Screening of antimicrobial effects of selected fun@nd studies on
antibiotic constituents of
Bulgaria inquinans (Pers.) Fr. (Bulgariaceae)
and Meripilus giganteus (Pers.:Fr.) P. Karst. (Meripilaceae)

DISSERTATION

In fulfilment of the requirements for the degreeDof rer. nat
At the Institute of Pharmacy, University of Hamburg

by
Natalia Osmanova

Hamburg 2011



1. Referee:Priv.-Doz. Dr. W. Schultze
Institute of Pharmacy, University of Hamburg

2. Referee:Prof. Dr. rer. nat. Sascha Rohn
Institute of Food Chemistry, University of Hamburg

The present work was performed from March 2005 woeJ2009 under the
supervision of Priv.-Doz. Dr. W. Schultze at thstitute of Pharmacy, University of

Hamburg, Germany



Dedicated to my family



Acknowledgements

| am very grateful to Priv.-Doz. Dr. Wulf Schulti® the opportunity to conduct this

research under his supervision, for his invaluabjgort and inspiring discussions.

| am grateful to Professor Dr. Dr. h.c. mult. Wakecke, Prof. Dr. J. Thiem and Prof.
Dr. C. Meier (Institute of Organic Chemistry) fdreir kind permission to utilise the

laboratory facilities provided by Organic Chemistry

Support from the following people is gratefully ackvledged: Dr. Volker Sinnwel
and his team and Dr. Thomas Hackl (Institute of &rg Chemistry) for NMR
measurements and help in spectra interpretation; Sbephan Franke, Manfred
Preul3e, Cristina Christ, Gaby Graak and Annegreinés (Institute of Organic
Chemistry) for HREIMS, direct inlet EIMS and FAB-MBeasurements; Dr. Stephan
Franke for useful consultations; Professor Dr.iDe. mult. Wittko Francke, Stephan
von Reul3 and Armin Troeger for providiff-)-1-octenol and useful advice about
enantioselective GC; Professor Dr. Peter Heisijama Claul3en and Antje Schnasse
(Institute of Pharmacy) for the help in microbialcg experiments; Professor Dr.
Ulrike Lindequist and Dr. Kristian Wende (Institw€Pharmacy, Ernst-Moritz-Arndt
University, Greifswald, Germany) for providing ctaaic investigations; Professor
Dr. Bernward Bisping (Institute of Food Chemistfg) his support; Prof. Dr. C. S.

Leopold (Institute of Pharmacy) for permissionitosh experiments using HPLC.

Special thanks are also due to the members of migimgpgroup: Kai Haacker and

Frank Meyer for their ever-present help and support

| am most grateful to Dr. Ed Bradburn for his inwable assistance and unstinting

support, which was instrumental in seeing thisadisgion to fruition.



List of Abbreviations

br broad

COosYy Correlation Spectroscopy

3C NMR Carbon-13 Nuclear Magnetic Resonance Spectroscopy
S chemical shift (ppm)

d doublet
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1 direct coupling constant (Hz)
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Amax maximum absorption (nm)

[M] molecular ion

MS Mass Spectrometry

m/z mass charge ratio

NMR Nuclear Magnetic Resonance
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pH - log (cHO")
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RI Kovats retention indices

Ry retention factor (TLC)

s singlet

t triplet
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1. Aim of the study
The present study investigates macrofungi nativ&d¢omany for their antimicrobial

potential. Two principles were applied to the setecof study subjects. Firstly, the
chemical composition and bioactivity of many natfuagi has not yet been studied
in detail. Secondly, fungi lack a protective oussrer (such as epidermis or bark) and
are forced to rely solely on their chemical defeasnechanisms. It is precisely these
defensive chemicals that constitute a potentiarwf antimicrobial substances.
The investigation procedure was structured asvaio
* Preparation of extracts from about 30 macromycetdsing a variety of
solvents
» Testing the above extracts using standard antiliakrdioassays to determine
antimicrobial bioactivity
» Developing and optimising specific antimicrobialsitu bioassays for testing
fungi extracts on thin layer chromatography platesrder to obtain rapid and
direct information about active compounds and campogroups
» |solating the most interesting biologically actigempounds and elucidating
their structures using modern MS and NMR techniques

2. Introduction

Even in the early 21st century, infectious disgaesists as one of the leading causes
of illness and death, second only to cardiovasalikorders. Figures from the World
Health Organization reveal that infectious diseage®unt for about 15 million cases
annually and thus 26% of all global mortality. Mabral infections account for 85-
90% of all cases of infectious disease [1].

The commonest and most effective treatment ofctidas disease to date has
been the application of drugs with antimicrobiatiaty. While these drugs are
termed "antibiotics” in common parlance and thisgasrefers generally to substances
that kill or inhibit the growth of (disease-causit@cteria, the term antibiotic is more
precisely defined by the scientific community. Gadnin 1942 by Selman Waksman,

an antibiotic (from the Greedknti against andbiosisway of life) was defined as "any
1



substance produced by a microorganism that is anistic to the growth of other
microorganisms in high dilution" [2]. Since themetterm has been expanded to
include naturally occurring antimicrobial substasmoet produced by microorganisms
— including those produced by plants, fungi andingaorganisms — as well as purely
synthetic antibacterial compounds such as the maludes, quinolones and
oxazolidinones [3]. As such, antibiotics belongtie broader group of antimicrobial
compounds used to treat infections caused by agyoorganisms, including fungi
and protozoa [4]. Some antibiotics, such as thenaghycosides, are still produced
and isolated from bacteria (in this case,$treeptomycegenus), but with advances in
medicinal chemistry, most antibiotics are now segmthetic, i.e. modified
chemically from original compounds found in nat[#ge3].

The success of a particular antibiotic dependdiemticroorganism's ability to
withstand its effect: if this ability rises sigraéintly, the microorganism is said to
have developed antibiotic resistance (with micraargms carrying several resistance
being termed multi-resistant). Antibiotic resistarmay evolve via natural selection
acting upon random mutations or may also be enggdedy applying an
evolutionary stress to a population. Significantdgice the required gene is available,
bacteria may prove capable of transferring thissgjeninformation in the population
horizontally (.e. between individuals) by plasmid exchange.

The complex threat presented by antibiotic rescsas well illustrated by the
present situation concerning vancomycin. Vancomyaimacrolide glycopeptide, is
a distinct class of antibiotics unrelated to artyeotgroup of antibiotics used routinely
in medical practice such as penicillins, streptomyccephalosporins, quinolones,
sulfonamides or erythromycins. Although medical wgevancomycin had been
reserved for the specific treatment of multi-resist life-threatening staphylococcal
infections, a number of studies then revealed ta@®e in enterococcal strains,
termed Vancomycin-ResistanEnterococci (VRE). During 2004, VRE was
responsible for nearly a third of all hospital ictfiens in intensive care units,
according to the Centers for Disease Control areldttion (CDC). Three years
later, the United States then reported seven ca$ea Vancomycin-resistant

2



Staphylococcus aurewdrain, termed VRSA. In one of the VRSA casesegrdests
confirmed the transfer of a key antibiotic resis@rgene fromEnterococcusto
Staphylococcufb, 6].

Whether or not it is the case that the overpresornipand misuse of antibiotics
promoted the evolution of the VRE and VRSA straiting fact remains that new
strains of harmful bacteria able to resist targdtedtments are appearing at an
alarming rate [7, 8]. In this environment, the efiee life of existing antibiotics is
clearly very limited and the pressure to discovew rantibiotics is one of the most
acute problems facing medical science. Signifigantihile new antibiotics may be
derived from microorganisms (figures indicate tlaeinich of around three such
products ever year), the localisation of naturdiyived compounds with antibiotic
properties presents scientists with an additiotrakegy for achieving this objective
[9].

Indeed, the therapeutic use of natural productsahédong and distinguished
history: if we look at phytochemicals, for examplee find that from prehistoric to
early modern times, the treatment of ailments ofiarolved the application of
poultices or infusions sourced from hundreds —af thousands — of indigenous
plants [10]. Interestingly, the same holds truenfmrshroomsi(e. macrofungi with a
distinctive fruiting body large enough to be seethwhe naked eye and to be picked
by hand): the use of mushrooms in folk medicine hagarticularly long and
sophisticated tradition in Asia, for example [12, 13, 14]. However, since the
introduction of antibiotics into modern medicinetire 1950s, the therapeutic use of
chemicals derived from natural products has beeriually nonexistent —
notwithstanding the fact that successful earlylanitics such as penicillin are in fact
derived from microscopic fungi. Indeed, the funghddom defines a group of
organisms in which one can reliably expect to iderd huge range of antibiotic
constituents. The reason for this stems from omecpéar characteristic shared by all
fungi, namely their lack of a protective outer lagech as a cuticle, epidermis, bark
or cork, thereby depriving fungi of the opportunitydefend against microbial attack
using the same mechanisms available to plants.ihggkotective barriers, fungi are
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forced to rely solely on their chemical defensivecimanisms — and it is precisely
these defensive chemicals that constitute a riclicgoof antimicrobial substances.
Accordingly, the topic of antimicrobial fungal eatts presents clinical
microbiologists with a promising field of investigan, not least because compounds
from natural sources achieve comparable leveldfimiency to synthetic substances
and "classical" antibiotics with demonstrably fewand less severe) side effects [7,
8, 13].

2.1 Natural sources of remedies

Natural sources have been used as an inexhaustiblee of medicaments for
hundreds of years: the first scientific experimemmsthe antimicrobial properties of
plants, for example, have been documented fromadyg as the 14th century [15].
Until the 1970s, new drug compounds were almosiuskely of plant-based origin
[16]. Even in more recent times, this proportios falen only moderately: a major
review published in 2007 and covering the perio112006 showed that 63% of the
974 new small-molecule drug compounds were derwédlly or partially from
natural (included plant-based) sources. For antohials, plus anti-cancer, anti-
hypertensive and anti-inflammatory drugs, the nubevere even higher:
approximately 75% of these classes of compounds derived from natural sources
[17].

If we consider phytochemicals — i.e. compoundsinadiy occurring in plants —
as one example of naturally derived compounds,imeethat most of the biologically
active compounds are secondary metabolites withptastructures: phenolic acids,
quinones, flavonoids, flavones, flavonols, tannarsd coumarins, terpenoids and
“essential oils”, polyacetylenes, alkaloids andtpec Significantly, not only are a
proportion of these compounds entirely novel sulzsta, but many are the result of
the plant's response to evolutionary pressure lag@fiore confer selective advantage
against microbial attack and form a response ttdqodar pathogens in the plant’s

environment [18, 19].



Nor are plants alone in possessing this charatterithis specificity of
response has been discovered in many other claEseganisms and is a key factor
in the particular success of naturally derived coumuls as lead structures for
antibacterial therapies [3]. One of these othess®a is the kingdom of fungi, and, as
we will see, it presents us with one of the mogeresting natural sources of

antimicrobial compounds.

2.2 Fungi

2.2.1 Definition and properties

The term "fungi" refers to a group of eukaryotigamisms whose members include
microorganisms such as yeasts and moulds as wellthas more familiar
(macroscopic) mushroomsThe group is considered sufficiently distinctrfrmther
groups of organisms — such as plants, animals oreba — to be described as a
separate kingdom (see Figure 1) [20]. While betw&@®00 and 100 000 species of
fungi are known to date, some estimates of totaelbers suggest that as many as 1.5
million species may exist [21]. Recent work hasnseeound 1800 new species
described annually [22].

