compounds 33 and 34 were evaluated toward the cannabinoid receptors CB; and
CB,. Compound 33 showed potent and selective antagonistic activity toward CB;
with a K value 178 + 14 nM, while compound 34 had only weak effect. To the best of
our knowledge, compound 33 is the first fungal and dipeptide natural product which

has selective antagonism to CB;.

Compounds which have affinity toward cannabinoid receptors are often classified
according to their origin into plant, animal and synthetic compounds. Here we report

cannabinoid receptors ligands from a novel origin which is a fungal source.
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Cannabinoid receptors are located in the cell membrane and belong to the G protein-
coupled receptors (GPCR) superfamily (Graham, 2009). They are mainly divided into
two distinct cannabinoid receptor subtypes designated CB; and CB, (Matsuda et al.,
1990). The CB; receptors are present mainly in the central nervous system (CNS),
but also in the lungs, liver and kidneys and mediate physiological responses such as
analgesia and euphoria. The CB; receptors are mainly present in the immune
system such as the spleen, tonsils and thymus (Zhang et al., 2005). The CB;
receptors are believed to be involved in cannabinoid-mediated immune responses,
however its physiological responses are not definitely clear (Zhang et al., 2005).
CB3 receptors, such as GPR55 receptors, are novel cannabinoid receptors which are
non-CB1/CB, receptors and present in the endothelial cells and in the CNS as well
(Begg et al.,, 2005), and they respond to a variety of both endogenous and

exogenous cannabinoid ligands (Overton et al., 2006).

According to the origin of the ligands of cannabinoid receptors, they can be classified
into three groups 1) endocannabinoids, such as N-arachidonoyl-ethanolamine and
Hemopressin, which are found in the nervous and immune systems of animals
(Devane et al., 1992; Heimann et al., 2007); 2) phytocannabinoids, such as A°-
tetrahydrocannabinol (A°-THC), which are produced by the Cannabis sativa plant
(Thomas & Chesher, 1973); and 3) synthetic cannabinoid derivatives such as
nabilone, which is synthetically produced A°-THC. Nabilone (Cesamet®), is used for
the suppression of nausea and vomiting produced by chemotherapy (Pertwee,
2010). We report here a novel origin for ligands of cannabinoid receptors, i.e. fungi,
since compound 33 from the fungus Auxarthron reticulatum has potent selective

antagonistic activity to CB; receptors.

Compound 33

The fungal metabolite 33 is a dipeptide composed of two modified tryptophan units,
which dimerized forming a central diketopiperazine ring. Compound 33 is further
characterized by the presence of two prenyl moieties which are attached to the core
structure through reversed prenylation (figure 6.1). The molecular formula of
compound 33 was deduced by accurate mass measurement (HRESIMS, m/z =
509.2911) to be C3;H3s02N,.
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methyl-penicinoline (34)

Figure 6.1: Structures of natural products 33 - 34 isolated from Auxarthron reticulatum
and single crystal X-ray crystallography of 34

Table 6.1: *H- and **C-NMR (CDCls) chemical shifts for compound 33 and **C-NMR
(CDCl3) chemical shifts of amauromine alkaloid

no. mult.? Ou, Oc Oc
(mult., Jin Hz2) of compound 33 of amauromine”
2/2° CH 5.43,s 77.2 77.1
3/3 C 61.8 61.8
414 CH 7.06,d (7.7) 124.8 124.7
5/5° CH 6.68, 1 (7.7) 118.8 118.6
6/6” CH 6.99,1(7.7) 128.8 128.7
117 CH 6.47,d (7.7) 109.2 109.2
8/8 C 149.8 149.9
9/9 C 128.8 128.8
10a/10a’ CH, 2.48, dd, (6.6, 12.8) 35.0 35.0
10b/10b’ 2.42, dd, (10.6, 12.8)
11/11° CH 3.83, dd (6.6, 10.6) 60.4 60.3
12/12° C 166.4 166.1
14/14° C 40.7 40.7
15/15° CH 5.98, dd (11.0, 17.2) 143.5 143.5
16a/16a’ CH, 5.12, d (11.0) 114.4 114.3
16b/16b’ 5.06, d (17.2)
17/17 CH; 1.10, s 22.4 225
18/18’ CHs 0.99, s 22.8 22.8

2 |mplied multiplicities determined by DEPT 135, ° Data from (Takase et al., 1985).