Fungi possess a cell wall and vacuoles [23]. Tiegyoduce by both sexual
and asexual means, and are spore-producing likerl@hants (such as ferns and
mosses). However, fungi differ from plants in sev&ey aspects:

— Since fungi lack stems, leaves and root (“cormutig¢y belong to the

Thallophyta

— Fungi totally lack chloroplasts, do not photosysihe and are heterotrophic
organisms, requiring preformed organic compoundsresgy sources. While

most fungi are C—heterotrophs, some are N—hetg@iatro

! A “mushroom” is any macrofungus with a distinctiveiting body which can be hypogeous or epigetargie enough
to be seen with the naked eye and to be pickedabg.hThis latter definition is an official standayiden by Dictionary
of the Fungi, 18 Edition [24].



— Unlike the cell walls of plants which consist ofllakse, cell walls of some
fungi — e.g. those belonging to the subphylum Myaota (chitin fungi) —
contain chitin

As with other eukaryotes, fungal cells contain meanb-bound nuclei with

chromosomes that contain DNA with non-coding regigalled introns and coding
regions called exons. Fungi possess membrane-odoplasmic organelles such as
mitochondria, sterol-containing membranes, andsodbtes of the 80S type. Most
fungi possess a generally undifferentiated myceliwhich is formed by hyphae.

Hyphae are cylindrical, thread-like structures Q@3- um in diameter, up to several
centimetres in length and nearly always coenocyiicder certain circumstances,
fungi are able to create secondary fruiting bodfesmed by pseudotissues
(plectenchyma or pseudo-parenchyma). The fruitiodids (Asci for Ascomycetes

and Basidia for Basidiomycetes) produce spores. [@iny fungi are parasites on
plants, animals (including humans), and other fur@gher species of fungi are
saprotrophic, or obtain nutrients in a symbioti¢atienship with plant species.

Nutrition is always absorptive (osmotrophic) anderephagotrophic. Fungi have a
characteristic range of soluble carbohydrates &mmd@e compounds, including sugar
alcohols such as mannitol, disaccharides and podisaides — especially glycogen,

which is also found in animals. Fungi never prodskeech.
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2.2.2 Fungal secondary metabolites

Fungi produce a variety of constituents belongimgnamerous groups of chemical
compounds, including organic acids, polyens andypas, phenolic compounds
(quinones, antraquinones, xanthones, etc.), mondriterpenes (including volatiles
and steroids), bioactive polysaccharides, lipopdgbarides, proteins, N— and S—
containing compounds [25, 26, 27].

Some secondary constituents — such as penicilihnamscarin — are highly specific
and confined to fungi. Flavonoids and tannins éreat completely absent.

Since many fungal metabolites have proven bioacfuadities, it is unsurprising that
past research has focused on the screening arelmegi of new active principles
from fungi [10, 28, 29, 30].

2.2.3 Importance of fungi

Two of the most significant areas to consider forgi are their interaction with the
earth’s ecology — particularly including their imaationships with other organisms
— and their exploitation by humankind to producedf@r chemical compounds.

In ecological terms, fungi can be found thrivimga huge number of different
environments all over the planet and play very irtgo@ roles in most ecosystems.
Along with bacteria, fungi are the major decompssarmost terrestrial (and some
aquatic) ecosystems and therefore play an importdatin biogeochemical cycles
and in many food webs [31]. As decomposers, fufay pn essential role in nutrient
cycling, especially as saprotrophs and symbionegratiing organic matter to
inorganic molecules that can then re-enter analmoétabolic pathways in plants or
other organisms [32, 33].

Many fungi have important symbiotic relationshypgh organisms from most
if not all Kingdoms. Mycorrhizal symbiosis betweplants and fungi is one of the
best-known plant-fungus associations and is of ikigmt importance for plant
growth and persistence in many ecosystems (sudbaduous or coniferous forests).
The other key symbiotic complex involves lichemshéns are formed by a symbiotic

relationship between algae or cyanobacteria andyifum which individual
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photobiont cells are embedded in a tissue formed thyy fungus [34, 35].
Notwithstanding these many symbiotic relationshi@sgreat many fungi are also
parasitic on plants, animals (including humansptirer fungi and can cause their
hosts considerable distress or damage. Plant dseas a common occurrence and
can impact agriculture, e.g. the stem rusts cabgdtie funguduccinia graminids

a severe disease affecting cereal crops. Some ¢angtause serious diseases such as
mycotoxicoses (caused by toxic constituents suclafiasoxin, citrinin, fusarium,
muscarin, ochratoxin or patulin), mycoses and @ilses in humans and animals,
several of which may be fatal if untreated. Thea#tet include aspergillosis,
candidosis, coccidioidomycosis, cryptococcosis,topiasmosis, mycetoma and
paracoccidioidomycosis. Finally, many fungal spg@ee poisonous to humans, with
toxicities ranging from slight digestive problenadlergic reactions or hallucinations
to critical organ failure and death (eAgnanita phalloides

In terms of commercial exploitation, fungi areheit used as a food source or
processed for their constituents. Many fungi useddod products are either grown
for direct consumption — such a&garicus bisporus Pleurotus ostreatusand
Lentinula edodes- or applied to the process of food preparatiorpm@servation.
Certain types of cheeses require the inoculatiamitif curds with fungal species that
impart a unique flavour and texture to the chedszblue colouration of Roquefort
cheese is achieved by inoculation wRenicillium roqueforti for example Other
food applications include the industrial productminbeer and yeast, as well as the
manufacture of several organic acids (citric, ghucplactic and malic acids). Fungi
are also sources of industrial enzymes, includimylases, cellulases, invertases,
proteases, xylanases and the lipases used in walatptergents.

Finally, and most relevant for the present worlkangn species of fungus
produce metabolites that are major sources of phaslogically active drugs,
including antibiotics PRenicillium sp), ergot alkaloids Glaviceps purpureg HMG-
CoA reductase inhibitors (Lovastatin fromAspergillus terreus and

immunostimulators (glucans fro8chizophyllum commuramdLentinula edodés



2.2.4 Medical use of fungi

The medicinal use of mushrooms has a very longtimadin the Asia and Africa,
whereas their use in the Western countries has imeeg@asing only moderately in
recent decades [14, 36, 37]. In recent years, abeumf pharmacological actions
have been intensively investigated, including aytat/antitumor,
immunosuppressive, antipruritic, antierythema, fangal, antioxidant and free-
radical scavenging activities. The recently-foundestientific publication
International Journal of Medicinal Mushrooms (Béd#buse, Editor-in-Chief S. P.
Wasser) and international conferences on this tbpae confirmed this trend, as
have several books and reviews concerning mediomedhrooms and biologically
active compounds from fungi [10, 28, 29, 30, 40].

Table 1 provides a concise overview of the keydgaal activities of selected fungal

species:
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Antibacterial

Gram-positive
Gram-negative

Antifungal

Antiviral

Antitumor
Free-radical
scavenging

Immunosuppressive
and Antiallergics

Immunomodulators

Antiatherogenic

Hypoglycaemic

Hepatoprotective

Anti-inflammatory

CNS

Agaricaceae

Agaricus blazeMurrill [10,30]

=+

Auriculariaceae

Auricularia auricula-judae
(Bull. cx Fr.) [38]

Bulgariaceae

Bulgaria inquinangPers.) Fr.
[39, 40]

Cortinariaceae

Rozites caperatéPers.: Fr.) P.
Karst. [38]

Entolomataceae

Pleurotus mutilugFr.) Gillet
[30]

Fomitopsidaceae

Piptoporus betulinugBull.: Fr.)
P. Karst.[41]
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Antibacterial

Gram-positive
Gram-negative

Antifungal

Antiviral

Antitumor

Immunosuppressive and

Antiallergics

Immunomodulators

Free-radical scavenging

Antiatherogenic

Hypoglycaemic

Hepatoprotective

Anti-Inflammatory

CNS

Ganodermaceae

Ganoderma applanatuifirers.)
Pat [41]

Ganoderma luciduniCurtis) P.
Karst. [10, 30, 41, 42]

Ganoderma pfeifferBres. [10]

Hericiaceae

Hydnum caput-medusgBull.)
Pers. [10]

Hericium erinaceugBull.) Pers.
[10, 30, 41]

Hygrophoraceae

Hygrophorus sp[40, 43]

Hymenochaetaceae

Inonotus obliquus
(Ach. ex Pers.) Pilat [10, 30, 41

Inonotus hispidugBull.: Fr.) P.
Karst. [10]

Phellinus linteugBerk. & M.A.
Curtis) Teng [10, 41]
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Antibacterial

Gram-positive
Gram-negative

Antifungal

Antiviral

Antitumor

Immunosuppressive

and Antiallergics

Immunomodulators

Free-radical
scavenging

Antiatherogenic

Hypoglycaemic

Hepatoprotective

Anti-Inflammatory

CNS

Marasmiaceae

Collybia maculata(Alb. &
Schwein.: Fr.) P. Kumm1[)

Flammulina velutipegM. A.
Curtis: Fr.) P. Karst10, 41]

Lentinula edodegfBerk.) Pegler
[10, 30, 41]

Micromonosporaceae

Actinoplanes brasiliensis
Thiemann (1969) [44]

Meripiliaceae

Grifola frondosa(Dicks.) Gray
[10, 30, 41]

Meripilus giganteugPers.) P.
Karst. [30, 40, 45]

Ophiocordycipitaceae

Cordyceps sinensi8erk.) Sacc.

[41]

Pleurotaceae

Pleurotus eryngi(DC.: Fr.)
Quél. [10]

Pleurotus ostreatuglacq.) P.
Kumm. [10, 30, 41, 46]
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Antibacterial

Gram-positive
Gram-negative

Antifungal

Antiviral

Antitumor

Immunosuppressive

and Antiallergics

Immunomodulators

Free-radical
scavenging

Antiatherogenic

Hypoglycaemic

Hepatoprotective

Anti-Inflammatory

CNS

Polyporaceae

Cryptoporus volvatugPeck)
Shear{10]

Fomes fomentariud..) J.J.
Kickx [30, 41]

Lentinus strigelluBerk. [10]

Trametes versicoloflL.) Lloyd
[10, 30, 41]

Polyporus umbellatu@Pers.)
[10]

Schizophyllaceae

Schizophyllum commurte. [10,
30, 41]

Sparassidaceae

Sparassis crisp@WVulfen) Fr.
[30]

Strophariaceae

Pholiota namekdT. Ito) S. Ito
[30]

Kuehneromyces mutabilis
(Schaeff.) Singer & A.H [10]
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Tremellaceae
Tremella fuciformiBerk. [30, +
47]
Tremella mesenterica Ref20, +
47]
Tricholomataceae
Tricholoma lobayensR. Heim + +
[10, 42]
Tricholoma mongolicuns. Imai +

[10]

Table 1: Biological activities of selected fungalpgecies
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3. Experimental part

3.1. Preliminary screening tests for the determinadn of biological activity

In order to single out fungal species with the mmatked antimicrobial activity, the
investigation of fungi material commenced with pr@éhary bioactivity screening
tests. The test encompassed about thirty difféiemdal species. Research subjects
were pre-selected based on the observation of ¢eeiogical behaviour in the field
and as a result of data supplied from the litemtalvout their activities. Important
criteria included any or all of the following: nevaown to be consumed by animals,
very rarely colonised by invertebrates and resistanmould (or at least rarely

contaminated with mould).