The NMR spectroscopic data showed only resonances for CjgHig, thus it was
concluded that a homodimeric structure was present, and that each resonance
signal in the 'H- and *C-NMR spectra represented at least two magnetically
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equivalent nuclei. Indeed, compound 33 is characterized by the presence of a C2

axis of symmetry (table 6.1 and figure 6.2).
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Figure 6.2: 13C-NMR (75 MHz, CDCl; upper line) and DEPT (135, lower line) spectra of amauromine (33),

showing high purity and showing one set of resonance signals due to the presence of symmetry

Since several stereocisomers of compound 33 are described i.e., epiamauromine (De
Guzman et al., 1992), it is difficult to delineate the absolute configuration of the
molecule merely from spectroscopic data. Thus, for the determination of the absolute
configuration, acid hydrolsis was performed followed by chiral HPLC
chromatography. This resulted in the detection of L-tryptophan indicating the S
configuration of the a-carbon C-11/11". Our data thus showed that compound 33 is

the alkaloid amauromine (Takase et al., 1985) (=nigrifortine; Laws & Mantle, 1985).

Amino acid determination of compound 33 using chiral HPLC: A suspention of
33 (2 mg) in 6N HCI (1mL) was heated at 110°C for 4 hr under argon atmosphere.
The hydrolysate was dried with a stream of nitrogen. The residue was dissolved in
the mobile phase used for the chiral HPLC (2 mM CuSO, in H,O/MeCN, 95:5; flow
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rate 1 mLmin™?). The chiral HPLC was performed by using a Chirex 3126 (D)-

penicillamine column (Phenomenex; 250 x 4.60 mm).

Compound 33 was previously reported to be a potent vasodilator acting as a calcium
entry blocker (Takase et al., 1985).

Compound 34

HRESIMS analysis of compound 34 gave the molecular formula C;5H12N203 with
eleven degrees of unsaturation. This molecular formula was supported by *H- and
13C-NMR spectra (table 6.2; figure 6.3) which showed resonance signals for two
carbonyl groups (6. 173.8 for C-14 and 167.8 for C-16), five unsaturated quaternary
carbon atoms (6. 123.0 for C-5, 140.9 for C-6, 139.7 for C-8, 124.3 for C-13 and
113.6 for C-15), seven unsaturated methine carbon atoms (&y,c 6.47/112.1 for CH-1,
6.25/110.1 for CH-2, 7.13/122.8 for CH-3, 7.66/118.7 for CH-9, 7.70/132.6 for CH-
10, 7.36/123.9 for CH-11 and 8.07/124.9 for CH-12), and one methoxyl group (du/c
3.67/52.1 for CHs-17). In addition, in the *H- and **C-NMR spectra, there are two
downfield shifted resonances at &4 11.63 and 11.70 which were determined to arise
from NH-4 and NH-7, respectively. The downfield shift may be explained by
intermolecular hydrogen bonds of the NH groups with the carbonyl group at C-14 as
seen in the X-ray derived structure (figure 6.1).

Table 6.2: NMR spectroscopic data (DMSO-dg) for compound 34

no. Sc mult. oy (mult., J in Hz) COSY HMBC NOESY
1 112.1 CH 6.47 (dd, 1.5, 3.7) 2,3 2,3,5 2

2 110.1 CH 6.25 (dd, 2.6, 3.7) 1,3 1,3,5 1,3

3 122.8 CH 7.13 (dd, 1.5, 2.6) 1,2 1,2,5 2

NH-4 11.63, s 1,2,3 3

5 123.0 C

6 1409 C

NH-7 11.70, s 5,6,9, 13,15 1,9

8 139.7 C

9 118.7 CH 7.66 (d, 7.7) 10 12,13 10, NH-7
10 132.6 CH 7.70 (t, 7.7) 9,11 8, 12 9,11
11 123.9 CH 7.36 (brt, 7.7) 10, 12 9,13 10, 11
12 1249 CH 8.07 (d, 7.7) 11 8,10, 14 11

13 1243 C

14 173.8 C

15 1136 C

16 167.8 C

17 52.1 CH; 3.67,s 15, 16 1

& Implied multiplicities determined by DEPT 135.
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The methine carbons CH-9 to CH-12 are connected due to the mutual cross peak
correlations in both *H-'H COSY and 'H-*C HMBC spectra (figure 6.4). They are
also bound to the quaternary aromatic carbons C-13 and C-8, as confirmed by
HMBC correlations from H-9 and H-11 to C-13, and from H-10 and H-12 to C-8.
Compound 34 is thus an ortho-disubstituted benzene derivative. C-13 is attached to
the carbonyl carbon C-14 due to the HMBC correlation from H-12 to C-14, and C-8 is
attached to NH-7 due to HMBC correlations from NH-7 to both C-9 and C-13. Also in
the HMBC, NH-7 has correlations to C-6 and C-15, which results in a y-pyridone ring
including carbons C-8, C-13 and C-14. Such an arrangement forms a 4-quinolinone
ring which is substituted at C-15 and C-6. The substitution at C-15 is a methyl
carboxylate residue due to the HMBC correlations from the methoxyl group CHs3-17
to both C-15 and C-16, whereas the substitution at C-6 is a a-pyrrolyl moiety. The
latter was proven from the data acquired in *H-'H COSY and 'H-*C HMBC
experiments. Thus H-1 to H-3 are forming a spin system, which together with the key
HMBC correlations between them and the carbons C-1 to C-5 implies the presence

of a pyrrol ring.
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Figure 6.3: 13C-NMR (75 MHz, DMSO-d6 upper line) and DEPT (135, lower line) spectra of methyl-
penicinoline (34), characterized by resonances in the aromatic region, a two carbonyl groups and one

methoxyl group
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The NOESY correlation of NH-4 to H-3 confirmed this conclusion. The pyrrol is
linked to the quinolinone nucleus at C-6 due to the HMBC correlation from NH-7 to
C-5. X-ray diffraction analysis allowed the structure of 33 to be unambiguously
established. It is a structurally unique 4-quinolinone, linked to a pyrrole ring on one

side and a methyl carboxylic acid ester moiety at the other.

Figure 6.4: significant 'H-'H COSY correlations (bold lines) and TH-13C-HMBC
correlations (arrows from H to C) of compound 34

A similar compound, i.e. methyl marinamide which was described as an
isoquinolinone analogue of 34 was already described in the literature (Feng &
Yongcheng, 2006). Surprisingly, this compound has the same NMR chemical shifts
as compound 34, and thus we assume that the structures of methyl marinamide and
also of the related marinamide are wrong. This is further confirmed by the recently
reported compound penicinoline (Shao et al., 2010), which has the same structural
features as compound 34, except that it is not methylated (i.e. CH3-17). Penicinoline,

according to our analysis, is identical to marinamide.

Amauromine (33): Brownish white amorphous compound (50 mg; 5 mg/L); (+)-
HRESIMS: m/z found = 509.2911 [M+H]*, calcld = 509.2917 [M+H]"; *H- and *3C-
NMR: table 6.1; UV Anax MeOH/nm (log €): 214 (4.3), 243 (4.1), 300 (3.7); CD
(CHCl3): Amax 210 (A€ = -2.7), Amax 244 (A€ = -2.5), Amax 299 (A€ = -0.5); IR Vmad/cm™
(ATR): 3366, 2966, 2359, 2341, 1662, 1606, 1466, 1304, 1060.

Methyl-penicinoline (34): Brown needle crystals (15.5 mg; 1.5 mg/L); (+)-
HRESIMS: m/z found = 291.0740 [M+Na]", calcld = 291.0733 [M+Na]"; UV Amax
MeOH/nm (log €): 207 (4.5), 284 (4.0), 332 (4.1); IR Vmadcm™ (ATR): 3330, 3212,
2924, 2359, 2341, 1711, 1631, 1587, 1555, 1454, 1354, 1202, 758.
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7. Discussion
7.1 The goal of this study

The main goal of this study was the use of biotechnological methods for the
discovery of new and bioactive natural products as potential drug leads from marine-
derived fungi. The isolated metabolites in this study were structurally elucidated
using different array of spectroscopic methods and biologically evaluated for
antimicrobial and cytotoxic activities, affinity for a panel of proteases and CB
receptors. Detailed chemical investigations of the processed fungal strains resulted
in the isolation of natural products possessing a high degree of chemical diversity
and pharmacolpgical properties. This study also contributed to the understanding of
the biosynthetic origin of fungal secondary metabolites, e.g. by the structural

variation observed with the phenalenone derivatives.