3.1.1 Agar diffusion test of fungi extracts
The first group of subjects tested included eigimgi species whose antimicrobial
activity was already known [48]Bulgaria inquinans Ischnoderma benzoinym
Langermannia giganteaLycoperdon perlatumMeripilus giganteus Scleroderma
citrinum, Stereum hirsuturandTrametes gibbosa

An agar diffusion test of methanol and ether extracas used to determine
antimicrobial bioactivity in this group. Since eltacetate is known to be difficult to
remove from test discs, ether was used as a mat-polvent (with a few exceptions,
e.g. B. inquinan$. Extracts with pentane as an apolar solvent weckided only
rarely in the tests, since experience had indictitatistrong antibacterial activity was
more likely to be found in more polar extracts. é&ablish minimum active volume,
four different amounts of each extract were testeomely 25ul, 50 pl, 100 ul and
200 ul. Test microorganisms wefe aureusandE. coli. To determine the quantity of
dry substance in applied extracts, test discs wegghed before and after the
application of the extract. The approximate averagee for 25 pl of ether extract
was found to be about 6 mg of dry substance, wtiak provided a rough estimate
of the extract concentration. However, since it wdBcult to determine the exact
amount of bioactive compound, the weight of the sliipstance in the extracts is not

an indicative value, although it was not neglectdten considering the biological
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activity of the extracts. Results from the antimalmal investigations oB. inquinans
extracts will be given as an illustration of theadiffusion test.

Methanol and ether extracts froB1 inquinanswere found to be the most
active extracts (Figure 2 and Figure 3). The dgtiof the ether extract againSt
aureuswas evident and congruent with the control irtedted amounts. The activity
of the methanol and ethyl acetate extracts, howevas low-grade. Further, it was
ascertained that the methanol and ethyl acetataatxtfromB. inquinanswere not
active againsk. col..

The ether and methanol extracts fr@ninquinanswere also tested with regard to
their antifungal potential (test culture Gf albicans Figure 4): a weak antifungal
effect was shown by the ether extract, dosage 20B¢t methanol extract exhibited
activity againstC. albicansat discs with 25 pul, 50 ul and 100 pl.

Although the agar diffusion technique is simplendicessitates labour-intensive and
time-consuming ancillary work such as preparingiRbshes (agar application), an
inoculum application for numerous Petri dishes #mel extract application itself.
Furthermore, this method is non-specific, sinaborks not permit the experimenter to
assign biological activity to a single compoundcompound group respectively but
only to the extract in total.

Further tests were therefore performed using ther agerlay technique on TLC
plates. This elegant, simple and rapid method ghlhi sensitive and permits
immediate detection of active compounds in theaexs; coupled with an accurate

localisation of active substances.
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Figure 2: Antimicrobial activity (agar diffusiondf of B. inquinansextracts against. aureus
Ether extract: 1) 25 ul, 2) 50 pl, 3) 100 ul, 4p20

Methanol extract: 5) 25 ul, 6) 50 pl, 7) 100ul28D pl

Ethyl acetate extract: 9) 25ul, 10) 50 pl, 11) u0012) 200 pl

Control — gemifloxacin 5 pg

Figure 3: Antimicrobial activity (agar diffusiongg of B. inquinansextracts againgt. coli
Ether extract: 1) 25 pl, 2) 50 ul, 3) 100 ul, 4p20

Methanol extract: 5) 25 ul, 6) 50 pl, 7) 100 pl280 ul

Ethyl acetate extract: 9) 25 pl, 10) 50 pl, 11) §0012) 200 pl

Control — gemifloxacin 5 pg
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Figure 4: Antifungal activity oB. inquinansextracts against. albicans
Ether extract: 1) 25 pul, 2) 50 pl, 3) 100 ul, 49240

Methanol extract: 5) 25 ul, 6) 50 pl, 7) 100 pl280 pl

Control — clotrimazole 10 pg

3.1.2 Agar overlay technique on TLC plates
The second group included 22 species of fungi (seearked species in Table 2 and
Table 3) and was tested for antimicrobial activitsing a modified agar overlay
technique.
The agar overlay method is a modification of th@alotographic agar overlay method
developed by Rahalisoet al for the detection of antifungal compounds in highe
plants. In the original test, inhibition of funggtowth was assessed by detecting
dehydrogenase activity with thiazolyl blue (methidizolyltetrazolium chloride;
MTT by Fluka). In this test, chromatograms werecpthon a hot plate maintained at
35 °C. Approximately 10 ml of the inoculum was dpidistributed over the TLC
plate (10 x 10 cm) with a sterile pipette. Aftedidgidication of the medium, TLC
plates were incubated overnight at 30 °C in polyletie boxes lined with moist
chromatography paper. The bioautograms were spraigecan aqueous solution (2.5
mg/ml) of MMT and incubated for 4 h at 30 °C. Clearibition zones were observed
against a purple background [49].
For the proposed modified agar overlay method, bwmthmal TLC plates and
reversed-face plates (RP-18) may be used. The mdd#chnique also avoids the
stage of spraying with thiazolyl blue and acceksathe test, while nonetheless
producing very clear results: inhibition zones abwactive bands can be detected
easily in visible light.

19



For the modified agar overlay method as used, china lactose agar was also
tested, but the results obtained were not as exipezand clear as results with normal
agar: specifically, the inhibition zones were ditfit to detect. Examples of tests with
china blue lactose agar will not be given in thsrkv

In order to optimise the agar overlay method, éffowere made to identify the

universal solvent systems suited to most of theaetd. Experimentation identified

the optimal solvent compositions as trichlorome#ftriuene/methanol (8:1:1) and

dichloromethane/toluene/methanol (8:2:2).

The agar overlay technique may also be appliedbtb developed and undeveloped
TLC plates. Undeveloped plates may be used astamaiive to the standard agar
diffusion test: here, extracts or substances caspoéed directly on the TLC plate

and overlaid with agar. In this case, the test jges/information about the extract in
total and not about active substances.

It was also discovered that certain types of platese not suited to the agar overlay
technique, such as TLC plates silica gel 6£) By Merck (the coating was not stable
when covered with warm agar). The best results vodtained using pre-coated

Adamant U\4s,4 plates by Macherey-Nagel.

Broad-spectrum antibiotic ciprofloxacin (3.5 pguatc solution, active against both
gram-positive and gram-negative bacteria, was ased reference compound: it was
spotted onto the developed TLC surface just bdfeeenoculum application.

Figure 5 presents the results of using the agalaywé&chnique to detect zones with

antimicrobial activity in the methanol extractsselected fungi species.
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Figure 5: Testing methanol extracts of selectedispeof fungi (agar overlay technique) for
antimicrobial activity agains$. aureuslinhibition zones are marked.

Solvent system: trichloromethane/toluene/methaddl: {)

1) Armillaria ostoyae20 pl; 2)Stropharia aeruginos0 pul; 3)Fistulina hepatica20ul;

4) Laetiporus sulphureu$0Opl; 5)Ganoderma lipsiens20 pl; 6)Phaeolus spadiceugul;

7) Gyromitra esculent20 pl; 8)Stropharia rugosoannulata0O pl

Control — ciprofloxacin 3.5 pg

Data summarising the antimicrobial activity of eebextracts are presented in tables
5 and 6. Each table includes results obtained binte different species of fungi
using both the agar diffusion and agar overlaynegles.

Based on data obtaineB, inquinansand M. giganteuswere chosen as research
objects for further bioactivity tests and the isiola of active compounds, owing to

their strong antimicrobial activity.
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Species Name Extract type Additional
Methanol Ether Pentane| investigations
Amanita phalloidegVaill. ex Fr.) Link - - + HD —
Armillaria mellea(Vahl) P. Kumm. - + not tested
Armillaria ostoyag(Romagn.) Herink - ++ + HD —
Ascocoryne sarcoide§lacg.) J.W. Groves & + ++ +
D.E. Wilson
Bulgaria inquinans (Pers.) Fr. ++ +++ not tested | Ethyl :lllgetateH
+
Chondrostereum purpureu¢Rers.) Pouzar - + +
Rhodocollybia maculata(Alb. & Schwein.)
Singer + + ++
= Collybia maculata(Alb. & Schwein.) P.
Kumm.
Coprinus atramentariu@ull.) Fr. - + —
Fistulina hepaticgSchaeff.) With. ++ — -
Ganoderma lipsiensg@atsch) G.F. Atk. + + -
Geastrum triplexdungh. - - -
Gyromitra esculentéPers.) Fr. - - -
Hypholoma capnoide@-r.) P. Kumm. + - -
Hypholoma fascicularéHuds.) P. Kumm. ++ + + HD —
Inonotus obliquugAch. ex Pers.) Pilat t Not tested|  not tested Ethyll_|aDc$tate -
Ischnoderma benzoinufwahlenb.) P. Karst. t i not tested
Laetiporus sulphureu@ull.) Murrill + - -
Langermannia gigantegBatsch) Rostk. * 5 not tested
Lycoperdon perlaturRers. + + not tested
: not tested| not tested Ethyl acetate
Lyophyllum connatur(Schumach.) Singer not tested (Lyophyllin) +
Meripilus giganteus (Pers.) P. Karst. ++ ++ not tested HD +
Paxillus atrotomentosudatsch) Fr. + + not tested
Paxillus involutugBatsch) Fr. + + not tested
Phaeolus spadiceus (Pers.: Fr.) Rauschert + _ _
= P. schweinitzii (Fr.) Pat.
Scleroderma citrinunPers. * * not tested
Stereum hirsuturWilld.) Pers. + + not tested
Stropharia aeruginoséCurtis) Quél. + - -
Stropharia rugosoannulatgarl. Ex Murrill + - -
Trametes gibbosgPers.) Fr. + T+ not tested

Table 2: Summary of antimicrobial tests for selecte fungi species.Test microorganisnt.
aureus The highlighted lines show the fungi with theosigest antibiotic properties. Fungi shown
in bold type were selected for detailed investmyati
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Extract type o
Species Name P ' Addlf[|ongl
Methanol Ether investigations

Amanita phalloidegVaill. ex Fr.) Link - -

Armillaria mellea(Vahl) P. Kumm. - -

Armillaria ostoyag(Romagn.) Herink + *

Ascocoryne sarcoide@acq.) J.W. Groves ¢
D.E. Wilson

,@.
I+

+

Bulgaria inquinans (Pers.) Fr. - ++ Ethyl acetate-

Chondrostereum purpureu¢Rers.) Pouzar - +

Rhodocollybia maculatgAlb. & Schwein.)
Singer + +
= Collybia maculata(Alb. & Schwein.) P.
Kumm.

Coprinus atramentariuéBull.) Fr. - +

Fistulina hepaticgSchaeff.) With. ++ —

Ganoderma lipsiensg@atsch) G.F. Atk. + +

Geastrum triplexdungh. - -

Gyromitra esculentéPers.) Fr. - -

Hypholoma capnoide@-r.) P. Kumm. + -

Hypholoma fascicular@uds.) P. Kumm. - -

Inonotus obliquugAch. ex Pers.) Pilat

Ischnoderma benzoinufahlenb.) P. Karst. - -

Laetiporus sulphureudull.) Murrill - -

Langermannia gigantegBatsch) Rostk. - -

I+

Lycoperdon perlaturRers. -

Ethyl acetatéLyophyllin)

Lyophyllum connatur(Schumach.) Singer not tested not tested R

Meripilus giganteus (Pers.) P. Karst. + T+

Paxillus atrotomentosudatsch) Fr. ++ -

Paxillus involutugBatsch) Fr. + +

Phaeolus spadiceus (Pers.: Fr.) Rauschert + +
= P. schweinitzii (Fr.) Pat.