7.2 Novelty of the isolated compounds in this study

The detailed analysis of the marine endophytic fungus Coniothyrium cereale resulted
in the isolation of new and biologically active secondary metabolites 1-22. So far,
there is no published study dealing with natural products from the fungus C. cereale.
All of the Coniothyrium metabolites (except compound 15 which is a steroidal
compound) were identified as methyl phenalenones, biosynthetically originated by
the cyclization of a heptaketide precursor. However, compounds 7-8 and 20-22 don
not possess the tricyclic phenalenone nucleus any more, and alternatively, they
could be produced from a hexaketide origin to produce naphthalene derivatives in
case of compounds 7-8 and 20-21, and dioxa-azulene derivative in case of
compound 22 with a biosynthetic pathway related to the other methyl phenalenones
(figures 4.11 and 4.12).

From a structural point of view, the most interesting compounds are the alkaloidal
polyketides 13, 14, 18, 19 and 21, in addition to the unique dioxa-azulene derivative
22. Compounds 13 and 14 are unusual heterodimers composed of two different

natural product skeletons (figure 7.1).
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Figure 7.1: The new metabolites isolated from the marine-derived fungus Coniothyrium cereale
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Compounds 18 and 21 (chapters 4.3 and 4.4) contain an imine functionality, and
there is neither naphthalene nor phenalenone compound with such a functional
group has been reported so far. Compound 19 (chapter 4.4) has the unusual y-
lactam ring and to date there is no similar reported phenalenone compound.
Compound 19 can also be viewed as an indole derivative. Usually an indole nucleus
originates from tryptophan, but in the case of compound 19, the indole is most
probably of polyketide origin based on the histochemistry of its producing fungus, its
meta oxygenation pattern and the reported literature for the polyketide origin of
fungal phenalenones. Accordingly, compound 19 is the first indole derivative of
polyketide biosynthetic pathway. The dioxa-benzoazulene nucleus of 22 (chapter
4.5) is in contrast to the usual terpene origin of azulene compounds and in turn it is
the first azulene derivative with a polyketide origin. Compounds 7 and 8 (chapter 4.2;
Ayer et al., 1986; Elsebai et al., 2011) are the first naphthalene natural products with
lactone moieties. Compounds 1-22 indicate that the fungus Coniothyrium cereale

has a number of different enzymes with astonishing activity.

The detailed analysis of the marine endophytic fungus Phaeosphaeria spartinae
resulted in the isolation of a series of polyketides in addition to a steroidal compound
(figure 7.2). So far, there is no published study dealing with natural products from the
fungus Ph. spartinae. Compound 23 (chapter 5.2) is an unusual steroid due to the
presence of a carboxylic group at C-4, with its structure being similar to
progesterone. This may indicate that progesterone itself is present in fungi, as it was

previously discovered for the first time in plants in 2010 (Pauli et al., 2010).

The spartinols 24-29 (chapters 5.3 and 5.4) are polyene derivatives. The spartinols
24-29 are characterized by the presence of cyclohexene ring with attached two side
chains; one side chain is long with a transoid triene system, and a second side chain
is short and oxygenated. However, compound 29 has probably undergone an
oxidation process of one of the double bonds and isomerization process to produce
cis diene within the long side chain instead of the transoid triene (figure 5.13). The
oxygenated side chain is cyclized to form furanoid ring in furanospartinol (28) and a
pyranoid ring in pyranospartinol (29) (figures 5.13 and 7.2).
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The interesting compound 30 (chapter 5.5) was also isolated from this fungus (figure

7.2), which has an allene and epoxy functional groups.