Scleroderma citrinunfPers. — =

Stereum hirsutur(Willd.) Pers. - -

Stropharia aeruginoséCurtis) Quél. + +

Stropharia rugosoannulatgarl. Ex Murrill

Trametes gibbosgPers.) Fr. - -

Table 3: Summary of antimicrobial tests for selecte fungi species Test microorganisni. coli.
The highlighted lines show the fungi with the styest antibiotic properties. Fungi shown in bold
type were selected for detailed investigation.
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3.2. Investigations oBulgaria inquinans

3.2.1 Taxonomy oBulgaria

According to the Dictionary of the Fungi [24B. inquinansis grouped into the
phylum Ascomycota class LeotiomycetesO. E. Erikss. u. Wink. (1997), order
Leotiales Korf u. Lizon (2001) and familyBulgariaceaeFr. (1849). It must be
mentioned that the former taxoheotiales Carpenter (1988) is regarded as
synonymous wittHelotialesNannf. (1932) [50]. ThusB. inquinanswas also placed
in theHelotiales

The concept of the taxoBulgariaceaeis not accepted by all authors; e.g.
Dennis did not use this term and groudédlgaria into the Helotiaceae (order
Helotialeg [51]. In contrast, in the Nordic Macromycetes |[%he findsBulgaria
inserted into thd.eotiaceaeCorda (1842), a family that is much more restdate
extent in the new edition of the Dictionary of thangi. TheBulgariaceaefamily
comprises 4 genera and seven species [24].

Concerning the genw&ulgaria, only one species exists for which 10 synonyms
can be found in the Index Fungorum database [53].

The genuBulgaria (anamorphEndomelanconiuins represented by only one
species, namel. inquinans(Pers.) Fr. [24].

For this ascomycete, the Index Fungorum providasynonyms, including.
polymorphy Oeder ex Wettst.,Phaeobulgaria inquinans(Pers.) Nannf. and
Phaeobulgaria polymorphé& eder) Ferd. & Jargensen [53]. According to theek
Fungorum, two varieties are accepted Borinquinans B. inquinansvar. inquinans
(Pers.) Fr. and. inquinansvar. chalybeaBerk. (=B. chalybea(Berk.) Cooke &
Massee).

B. inquinansis also known as “black jelly drops”, “poor matiguorice”,
“black bulgar”, “rubber buttons” and “Schmutzbedigg” (German, “dirty
mushroom”): “inquinans’means “polluting” or “staining” in Latin, in refemee to
the dark marks this fungus leaves when rubbed fivitfers. This can be one useful

distinguishing feature foB. inquinans since no marks are left when touching the
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similar-looking and equally gelatinous black basmycete Exidia glandulosa
(former namekE. truncatd, which has hyaline spores only.

Phylum: Ascomycota

Order: Leotiales

Family: Bulgariaceae

3.2.2 Biological characteristics oB. inquinans

Fruit body : Globose with a tightly inrolled margin when youagd having a scurfy

brownish exterior, later expanding then flatten@dh a smooth black disc with no
stalk. Its flat-topped cap is black and shiny amitiside, while rough and dark brown
on the outside, its flesh is tough but gelatinous mubbery.

Flat-topped at first but becoming slightly cup gba, B. inquinansis easily
overlooked because it is almost black. The fesdilgace is shiny, and the sides (the
outsides of the cup) are felt-like and dark browig(re 6).

The flesh of the fruit body is dark ochre-brownisl soft and rubbery in wet

weather but in dry conditions, it becomes tougimel imore elastic.

= .~ - eI 2 -

Figure 6: Fruit bodies d. inquinansggrowing on three different substratesCa¥pinus betulusb)
Betula pendulac) Quercus robur

25



Taste/odour. Not distinctive [54].
Microscopy and spore print Microscopic investigations of mature fruit bodies
showed large asci (up to 200 x 10 um) in accordawittethe literature (Figure 7).
The ascus pore is amyloid and turns blue with iediMelzer's reagent) as can be
seen in Figure 8. The asci are cylindric-clavatd 8rspored. Ascospores of two
kinds are found: one is dark brown-green and opagiik a kidney-shaped, oval or
round form; the other is hyaline and smaller, cming several oil drops (Figure 7
and Figure 9). The dimensions of the dark spores~arl0-14 x 6—7 um. The
dimensions of the hyaline spores are ~ 5-9 x 3-5 Puaring the microscopic
investigation, it was discovered that only somei &&@r both kinds of spores as
described in the literature [51] and that the mglspores are not always located in
the lower part of asci: investigation revealed spoat the upper tip of ascus or
alternated with dark brown spores. Asci were albseoved bearing only hyaline
spores, some of which were partly or completelyntkgrated (Figure 7).

Paraphyses were very slender (~ 100-125 x 2-2)5 slightly swollen brown
tips as described in the literature could not abkvdye observed. Only some

paraphyses showed characteristic branching anshgfigure 8).

Figure 7: Microscopic preparation Bf inquinans asci with different spores and parts of
paraphyses. For details, see text.
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Figure 9: Microscopic detection of amyloid struetsiin the hymenium d@. inquinansby dyeing
with Melzer’s reagent (iodine reaction). Ascus soaed thick spore walls stain blue — more clearly
visible in magnification (a). For details, see text
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During the microscopic process, the contents ofam, spore cells and paraphyses
acquired a red colouration. The process of stajrst@rting from the edges of the
cover slips and spreading slowly over the prepamatwas apparent after about 15
minutes and well-developed after a further 15 neautFigure 10). This interesting
phenomenon has not yet been described in literandemay be explained by the
presence of azaphilones and their reaction wittogén-containing substances, such
as amino acids released from broken cells. Thid &ifrreaction causes the formation
of vinylogousy-pyridones, which have very strong non-selectivadgical activity
(especially antibacterial and antifungal) and cobkl considered as a possible
defence mechanism triggered by mechanical damagdieetdungus (for details see
Section 3.2.3).

Figure 10: Microscopic preparation (aqueous medioimymenial elements d. inquinans After
30 minutes, a distinct red staining of asci, spares$ paraphyses can be observed. For details, see
text.
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Ecology and habitat Bulgariais found in clustered groups on dead hardwoodiree
especially oaks and maples. It grows in groups amyfreshly fallen trunks and
branches, especially iuercus occasionally also detula CastaneaCarpinusand
Ulmus (Figure 6). Often growing in dense masses, butcoofluent, individual fruit
bodies are between 0.5 cm and 4 cm across andaliypit cm tall. Saprobic,
sometimes also parasitic.

Season It is a winter fungus, sometimes persisting tigtotio March, mainly from
October to February.

Occurrence Frequent [55, 56]

3.2.3 Chemical composition and bioactivity- an overview
A number of researchers have investigated the datroonstituents and bioactivity
of B. inquinans

Edwards and Lockett isolated three crystallinenqones from dried fruit bodies
of B. inquinans[57]. Two of these quinones were identified asiv@ddives of
benzo[]fluoranthene (bulgarhodin and bulgarein), while third was characterised
as 4,9-dihydroxyperylene-3,10-quinone. This was fitst recorded isolation of a
natural product with a structure based on the d&r@anthene nucleus. Bulgarhodin
(1), GoH100s (M™ 346), consists of purple hair-like needles. Thevggt is sparingly
soluble in common organic solvents, where it yigdd&e red solutions. In sulphuric
acid, it dissolves to yield a solution with an imte green colouration. Absorption in
visible and UV light is broad and not very charastee for such solutions. In
aqueous sodium hydroxide, bulgarhodin dissolveyiébd a green solution that
quickly deposits a green sodium salt. This propéstycharacteristic of extended
quinones. On exposing the alkaline solution to #we the sodium salt slowly
dissolves, producing a solution with a purple coddion. Bulgarein (2), ¢H10Os
(M* 330), is more soluble in organic solvents than &rgdin. Saturated ethanol
solutions are purple, with more dilute solutionsnigeintensely blue. In UV and
visible light, the relatively sharp band at 375 isnaccompanied by broad absorption
at 570 and 630 nm; on dilution, the 375 nm bandbes broader and the 570 nm
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absorption disappears. As with bulgarhodin, sohdiof the pigment in sulphuric
acid are green, but alkaline solutions possesaldesblue colour unlike those of the
former pigment [57].

4,9-Dihydroxyperylene-3,10-quinone (3), the thiahd least abundant
constituent of the mixture, can be readily distisged from bulgarhodin and

bulgarein by the red colouration produced in sutmhacid [57].
OH
HO O‘C ° o O‘C °
Y pon 9L (Lo
OH OH
1 2

Stadleret al isolated three azaphilones (bulgarialactones A B4§5) and C

(6)) from mycelial culture, which was obtained frdnuit bodies and supplied a
sufficient quantity of metabolites [58]. Bulgarietanes were acquired as dark red

oils with molecular masses of 436, 452 and 434d3pectively.

Bulgarialactones can be detected easily on sgeiaTLC plates developed
with toluene/acetone (7:3): R 0.86 — bulgarialactone AR 0.42 — bulgarialactone
B; and R= 0.88 — bulgarialactone C. Methanol solutions wifyarialactones absorb

UV light at the following wavelengths\(.,): bulgarialactone A — 260 nm, 275 nm,
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281 nm, 290 nm, 324 nm, 341 nm; bulgarialactone % nm, 394 nm, 438 nm;
bulgarialactone C — 270 nm, 305 nm, 392 nm, 416504,nm.

Bulgarialactones A and B possess antimicrolac(llus brevis B. subtilis
and Micrococcus luteus) cytotoxic and nematicidal activitiesCéenorhabditis
elegan$ and inhibit the binding of 3H-SCH 23390 to thegpdmine D1 receptan
vitro. No growth inhibition of the filamentous fundflucor miehei Penicillium
notatum and Paecilomyces variotiithe yeastNematospora corylior the gram-
negative bacteriuriknterobacter dissolvensas noted with either compound. Due to
its instability and the limited amounts availabbeilgarialactone C was not tested
[58].

Mussoet al also isolated bulgarialactones A-C from a mycetialture ofB.
inquinans [83]. In addition, a new bulgarialactorre an inhibitor of Hsp90 (heat
shock protein 90, belonging to a class of protem®gulated in response to stress)

was isolated:

While Mussoet al name this new bulgarialactone “bulgarialactone &ir data
were published after the appearance of the art&sgaphilones: a class of fungal
metabolites with diverse biological activities” Bsmanovaet al, which first makes
mention of a bulgarialactone B a natural constituent, isolated from fruit bodoés
Bulgaria[130]. Since the chemical structures of thesetamioges are different (and to
avoid potential confusion), we have chosen to reféhe bulgarialactone isolated by
Mussoet al as bulgarialactone fisso)in the present work. The isolation and structure
elucidation of bulgarialactone D is described irctems 3.2.5.4 and 3.2.5.6,
respectively.

Ergosterol (7), galactitol (8) and ethandioic a(®l were isolated from fruit

bodies ofB. inquinang59].
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Dichloromethane extract @&. inquinansexhibited activity againdB. subtilis
Escherichia coli Cladosporium cucumerinuandBiomphalaria glabrata A dosage
of 100 pg spotted and developed on a TLC platealssshown antioxidant and free
radical scavenging activity. A methanol extractpthged activity only againsB.
subtilisandE. coli[40].

A group of researchers from the Institute of Mygy in China identified
propanedioic acid (10), glucose (11) and two kinfldragrance components: 2H-
pyran-2-one, 5,6-dihydro-6-pentyl (12) and 2H-pyBaane, tetrahydro-4-hydroxy-6-
pentyl (massoia lactone) (13) [60].

HO HO 0.0 0
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o o HO/\;)\;/\[]/ U\/\/ é
W OH OH O o | NN
12 13

OH OH
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It was confirmed thaB. inquinansalso contains simple saturated hydrocarbon
compounds with 13, 14, 15, 16, 17, 20, 21, 36 ahdatbon atoms [60].

Extracting pulverised®. inquinansor its mycelium with 3-6 times its volume
of 40-95% ethanol for 1-2 h, filtering the extratt®olution and concentrating to an
extract containing 0.2-0.8% ergosterol yields atmaet termed “Jiaotuoluoyinxie” by
the researchers (the name possibly being derivaiah the Chinese name fd3.
inquinans “Jiaotuoluo”). The end product may be supplied capsule, tablet,
granule, or powder form: it is effective for remogitoxic materials, promoting blood
circulation, and countering blood stagnation. Ih dze used for the treatment of

dermatoses such as blood stasis type psoriasigjosand dermatitis [61].
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Colloidal polysaccharides were obtained by Lingese can be used as a
medicine in their own right or as a part of prgsion together with other drugs for
countering tumours, sores and hepatitis, increasihgge cell count, boosting the
immune system and reducing blood fat [62].

According to Peng Zhang and others, betuinic 4ti), cerevisterol (15),
ursolic acid (16) and (24R)ergosta-/m2@iene-3beta,5alpha,6beta-triol-3-O-
palmitate (17) are responsible for antimicrobidahdiy in B. inquinansIsolation was

carried out using 70% ethanol on air-dried fruitlies ofB. inquinang63].

The effects ofB. inquinansethanol extracts were tested on ICR mice. The
scratching behaviour and vascular permeability geannduced by compound 48/80,
histamine and serotonin levels were studied by $huliang and othefsEthanol
extracts dose-dependently inhibited the scratchlgaviour induced by compound
48/80 and serotonin. The results obtained wouldssigthaB. inquinansextract is
effective against cutaneous pruritus and erythemach are probably mediated by
inhibiting the release of histamine from mast caligl antagonizing the effect of

serotonin [64].

2 Compound 40/80 is a polymer formed from the cosdéan of N-methyl-p-methoxyphenethylamine with

formaldehyde. It promotes histamine release andesl in biochemical research to force mast celtategation.
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4,9-dihydroxy-1,2,11,12-tetrahydroperylene-3, 1gne(1) (18) was isolated
from an ethanol extract &. inquinandruit bodies [65].

In addition, several organic acids were isolatednfB. inquinansby column
chromatography on silica gel and identified on thesis of physical/chemical
constants and spectral analysis. Their structurese wdentified as oxalic acid
(ethandioic) (19), succinic acid (butanedioic adi@)), palmitic acid (hexadecanoic
acid) (21), cinnamic acid (22), 4-hydroxybenzoi@gbenzoic acid, 4-hydroxy) (23),
2,4-dihydroxybenzoic acid (24), isovanillic acide(izoic acid,3-hydroxy-4-methoxy)
(25), caffeic acid (26), coumaric acid (27), pratmchuic acid (benzoic acid, 3,4-
dihydroxy) (28) [66].

m O
OH
HO/U\”/
i HO\”/\/U\OH >_(CH2)14CH3 ©/\/U\
HO
(@]
19 20
OH HO
HO OH O
23 24 25
OH O
OY\/@OH /@/\/U\OH
OH HO
26 27 28

The chemical composition oB. inquinansis highly complex. The most
interesting compounds isolated from fruit bodied aall cultures of this ascomycete
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are bulgarialactones — members of a large groyelédw fungal pigments known as
azaphilones.

Azaphilones, a structurally diverse family of fahgsecondary metabolites,
have mainly been isolated from perfect and impérdéamges of ascomycetes such as
Aspergillus deflectus, Penicillium, Hypoxylamd Monascus sppAzaphilones are
pigments with a pyrone-quinone structure contaimangighly oxygenated bicyclic
core and a quaternary centre. Their name referetiegs affinity for ammonia,
yielding vinylogousy-pyridones. Such exchange of the pyrane oxygemitongen

causes a colour change from yellow to red [58667.,

R1 N X
R N

@)

X =0 or N-R

This appears to be a characteristic reaction.al take place both with
ammonia alone [69, 70] and the side chain of a awyctic polypeptide [71, 72].

The potent non-selective biological activitiesaaaphilones may be related to
their production of vinylogous-pyridones [73]. Their most remarkable properties
include their natural occurrence, yellow-red spectrelative thermostability
(compared with other natural red pigments) and dasyation.

Azaphilones exhibit a wide range of interestingldgical activities, such as
antimicrobial, antifungal, antiviral, antioxidantytotoxic, nematicidal and anti-
inflammatory activities.

Fungi containing azaphilones have been used asart$ in foodstuffs and
alcoholic beverages in certain Asian countries.

The present state of knowledge on azaphilone-gonta species of fungi,
structures and activities has recently been sunsewiin the article “Azaphilones: a
class of fungal metabolites with diverse biologieativities” [130]. The complete

text of this article is given in Appendix II.
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Based on a review of the literature data and theng antibacterial effects
alluded to aboveBulgaria inquinansproved to be a challengingubject and was
chosen for further investigations.

A further key aspect was the fact that certaineexpents had been conducted
on dried fruit bodies [57, 63] or mycelial culturés]. It was therefore of interest to
implement biological tests and isolation of bioaeticompounds from fresh fruit
bodies ofB. inquinans

Although many substances and bioactivities hadadly been identified, no
information on volatile compounds froBy inquinansor their bioactivity had been
presented. One requirement was therefore to deternihe composition and

biological activity ofB. inquinansvolatiles.
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3.2.4 Detection of bioactive compounds iBulgaria extracts
3.2.4.1 Determination of haemolytic TLC zones imegtextract

Haemolysis is a breakdown of red blood cells (RB&#)er in the blood vessels
(intravascular haemolysis) or elsewhere in the bgeytravascular). It causes
haemolytic anaemia, whose characteristic signsidecpallor, fatigue and shortness
of breath, and is capable of causing heart failure.

Haemolysis can be either intrinsic or extrinsigtrlsic haemolysis as caused
by fungi is not uncommon: it may be induced by falngntigens and toxins or can
appear after repeated ingestion of some speciegiloie mushrooms such BRaxillus
involutus Hygrophorus pustulatysHypholoma capnoidesCollybia butyraceage
Coprinus atramentariy-lammulina velutipesHygrocybe virgineusand others [74,
75]. Fungi-induced hemolysis may also be causeddmymolysins, in particular:
lectins (aetiporus sulphureys[76]; cytolysin Pleurotus ostreatys[77, 78]; and
flammutoxin Flammulina velutipes[79].

Since no information had been identified concegrilre haemolytic activity of
B. inquinans the investigation of biological activities iBulgaria ether extracts
started by addressing this topic. A test was cairoigt on developed TLC plates in
order to locate a band or bands responsible fombbgic activity. First, 20 pl of
ether extract was developed in the solvent systemdromethane/toluene/methanol
(8:1:1). The TLC plate was then carefully dried aodered with blood gelatine (see
Section 5.7.3). Results were obtained after 12$exposure.

Two clear haemolytic zones were detected: theivdRies were found to be
0.05 and 0.45, respectively (Figure 11, mode 1).cOmparing results of a blood
gelatine test plate with the TLC plates acquiredinlight (254 and 366 nm), a plate
sprayed with anisaldehyde reagent (Figure 11, mbdand a plate observed in
ammonia vapour under visible light (Figure 11, m&Jleit was possible to establish
the exact position of the upper active band £R.45). This band exhibited yellow
fluorescence in UV light (366 nm), a specific redouir after reaction with ammonia
vapour (Figure 11, modes 3 and 5) and proved t@arbezaphilone (see Section
3.2.3).
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The position of the second haemolytic zong £R0.05) could not be determined
clearly on the parallel TLC plate (modes 2-5). Thoe reliable isolation was

possible.
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Figure 11: Haemolytic activity d8. inquinansether extract in a blood gelatine test

Solvent system: trichloromethane/toluene/methasidl:{)

Detection mode: (1) Visible light (blood-gelatiniate); (2) UV light 254 nm; (3) UV light 366 nm;
(4) Visible light (spraying with anisaldehyde reafe (5) Visible light (reaction with ammonia
vapour). Arrows on modes 2-5 indicate the positibthe haemolytic azaphilone band (for detalils,
see text).

3.2.4.2 TLC zones with antibacterial activity

An agar overlaying method was used for the idegation of bands with antibiotic
properties in th&ulgaria ether extract (see Section 5.7.2).

TLC plates were developed in the trichloromethimhe#ne/methanol (8:1:1)
solvent system, dried and then covered with aldyer of warm agar containing an
inoculum ofS. aureusOn evaluation of the results, it was found that Zzones had
become bright red following contact with agar medsaich properties belong to
azaphilones: these change their colour from yetlmwed in the presence of proteins,
amino acids and nucleic acids [80, 81] (see Se&i2B).

Although the separation of the ether extract o€ flate was quite good, the
sizeable inhibition zone made it difficult to assigntimicrobial activity to a certain

band (Figure 12).
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Stadleret al [58] reported on the separation and isolatiorhoéé¢ azaphilones
from an acetone extract 8f inquinans A silica gel TLC plate was used, plus a 7:3
toluene/acetone solvent system. Isolated azaplslovere named bulgarialactones
and possessed the following \Rlues: bulgarialactone A (R 0.86), bulgarialactone
B (Rf = 0.42) and bulgarialactone C;®0.88).

It was therefore decided to test this toluenetat®tmixture for ether extract
separation, followed by the application of the ageerlaying technique to detect
azaphilone bands. There were three inhibition zoféscterial growth visible on the
agar-overlaid plate (Figure 13): their good sepamaand optical intensity permitted
the assignment of antimicrobial activity to specliands. Two of the bioactive bands
pertained to azaphilones (see Section 3.2.3): #&m&l lwith R = 0.20 and the band
with R = 0.38 (Figure 13, detection mode 1). However, muost also note that bands
marked by arrows are identical in spite of theirvRlues differing slightly between
detection modes (Figure 13): this behaviour dep@amdthe type of TLC plate used
for bioassays and chromatography (see Section)5.bl® strong fluorescence of
azaphilones (Figure 13 detection mode: 3) also mdkdifficult to estimate exact;R
values. No bands with azaphilone properties wetectied at R= 0.42, R= 0.86 or
R = 0.88 as described in [58].

Accordingly, the discovery of two new biologicalactive azaphilones in the
ether extract oB. inquinanswas postulated. The activity of both was comparabl
with that of the control antibiotic (Figure 13, ¢ml). Consequently, the solvent
system toluene/acetone (7:3) was chosen as ana@ystem for further azaphilone
separation and isolation from TLC plates. The tlaictive zone (R= 0.05) contained
several small adjacent bands and reliable deteaifothe active compound was
therefore not possible.