H3C

., o
HsC o oH HsC o OH HsC on OH O OH
spartinol A (24) spartinol B (25) spartinol C ( 26) spartinol D (27)
H3C

OH

HsCO' CHs

furanospartinol (28) pyranospartinol (29)

Figure 7.2: The new metabolites isolated from Phaeosphaeria spartinae
From the the fungus Auxarthron reticulatum, a promising alkaloid, methyl-
penicinoline (34) was obtained (chapter 6.2), in which a unique 4-quinolinone
nucleus is linked to a pyrrole ring on one side and a methyl carboxylic acid ester

moiety at the other.

methyl-penicinoline (34)

Figure 7.3: The new metabolite isolated from Auxarthron reticulatum
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7.3 Biological activity of the isolated compounds in this study

Many health problems still remain untreatable, although effective drugs for many of
the diseases that afflict mankind have been already discovered. These problems
include various types of cancer, viral infections such as HIV and viral hepatitis
especially hepatitis C, severe fungal and bacterial infections, cardiovascular
diseases, and inflammatory disorders. Therefore, the search for novel therapeutic
agents continues and there is a need to discover structural leads for drug
development. Natural products offer a good chance either, for a direct therapeutic
effect or for the discovery of lead compounds that provide the basis and inspiration
for the semisynthesis or the total synthesis of effective new drugs.

In this study, the isolated compounds were biologically evaluated for antimicrobial
and cytotoxic activities, inhibitory activity of proteases and affinity toward

cannabinoid receptors.

7.3.1 Compounds with cytotoxic and antibiotic activities

Cancer is a major cause of death worldwide (Greve et al., 2010); likewise microbial
infections became a seriuos health threat. The development of resistance toward
current antibiotics continues to be a significant problem in the treatment of infectious
disease, and therefore the discovery and development of new antibiotics is evolving
as a high priority in biomedical research (Saleem et al., 2010; Zhang et al., 2009).
Since the discovery and application of penicillin, antibiotics have saved billions of
lives and played an important role in human history. Many pathogenic
microorganisms, e.g. methicillin resistant Staphylococcus aureus (MRSA) and
vancomycin-resistant Enterococcus faecium (VREF), have developed resistance
toward current antibiotics and this trend has become more and more serious.
Meanwhile some new emerging infectious diseases, e.g. cryptococcal meningitis and
toxoplasmosis, have also become prevalent. All these new problems demand more

and novel antibiotics to be discovered (Zhang et al., 2009; Alekshun & Levy, 2007).

From the fungus C. cereale, the antimicrobially active compounds 2, 4-8, 11, 12 and

20 were obtained. Of these compounds 5, 11, 12 and 20 showed cytotoxic activities
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as well (chapter 4.6). The naphthalic anhydrides 2 and 4, and the lactone derivatives
7 and 8, showed only antimicrobial activities and not cytotoxic. It is concluded that
the compounds with neighbouring diketone as in 5, 11, 12 and 20, seems to be
important for both cytotoxic and antimicrobial activities, whereas the compounds with
only lactone (as in 7 and 8) and naphthalic anhydride (as in 2 and 4) moieties are

important for only antimicrobial activity (figures 7.4 and 7.5).
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Figure 7.4: Fungal metabolites of this study with cytotoxic and antimicrobial activities
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Figure 7.5: Fungal metabolites of this study with antimicrobial activity

Both enentiomers of compound 20 are antibiotics; therefore the configuration at the
single chiral centre at C-15 has no direct effect on this activity. It is obvious that the
pharmacophore for all of these compounds is related to the heterocyclic carbonyl
substituted ring. The naphthalene ring, as well as the prenyl side chain may help in

an indirect way through increasing the lipophilicity of compounds.

7.3.2 Compounds with inhibitory activity toward HLE

Human leukocyte elastase (HLE) belongs to the serine proteases that conduct
proteolysis through the hydrolysis of peptide bonds of the protein (Southan, 2007).
Under normal conditions, the activity of HLE is controlled by endogenous inhibitors

but excessive and uncontrolled HLE activity may result in several pathological states
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such as chronic obstructive pulmonary disease (COPD), pulmonary emphysema,
rheumatoid arthritis and cystic fibrosis (Korkmaz et al., 2008). “The protease-
antiprotease imbalance hypothesis” stated that the massive migration of neutrophils
to the lungs and the subsequent release of proteolytic enzymes mainly HLE, is the
main reason for damage to lung connective tissue. Ultimately, this allows the
degradation of elastin, the elastic component of lung connective tissue, and other

components of the extracellular matrix (Abboud & Vimalanathan, 2010).
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Figure 7.6: Fungal metabolites of this study with inhibitory activity on HLE