An agar overlay method with china blue lactose #G&0209) was also used
for determination of antimicrobial activity in tH& inquinansether extract. It was
envisaged that the presence of dye in agar mediddwmprove the visibility of the
inhibition zones and facilitate evaluation of thesults. Unfortunately, the results
obtained were ambiguous and will therefore notlbstrated in the present work.
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Figure 12: Detection of bacterial growth inhibitipones on TLC plates (agar overlay technique) in
B. inquinansether extract (for details, see text)

Solvent system: trichloromethane/toluene/methan®i1:{); control: ciprofloxacin 3.5 pg.
Detection mode: (1) Visible light (agar overlaidtraxt); (2) UV light 254 nm; (3) UV light 366
nm; (4) Visible light (anisaldehyde reagent). Azdgie bands are indicated by arrows.
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Figure 13: Detection of bacterial growth inhibitipones on TLC plates (agar overlay technique) in
B. inquinansether extract (for details, see text)

Solvent system: toluene/acetone (7:3); controkafipxacin 3.5 ug.

Detection mode: (1) Visible light (agar overlaidract); (2) UV light 254 nm; (3) UV light 366

nm; (4) Visible light (anisaldehyde reagent). Azégie bands (A and B) are marked by arrows.
For the Rvalue differences, see text.
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3.2.5 Isolation of antibacterial substances fromBulgaria extracts
3.2.5.1 Isolation of antibacterial azaphilones fimmparative TLC plates

Isolation of two antimicrobial zones from an ethextract was carried out on
preparative TLC plates developed in the solventesydoluene/acetone (7:3). Both
bands, band B (R= 0.20 and band A ¢(R= 0.38) in Figure 13 (detection mode: 4),
were eluted from the plates with pure ether.

As already mentioned, the active constituents vasseimed to be azaphilones
because of their characteristic dyeing on contath wgar and ammonia vapour
(Figure 13, detection modes 1 and 4, respectively).

Isolation from preparative TLC plates presentechummber of significant
problems. Employing ether for desorbing the actiempounds from TLC plates had
not shown any indications of decomposition or cloarearrangement. However,
the disadvantage of this apolar solvent was itsdaion capacity, i.e. only a portion
of the compound was regained from the plate, waileonsiderable part remained
adsorbed on the silica gel. The amounts gainetdignway were insufficient for any
structure elucidation techniques.

In order to test the stability of tH&ulgaria ether extract during storage, the
TLC pattern of a freshly prepared extract was caeygbawvith one left at room
temperature for approximately a week. It was fotlmat the active substance A is a
dominant band in the extract kept for one week,re&® substance B dominates in a
freshly prepared extract (Figure 14); however, thisresting phenomenon does not
explain desorption problems.

When testing alternative polar solvents such atoae and methanol for the
elution of active bands, a colour change in thetgm was observed: from yellow to
red and yellow to blue, respectively. Moreoverhwita short period, these solutions
turned to colourless. One was therefore able toclode that these supposed
azaphilones are unstable and decompose under pleer@ental conditions chosen. It
was further concluded that ether is also a subv@ltsolvent for extract preparation,

since it proved incapable of providing a good deson rate from TLC.
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Figure 14:B. inquinansether extracts. Solvent system: toluene/acetoidg (7
Detection: visible light (ammonia vapour); 10 upaed

(1) Freshly prepared extract; (2) Extract storadofte week at room temperature.
Red arrow marks the dominating azaphilone.

Two further organic solvents were therefore testsd extractants: acetone and
acetonitrile. Acetone was chosen because Statkdireported the extraction of fresh
B. inquinansfruit bodies with acetone and the isolation of lauiglactones B in a
quantity sufficient for structure elucidation [5&.further reason for testing acetone
as an extractant was the decomposition observech wiseng acetone for TLC
desorption (see previous page), since it waswstidlear whether this was attributable
to the acetone or to the catalytic properties efdifica gel.

All three extracts (ether, acetone and aceto@)tilere prepared under similar
conditions (fungus quantity, extraction temperatesdractant volume and extraction
time). After concentration, extracts were applieda silica gel TLC plate and
developed in a toluene/acetone (7:3) solvent systérma results are shown in Figure
15.
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Figure 15: Comparison @. inquinansextracts. Solvent system: toluene/acetone (7:3)
Detection: Visible light (ammonia vapour) and UWHt 366 nm. Quantity applied: 10ul.
(1) ether extract; (2) acetone extract; (3) acétibmextract. For details, see text.

The smallest quantities of azaphilones were dedetot the acetone extract,
while the ether and acetonitrile extracts contaigefficient amounts of both active
bands (A and B). Evaluated by degree of fluoreseetie concentration of the active
substance B in the acetonitrile extract provedtgreghan in the ether extract (Figure
15, (3), detection mode UV light 366 nm).

The results indubitably show that acetone is suiv@l both for extraction of
active compounds fronBulgaria and for elution of these substances from TLC
plates.

The acetonitrile extract seemed to offer the @stapotential for further
experiments: taking into account the phenomenomiodd when comparing fresh
ether extract with the extract kept for a weekoatn temperature (Figure 14), it was
natural next step to perform experiments for oing the extraction temperature.

Extraction was carried out at a low temperatur@8(°C) and at room
temperature (18 °C); the extractant was acetanit@onducting the experiment at
sub-zero temperatures confers obvious advantagesnis of the resulting quantities

of azaphilones (Figure 16). It became clear thatgmmantities of the two azaphilones
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and their stability in extracts depend on seveaeatdrs: the extractant, the extraction
temperature and the conditions under which theaekis stored.

Additionally, extraction at sub-zero temperatunetps to avoid problems in
relation to the extract’s water content: normallge presence of water strongly

retards the process of concentration while alsaireqy heat treatment.

Figure 16: Comparison @. inquinansacetonitrile extracts. Solvent system: tolueneatace(7:3).
Detection: UV light 366 nm; quantity applied: 10ul.

(1) low-temperature extract; (2) room temperatwiaet. Arrows indicate azaphilone substances.
For details, see text.

Although the experiments demonstrated that acdefeniis an optimal
extractant and provides better desorption from Th€ plate, the resulting active
compounds isolated still contained admixtures: bgte and NMR revealed the
presence of impurities. Accordingly, an attempt wasle to optimise the separation
of active substances on TLC plates by using diffesolvent systems and phases:
these experiments showed that RP-18 HPTLC pla&dd the best separation, while a
7:3 acetonitrile/water solvent system turned oudg¢mptimal. Interestingly, Stadlet
al. reported this solvent system as system for finadifipation (by HPLC) of
bulgarialactones isolated from silica gel [58].

As can be seen in Figure 17, the band:at ®20 on the HPTLC plate corresponds to
substance A (R= 0.33 on the silica gel plate), while the banthw® = 0.54 on the

HPTLC plate corresponds to substance BHR.15 on the silica gel plate).
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Since the best separation of active substance®hbitasmed on RP-18 HPTLC plates,
it was reasonable to employ HPLC for further isolatin order to reduce impurity

levels and achieve a greater sample throughpupdpa&ve scale). This method also
avoids the problem of active compound desorptioarddver, the acetonitrile extract

is perfectly suited for HPLC separation and isolati

1.00/ —
0.95 —
0.90 —
085
0.800 =
0.75] —
070 —
065 —
060 —
055 —
050 —
0.45:—
0.40 —
0.35 —
030 —
0250 —
0.20¢ —
015 —
040 —
005
0.00;

Figure 17:B. inquinansacetonitrile extracts on different TLC-plates. Quity applied: 5Sul.

(1) silica gel phase: solvent system toluene/a@(@r8); visible light (ammonia vapour reaction).
(2) silica gel phase: solvent system toluene/a@(ar8); UV light 366 nm.

(3) RP-18 HPTLC phase: solvent system acetoniwrdé&gr (7:3); UV light 366 nm.

3.2.5.2 Optimisation of azaphilones separationaamalytical HPLC

For further experiments, a cold acetonitrile ext(ad8 °C) ofBulgaria was used.

In order to create a HPLC method for optimal isolabf active substances from this
acetonitrile extract, an analytical column LiChrogp] 100 RP-18e (5 um) was
used. A wavelength of 450 nm proved to be the agtimonitoring wavelength.

Only two main peaks were detected on the HPLC chtogram: a 7-minute peak
corresponded to band (B) withy R 0.15 on a silica gel TLC plate; a 22.5-minute
corresponded to band (A) withh R 0.33 (Figure 17 and Figure 18). A 35-minute run
with a constant flow of 0.25 ml/min was sufficidat separation of both azaphilones.
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3.2.5.3 Formation of azaphilones in acetonitrileraot

Section 3.2.5.1 has already presented the restilit®raparing an extract freshly
prepared at 20 °C with an extract left at room temafure for one week (Figure 14).
In order to study the influence of different paréene on the composition of
acetonitrile extracts prepared at —18 °C, the fallg experiments were conducted:
a) After filtration, the extract was immediately sufted to HPLC
b) The extract was then stored at room temperatureafoweek and again

subjected to HPLC
The results of these experiments are presentedgurd=18. Compared to the first
analysis, the second HPLC experiment revealedwctea in the intensity of Peak 1,
plus a considerable enlargement of Peak 2 andpgpeasance of a new additional
peak (Peak 3) at the 8.5-minute mark.

The same experiment was then performed with esti@ancentratech vacuo
at 40 °C (the temperature recommended by the metué of the vacuum
evaporator). Results are given in Figure 19: whitailar to those of the previous
experiment, including the new peak (Peak 3) at8theminute mark, Peak 2 is now
the strongest peak and an additional peak (Pebhksthow emerged at the 24-minute
mark.

Although both additional peaks (at 8.5 and 24 n@surespectively) possess
UV spectra identical to those of Peak 1 and Peaih@,different retention time
indicates a difference in their structure. It whaerefore presumed that these peaks
were the products of partial decomposition or arreeggement of the original
azaphilone structure. However, an attempt to isdla¢se additional peaks in order to
establish their structure was unsuccessful: tr@our changed from yellow to pink

almost immediately, indicating a rapid rate of daposition.
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Figure 18: HPLC chromatogram Bf inquinansacetonitrile extracts (—18 °C). Solvent system:
acetonitrile/water (7:3). Monitoring wavelength:048m. For details, see text.

— Fresh extract

- EXxtract stored for one week at room temperature

2.04

Peak 2

/

159

Peak 1

1.01

Intensity, AU

Peak 3
Peak 4
0.5 /
0.0 == M ——— e /) & ‘ —_—
0 5 10 15 20 25 30 35

Time, min

Figure 19: HPLC chromatogram Bf inquinansacetonitrile extracts (—18 °C, concentratedacuo

at 40 °C). Solvent system: acetonitrile/water (7n3pnitoring wavelength: 450 nm. For details, see
text.

— Concentrated fresh extract

—— Concentrated extract stored for one week at r@amperature.
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3.2.5.4 Isolation of azaphilones by preparative 8PL

Azaphilone isolation was realized by using a LiGpioer] 250-10 RP-18 (10 um)

preparative column. The programme developed wassfeered successfully from

analytical HPLC: a 7:3 acetonitrile/water solvengstem with a monitoring
wavelength of 450 nm. The flow was increased td/gm.

Both peaks (1 and 2) (Figure 20) were collected aoncentrated under
nitrogen flow to reduce the risk of decompositiosnigected with heat treatment
(concentration).
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Figure 20: HPLC chromatogram Bf inquinansacetonitrile extract
Solvent system: acetonitrile/water (7:3); monitgrimavelength 450 nm.

It was possible to isolate about 5 mg of each tamlog: isolated substances
were re-subjected into analytical HPLC to checkirthmurity. The compounds
separated had identical UV spectra in acetoniteidibiting absorption maxima.
at 226, 296, 327 and 452 nm (Figure 21 and Fig@je The purity and quantity of
isolated azaphilones was sufficient for further Nl MS experiments.

MS (ESI in negative mode) and several NMR techesgtH, **C, H,H-COSY,
HMBC, HSQC and NOESY) were used for the structuhgcidation of both
constituents (HPLC: Peak 1 and 2 in Figure 20). RFdVIR, deuterated
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trichloromethane proved unsuitable: it forms tracEsiydrochloric acid that lead to
relatively rapid substance decomposition (as indatéy a colour change). Substance
decomposition was also observed in deuterated rmeethAccordingly, deuterated
acetonitrile was chosen as a solvent for NMR.
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Figure 21: HPLC chromatogram and UV spectrum okPeolated fronB. inquinansacetonitrile
extract. Solvent system: acetonitrile/water (7r8@nitoring wavelength: 450 nm.
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Figure 22: HPLC chromatogram and UV spectrum okPegolated fronB. inquinansacetonitrile
extract. Solvent system: acetonitrile/water (7r8@nitoring wavelength: 450 nm.
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3.2.5.5 Structure elucidation of bulgarialacton@H?LC Peak 2)

One should note that two numbering systems existhis compound: Stadler, who
first isolated this compound froBy inquinanstermed the compound bulgarialactone
B and used the numbering given above.

However, the IUPAC name — as generated by ACD/Naimse
(9aR)-6-(hydroxymethyl)-3-[(4,4E,6E,8E)-1-hydroxy-10-methyl-3-oxododeca-1,4,6,8-tetraen-1
yl]-9a-methyl-5,6-dihydro-2H-furo[3,2-glisochrome¢9(9aH)-dione

According to this name, the numbering is as follows

The CAS name as given by SciFinder is:
2H-Furo[3,2-g][2]benzopyran-2,9(9aH)-dione, 5,63dllo-6-(hydroxymethyl)-3-[(Z,4E,6E,8E)-1-
hydroxy-10-methyl-3-ox0-1,4,6,8-dodecatetraenylrdethyl-, (6R,9aR)-rel-(+)- (9ClI)

The numbering is identical to IUPAC numbering. Thelgarialactone B CAS
number is 180786-03-2.

This compound was isolated from a cold acetoaitektract of freshB.

inquinansfruit bodies by preparative HPLC as described al@vgure 22). About 5
mg of pure substance was gained from 1.5 kg ofiforaerial. As mentioned above
(Section 3.2.3), some specific properties reveded azaphilone character of this
compound. Its chemical composition was determinediph-resolution MS analysis.
For ionisation, electrospray (ESI) was used in tieganode withi-propanol as the

solvent.
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As can be seen from Figure 23, this high-resolutiegative ESI spectrum shows a
characteristic ion series. The mass pedk 451 (G¢H,7/O;) represents the quasi-
molecular ion (MH), i.e. the molecular mass of this compound is oms3Tunit
larger, namely 452 (£H.s07). The addition of one methanol molecule gives tse
the association complex [MH)+CH;OH] with the formula G/H3Os and the
nominal mass 483 Da. The base pe#k497 (GgH330s) is generated by the addition
of one ethanol molecule to the quasi-molecular yoelding the association complex
[(M—-H)+C,HsOH] . Finally, the ion-molecule reaction between the-tNl ion and
i-propanol leads to the adduct ion [M)+i-CsH,OH]™ with the nominal mass 511
Da (GgH360g).

100 497.28

80
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40

511.30
20

247.03

451.25 483,30 1
T =

@ Lt Ml IN— . I.i....l N — e Pt |\“. ilr.‘ el .‘l"" I‘
200 300 400 500

...........

Figure 23: Negative ESI spectrum of HPLC Peak lated fromB. inquinansacetonitrile extract.
Solvent:i-propanol.

When testing the stability of this azaphilone connpd ini-propanol, it was
found to be stable for several hours. However paated MS measurement 16 hours
later revealed one new peak rafz 469 (56% intensity — Figure 24). While an
interpretation of this effect is non-trivial, then may be explained by the association
of water with the quasi-molecular ion, giving rigethe species [(MH)+H,0O] as a

result of a slight change in the molecular strue{@.g. rearrangement).
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Figure 24: Negative ESI spectrum of HPLC Peak lated fromB. inquinansacetonitrile extract
measured 16 h later. Solvenrpropanol.

Alternatively, a decomposition process may haveedaleading to the formation of

a second molecule (quasi-molecular ion,tM)) showing the base peak/z 469.

This theory is supported by the MS experiment (Fegeb): the preferred solvent for
this type of MS experiment is methanol (acetomtisl unsuited).
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Figure 25: Negative ESI spectrum of HPLC Peak lated fromB. inquinansacetonitrile extract.
Solvent: methanol.
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This negative ESI spectrum not only shows the goedecular ionm/z 451
[(M—H)]" mentioned above, plus several additional ian&z @469 (+H0O), m/z 483
(+CHsOH), m/z 501 (+HO+CH;OH) andm/z 533 (+HO+2xCHOH)), but also a
series of ions that could well belong to a secommlenule. This theory is also
supported by the HPLC measurements, which shoviothgation of a decomposition
product (Figure 19, Peak 4). This second moleculseuspected to possess a quasi-
molecular ion am/z 467 [(M,—H)]~, which forms the association complexes,®H
(m/z485) and +EHO+CH;OH (m/z517). It may therefore be possible that the oabin
azaphilone undergoes a decomposition process,rigremimolecule that possesses an
additional oxygen functiom{/z467).

As shown above, high-resolution mass spectromigtrpegative ion mode
(Figure 23) established the chemical formula of goomd A (HPLC Peak 2) as
CoeH250; with a molecular ion [MH]™ = 451. This in turn permits the estimation of
the doublebond/ringequivalent (DBE) as equal to 13. NMR data analysigals the
presence of seven double bonds (C=C) and threed@etps (Table 4), yielding the
simple conclusion that the molecule must contaredfrings. Moreover, it is clear
that the molecule bears one quaternary olefinioararand lacks a terminal olefinic
methylene group. Table 4 presents the resultsl @nd**C NMR spectroscopy.

The*C spectrum revealed only 17 C-atoms (AppendixduFé 63). However,
ten of the 11 missing signals (C-1, C-5, C-7, @81, C-12, C-13, C-14, C-16 and
C-25) were detected by applying the two-dimensideethniques: HSQC (Figure 27)
and HMBC (Appendix |, Figure 64 and Figure 65). Yohe C-signal (C-9 a =
168.1 ppm) could not be traced; however, its ertstewas deduced from other data
(see text below). From the HSQC spectrum obtairtedvas possible to assign
associated protons to 14 C-atoms and thus dis¢oggmultiplicity.

The completéH spectrum (Figure 26) shows the presence of nio®ps in
the aromaticd = 6-8 ppm) and olefiniad(= 4.5-6.5 ppm) regions; this accords with
the ®*C NMR data. Eleven protons were detected in thehatic region § = 0-2
ppm). Six protons were found in the range frénx 2.5 ppm tod = 4.3 ppm,

indicating adjacent heteroatoms or double bonds.r&égion frond = 0.5 ppm t® =
53



2.5 ppm comprises three methyl groups (H-25, H2é H-27) and a CH group
(H-24) (see expansions in Figure 26). Overall, B6tqns were identified in th&H
NMR spectrum, i.e. two protons are missing withpexs to the molecular formula.
While one proton was indirectly detectable with HO@SY, the other was outside
the measured range. At this stage, the NMR datairedd for compound A (HPLC
Peak 2) were compared to the literature and wemaddo be congruent with the
results published by Stadlet al [58] for a compound named bulgarialactone B,

isolated from both fruiting bodies and cell culwidB. inquinans
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C- Structural 1(3C(::D:l(';/INR) 1Stad|er (lgtg\iz\:/ﬁ) H,H coupling 1 Stadler Stadler_
atom element 100.13 MHz, CS%INMR by 400.13 MHz, constants, Hz H NMR (CDCI3), HH couplln}_?
ppm ( 3), ppm ppm ppm constants, Hz
25 —CH; 11.1q 11.7 3H, 0.86t 3JH_25, H.oa= 7.43 | 0.88t 7.3
26 —CH; 18.7q 19.7 3H, 1.01d 3JH_26, h23=6.75 | 1.03d 6.6
27 —CHj, 26.9q 27.8 3H, 1.71s 1.75s
2~]H-4a, Hap= 17.2
Ha, 2.80ddd 3JH-4a,H-3 =10.9 2.89ddd 1.5,11.5,17.2
4 —CH— 28.6t 29.3 zJH_4a H-6 — 1.5
Hb, 2.86dd 3‘]”"”" H-4a= 17215 g1ad 3.5,17.2
Jn-aph-3 = 3.7
24 —CH— 28.9t 295 2H, 1.36m" 1.37dq 7.3,7.3
23 >CH- 38.3d 38.8 1H, 2.15s 2.16dtq 7.8,7.3,6.6
H, 3.69m" 3.97dd 3.5,12.2
—CH— 62.0t 63.8
28 Hp, 3.78m’ 3.85dd 5.4,12.2
—OH 1H, 3.18t BJOH_ZS' H-28— 59 | 35s
3 >CH- 79.3d 79.0 1H, 4.41m 4.39m
11 >C< 86.3s 86.3 —
15 =CH— 99.9d 100.9 1H 6.75s 6.80s
6 =CH— 111.7d 113.4 1H, 7.07s 7.17brs
13 =C< 111.9s 112.3 -
8 =C< 113.4s 115.2 —
17 =CH— 126.1d 126.5 1H, 6.23d 3JH_17' n1s= 15.0 | 6.11d 15.1
3
. * JH-21, H-20— 11.4 10.7
21 =CH— 128.5d 128.5 1H, 6.23dd 3JH-21,H-22 =151 6.14dd 152
3
. JH-19, H-18— 11.4 11.3
19 =CH— 128.8d 128.8 1H, 6.36dd 3JH-19,H-20 =151 6.27dd 14.8
3
. JH-ZO,H-21: 11.4 10.7
20 =CH— 141.5d 142.3 1H, 7.33dd 3JH-20, o= 151 6.59dd 14.8
3
_ * JH-18,H-19: 11.4 11.3
18 =CH— 141.9d 142.4 1H, 6.69dd 3JH-18, 7= 15.0 7.34dd 151
5 =C< 143.9s 140.8 -
3
_ 'JH—22, H-23= 8.0 7.8
22 =CH—- 146.3d 146.9 1H, 5.91dd 3JH—22, o= 151 5.87dd 152
1 =CH— 159.9d 158.9 1H, 7.86s 7.85s
9 >C=0 — 168.1
7 =C< 170.2s 168.2 -
=C< 180.1s 177.5 -
14
—OH - 16.0brs
16 >G=0 183.3s 185.0 —
12 >G=0 190.3s 190.0 —

Table 4: NMR data'fC and*H NMR) of the azaphilone (HPLC Peak 2) isolatedrfra cold
acetonitrile extract oBulgaria, compared with bulgarialactone B data from Staetet [58]. For
details, see text (* indicates overlaid signalsnaoittiplets that could not be analysed).
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This fact of congruence, together with the azapllaharacteristics shown by
compound A, its MS data and the matchingv&®ue (TLC plates), presented strong
evidence for the equivalence of this compound whihigarialactone B. This
equivalence was confirmed by a detailed analysth@ftouplings in H,H-COSY and
HMBC, as shown below:

HMBC (1):

HMBC (2):

HO

H,H-COSY:




Furthermore, a number of interesting aspects desaantion.