COPD is a multifunctional, chronic inflammatory disease characterized by airflow
obstruction and enlargement of the airspaces. COPD constitutes a worldwide health
problem, since more than 16 million people in the US (accounting for 120,000 deaths
a year) are affected by COPD and this disorder is currently the fourth most common
cause of death and hence it is identified as one of the major health problems.
Therefore, there is an urgent need for the development of small molecule
therapeutics capable of blocking and/or reversing the progression of the disorder
(Groutas et al., 2011).

In our study, the compounds 1, 5, 9, 19, 21, 30 and 31 (figure 7.6) exihibit significant
affinity toward HLE with ICso values of 7.16, 13.3, 10.9, 9.28, 3.01, 6.5 and 8.1 uM,
respectively. Compounds 26 and 32 demonstrated moderate activity toward HLE.
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7.3.3 Compounds with affinity toward CB; receptors

Recent studies have proposed important roles for the endocannabinoid system, i.e.
receptors and endogenous ligands, in many physiological and pathophysiological
conditions including epilepsy, Parkinson’s and Alzheimer's diseases, major
depression and obesity. Thus, the development of agonists and antagonists,
including those with marked selectivity for CB; or CB, receptors, is in the focus of

intense research (Heimann et al., 2007).

Ho ANTN
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amauromine (33) methyl-penicinoline (34)

Figure 7.7: Fungal metabolites of this study with affainity toward CB, receptors
In this study we have discovered the potent and selective antagonistic activity of
compound 33 toward the CB; receptors with a K; value of 178 nM. This compound
showed no affinity to CB; receptors. To the best of our knowledge, the indole
derivative 33 is the first compound of fungal origin to have affinity toward
cannabinoid receptors and it is the first exogenous peptide to have such an activity.

Compound 34 showed only weak affinity toward CB; receptors.

Many synthetic indoles were examined (Pertwee, 2010; Poso & Huffman, 2008;
Huffman et al., 2005, 2006) regarding their affinity to CB receptors. In these studies,
N-substituted indoles were found to have high cannabimimetic effects on CB,, but no
affinity to CB; receptors. In contrast to the synthetic indoles, compound 33 functions
as an antagonist toward the CB; receptors. Only one synthetic indole, i.e. AM630, is
reported having antagonistic activity toward CB; but with K; value of 5152 nM
(Pertwee, 2010).

The identification of this cannabinoid peptide ligand (compound 33) provides an
opportunity for the development of a class of therapeutic agents for the treatment of

a number of disorders involving cannabinoid receptors.
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8. Summary

The main goal of this study was to discover novel natural products with
pharmacological potential by employing various biotechnological methods. Marine
fungi have been identified as a promising resource for such molecules. In particular,
fungi living in the inner tissue of marine algae and sponges (endophytes) were found
capable of producing a structurally and with regard to their bioactivity, most intriguing

array of compounds.

This study thus focussed on the three marine-derived fungi Coniothyrium cereale,
Phaeosphaeria spartinae and Auxarthron reticulatum. They were cultivated in
artificial media mimicking the marine environment and investigated for their bioactive
secondary metabolites. The investigation dealt with the isolation, identification and
biological evaluation of the fungal natural products with emphasis on compounds
exhibiting cytotoxic and antimicrobial activities. Additionally, natural products that
inhibit proteases such as Human Leukocyte Elastase (HLE), and compounds with

affinity toward cannabinoid receptors were explored.

The extracts of C. cereale, P. spartinae and A. reticulatum were subjected to
purification employing high-tech chromatographic techniques. The isolated
metabolites were characterized based on the extensive spectroscopic
measurements.  Stereochemical assignments were done through X-ray
crystallographic and CD spectral analysis. The identified compounds were then
evaluated for their biological activities. Over all 36 interesting compounds, partly with
unprecedented chemical structures and outstanding bioactivity were isolated from

three different fungal strains.

The detailed analysis of the marine endophytic fungus C. cereale resulted in a series
of compounds with a polyketide skeleton, i.e. the phenalenones (figure 1). From the
structural point of view, the most interesting compounds are the nitrogenous
metabolites, i.e. conio-azasirosterol, cereo-azasirosterol, cereolactam and
cereoaldomine. Conio-azasirosterol and cereo-azasirosterol are most unusual

heterodimers composed of two different skeletons of natural products. In compounds
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cereolactam and cereoaldomine the nitrogen is either forming a rare y-lactam ring or
imine group, respectively. The Conitothyrium metabolite cereoazulene (figure 1) is a

unique dioxa-azulene derivative, probably of polyketide origin and formed through

oxidative cleavage of a regular polyketide precursor molecule.
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The detailed analysis of the marine endophytic fungus Ph. spartinae resulted in a
novel steroidal compound and a series of polyketides (figure 2). Spartogesterone is
an unusual steroid due to the presence of a carboxylic group at C-4 and the
structural similarity to the hormone progesterone. Indeed, the human hormone
progesterone has only recently (2010) been discovered in plants, and the finding in
our study suggests that progesterone derivatives also do occur in fungi. The
polyketides spartinols A-D are characterized by the presence of a central
cyclohexene ring to which two side chains are attached, long one with a trans triene
system and another short one, substituted with hydroxyl-, carbonyl- and /or carboxyl
group. This side chain also can be cyclized to form a furanoid ring, as seen in
furanospartinol and a pyranoid ring as present in pyranospartinol. Pyranospartinol is
also different from the aforementioned metabolites by having a cis diene double
bond instead of a trans triene. Spartinoxide which was also obtained from this fungus

has an uncommon allene moiety and epoxy group (figure 2).

From the fungus A. reticulatum two promising alkaloids were obtained, i.e.
amauromine and methyl-penicinoline (figure 3). Amauromine is an alkaloid with a C-
2 axis of symmetry. It is composed of two prenylated tryptophan moieties, which are
condensed to form a diketopiperazine nucleus. Methyl-penicinoline is a structurally
unique 4-quinolinone, linked to a pyrrole ring on one side and to a methyl carboxylic

acid ester moiety on the other.

In antimicrobial assays, compounds conioscleroderolide, coniosclerodione, (-)-
cereolactone, and (-)-scleroderolide showed activity against Staphylococcus aureus
SG 511 with MIC values of 23.8, 65.7, 52.0, and 23.8 uM, respectively. In agar
diffusion assays with Mycobacterium phlei considerable inhibition zones (> 15 mm)
were observed for Z-coniosclerodinol, (S,S)-sclerodinol and coniolactone. (-)-
Trypethelon strongly inhibited the growth of M. Phlei, S. Aureus and E. coli with

inhibition zones of 18, 14 and 12 mm, respectively.

In cytotoxic assays, using an MTT assay with mouse fibroblast cells, the compounds
(-)-sclerodione and (-)-trypethelone had significant activity with an ICso value of 6.4
and 7.5 pM, respectively. Cytotoxicity was also determined using an epithelial

bladder carcinoma cell line, in which the compounds conioscleroderolide and (-)-
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scleroderolide exhibited very weak in vitro cytotoxicity with ICs values of 27 and 41

MM, respectively.

Coniosclerodin, conioscleroderolide, (-)-sclerodin, (-)-cereolactam, (-)-
cereoaldomine, spartinoxide and prenyl-hydroxyl-benzoic acid showed potent
inhibition of the protease HLE with ICsg values of 7.16, 13.3, 10.9, 9.28, 3.01, 6.5 and
8.1 uM, respectively.

Amauromine displayed a potent and selective antagonistic activity toward CB;
receptors with a K; value of 178 nM. No affinity was noted for CB, receptors. To the
best of our knowledge, amauromine is the first compound of fungal origin to have
affinity to cannabinoid receptors, and it is the first exogenous peptide to have such

an activity.

In conclusion, the chemical investigation of marine fungi living in algal and sponge
tissues resulted in the discovery of structurally novel natural products with interesting
biological activities. In fact this study contributed novel structural skeletons probably
useful as lead drugs for the development of cytotoxic antibiotic compounds, protease

inhibitors and cannabinoid receptor antagonists.
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