The chemical shifts for C-1 (159.8 ppm) and C-9.87ppm), together with
their respectivelcy coupling constants 7.87 ppm and 4.41 ppm, mag@essible to
configure the partial structure to include a hedéson (oxygen) between C-1 and C-3
[82].

The presence of a free hydroxyl group at C-28ravgd by its representative
chemical shift, namely = 62.0 ppm [82]. The presence of this OH- groufuither
confirmed by the couplings observed in HH-COSYween proton H-28% = 3.73
ppm) and the proton at= 3.18 ppm (OH group).

The relative stereochemistry of the £Hgroup (C-27 at 26.9 ppm) was

established by NOESY correlation with proton H-3.
It was impossible to trace the C-9 atom and anysafouplings. However, evidence
for the existence and position of this carbonyiction received strong support from a
consideration of its molecular formula, since owolye C-atom and two O-atoms
remained. It was therefore possible to determieeptirtial structure of lactone by the
characteristic chemical shifts of C-8 (113.4 ppmyl £-11 (86.3 ppm) atoms: the
single remaining possibility was to draw a lact@aebonyl group with C-9 between
C-8 and C-11 [82].

In contrast to Stadler, direct detection of th&4_hydroxyl group’s proton was
not possible, but its existence was nonethelesseprandirectly by applying the
molecular formula and considering the C-14 chemstaft (180.01 ppm). Typical
chemical shift values of C-15 (99.9 ppm) and C-183(3 ppm) also suggested the

partial structure [82]:

8 15 17

14/ 16

OH O
Since the current measurements did not detectth¢ Ig/droxyl function’s proton, it

proved difficult to distinguish between two possilhutomeric structures:
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8 15 17 8 15 17

14 2 \16 18 14\ 18

1)  OH o) 2) O OH

However, since it had been proven that the isolatedtituent is also bulgarialactone
B, whose structure had been elucidated by Sta8kjr [t proved possible to apply
these data in order to confirm the structure,toainequivocally assign thevalues
183.3 ppm and 180.1 ppm to C-16 and C-14, resmdgtiA comparison of the
HMBC couplings and their intensity also supported presence of the tautomeric
form 1) above.

HSQC was also unable to assign the C-23 protoecttyr (Figure 27). The
position of proton H-23§ = 2.15 ppm) in the molecule was established frésn i
coupling with the following protons: H-26 & 1.01 ppm), H-244 = 1.36 ppm) and
H-22 © = 5.90 ppm) in H,H-COSY. However, it was not pbksito determine the
relative configuration of C-23 by spectroscopic meets and the limited amount of
the substance available excluded the preparatiosuibfble derivatives; the same
holds true for the C-3 atom, whose configuratianamed undetermined.

By considering the NOESY spectrum analysis andradheristic coupling
constant values 68..17 n-15= 15.0 HZ 10 h2o = 15.1 Hz anddyp1 100 = 15.1 Hz,
it proved possible to establish a trans-configorafor double bonds between the C-
17/C-18, C-19/C-20 and C-21/C-22 protons:




H-27

H-25
H-24
[
ppm (t1) 1.50
H-17
™
H-19 H-22
OH-*8C H-4
I I I I I I I H-3
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ppm (t1) +

N

H-21 ‘
ppm (t1)
H-15
H-1
H-6
H-20
I I
ppm (1) 750 7.00 Ly—}
H-18
S J
|
15.0 10.0
ppm (t1)

3.50

3.00

Figure 26:*H NMR spectrum of bulgarialactone B (HPLC Peaki@jpurity signals are struck through.
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Figure 27: HSQC NMR spectrum of bulgarialactondHRIC Peak 2).
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Lastly, considering the fragmentation pathway & thteresting small peak/z 247
(see El mass spectrum, Figure 23), which is in gommbrdance with the structure of
bulgarialactone B, several suggestions were offénedhe Mass Frontier spectral

interpretation software application. Below, twoysd#le suggestions are selected:

m/z 247

rH
Ay

o} o o
rHa o -H /C+ o
o X (0] . > 07X — [
>:OH + >:0 o
HO. ~ HO NN C\CH. HO =

m/z 247
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3.2.5.6 Structure elucidation of bulgarialacton@HPLC Peak 1)

The trivial name bulgarialactone® s suggested for this new constituent, isolated
from Bulgaria fruit bodies: the same approach is taken to thenenation of atoms
as for bulgarialactone B.

The IUPAC name as generated by ACD/Name is:
(9aR)-3-[(1Z,4E,6E,8E)-1,12-dihydroxy-10-methyl-3-oxododeca-1,4,6,8detr-1-yl]-6-
(hydroxymethyl)-9a-methyl-5,6-dihydra-2furo[3,2-glisochromene-2,9(94)-dione

The suggested numbering is as follows:

As with bulgarialactone B (HPLC Peak 2, Figure 2@)s compound was isolated
from a cold acetonitrile extract of fredh inquinansfruit bodies by preparative
HPLC (Peak 1), as previously described. About 5ahgure substance was gained
from 1.5 kg of fungi material.

As mentioned above (Section 3.2.3), some specificpgrties indicated the
azaphilone character of this compound. Its elenh@otaposition was determined by
high-resolution MS analysis. For ionisation, elespray (ESI) was used in negative
mode withi-propanol as the solvent. High-resolution MS ofatage ions established
the chemical formula of this substance agHgsOg with a molecular ion [MH] ™ =
467 Da.

¥ As mentioned in Chapter 3.2.3, since the litemnames two different substances as “bulgarialacih the present
work will refer to the bulgarialactone isolated Myssoet al[83] as bulgarialactone fRisso)
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The ESI spectrum presented in Figure 28 shows ractegistic ion series, which can
be interpreted as follows: the mass peak 467 (Ge¢H»7Og) represents the quasi-
molecular ion (MH)", i.e. the molecular mass of this compound is om@ssTUNIt
larger, namely 468 Da ¢H»sOg). The ion with a nominal mass/z 499 can be
explained by the addition of one methanol molediaening the association complex
[(M-H)+CH;OH] with the molecular formula £H3;0,. Analogously, the addition
of one ethanol molecule [(MH)+C,HsOH] leads to the base peak/g513) with the
molecular formula gHs30,. Finally, the ion-molecule reaction between the-tN
ion andi-propanol leads to the adduct ion [M)+i-C;H;OH]  with the nominal
mass 527 Da (£gH3¢0o).

247.03 513.33
100 “ |
- I i
!
1
80 -
|
60
40
233.05 467,25
527.37
20 7 453,32
_ =3
423.25
293,11
219.02 { {
" ] ol i:l Il .Y i, _l. L L I L -l
0 4 . g ¢ — P ? T T : - ¥ 1 1 e 7 T + ? ; - T
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Figure 28: Negative ESI spectrum of HPLC Peak latsd fromB. inquinansacetonitrile extract.
Solvent:i-propanol. For details, see text.

The chemical formula suggested for the molecular @¢H,cO5 permitted the
estimation of the doublbond/ringequivalent (DBE) as equal to 13. Analysis'ig
NMR and HSQC data revealed the presence of sewdnlelbonds (C=C) and three
C=0 groups. The molecule was therefore proven ve liaree rings.

The results of NMR analysis are summarised in Taldeerleaf.
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BC-NMR H-NMR
Structural (CDsCN) Bulgarialactone (CDsCN) H,H-coupling constants, ’ H,H-coupling
C-atom element 100.13 MHz, B by 400.13 MHz, Hz Bulgarialactone B constants, Hz
ppm ppm
26 —CHj; 193q 187q 3H, 1.02d 3‘]H-26, H-23— 6.7 3H, 1.01d 3JH—26, H-23=— 6.75
27 —CH; 27.1q 26.9q 3H, 1.71s 3H, 1.71s
2~]H-4a, Hap= 17.3 2JH-4a, Hap= 17.2
Ha, 2.79ddd | *Jy4ap.3 = 10.9 | Ha, 2.80ddd *Jnaans = 10.9
4 —CH,— 28.7t 28.6t ;lJH_4a’H_6 =14 zJH_4a H-6 — 1.5
JH-ab, Haa= 17.3 JH-ab, Haa= 17.2
Hb, 2.85dd ' Hb, 2.86dd '
Z‘]H-4b,H»3 =3.9 3JH-4b Ha = 3.7
Jh-23, H22= 7.9 X
23 >CH— 33.5d 38.3d 1H, 2.41m" | 33423 nos= 13.7 | 1H, 2.158
3JH-23, H26= 6.7
3JH-24 He23= 13.7 *
24 —CH— 39.1t 28.9t 2H, 1.52dd 3 ' _ 2H, 1.36m
Jh-24, Ho5= 6.8
25 —CH,— 59.4t 11.1q 2H, 3.48m" 3‘]H-25, H-24= 6.8 3H, 0.86t 3JH—25, H-24= 7.43
pi _
Ha, 3.69dd 33”'2*3&' ”'28_*"3 12'4 Ha, 3.69m'
—CH— 62.1t 62.0t . JH'ZSavH'?’ —= '1 52
28 Hb, 3.77dd | g 128028 =7 1y 3. 78m'
JH-ab,H3 = 5.3
—OH — 1H, 3.18t ®Jor-28, H-28= 5.9
3 >CH- 79.4d 79.3d 1H, 4.40m 1H, 4.41m
11 >C< 86.6s 86.3s - -
15 =CH— 100.1d 99.9d 1H, 6.71s 1H 6.75s
6 =CH— 111.7s 111.7d 1H, 7.07s 1H, 7.07s
13 =C< 111.9d 111.9s - -
8 =C< 113.7s 113.4s - -
17 =CH— 125.9d 126.1d 1H, 6.21d 3‘]H-l7, H-18— 15.0 1H, 6.23d SJH_]]' H-18— 15.0
3 3
* Jn-21, H-20= 11.0 Jh-21, H20= 11.4
21 =CH— 128.4d 128.5d 1H, 6.22dd : 1H, 6.23dd :
2\]H-21, H22=15.1 zJH—Zl,H—ZZ =151
Jn-10, H18= 10.7 Jh-10, H18= 11.4
19 =CH—- 128.5d 128.8d 1H, 6.36dd ' 1H, 6.36dd '
2\]H-19, H20 = 15.1 zJH—lQ,H—ZO =151
Jh20H21= 11.4 Jhoop21=11.4
20 =CH—- 141.5d 141.5d 1H, 7.33dd ' 1H, 7.33dd '
2\]H-20, p10= 15.1 zJH—ZO, H10= 15.1
* Jn-1g,H-10= 10.7 Jn-1gH-10= 11.4
18 =CH— 141.7d 141.9d 1H, 6.69dd : 1H, 6.69dd :
3JH-la, p17= 15.0 3JH-le., p17= 15.0
5 =C< 143.9d 143.9s - -
22, 2s= 7.9 *Jn-22, n23= 8.0
22 =CH— 146.4d 146.3d 1H, 5.90dd H-22, H-23 1H, 5.91dd H-22,H-23
*Ju.22, h21= 15.1 Ju22 w21 = 15.1
1 =CH—- 159.80d 159.9d 1H, 7.87s 1H, 7.86s
7 =C< 170.0s 170.2s - -
=C< 181.5s 180.1s -
14
16 >G=0 183.3s 183.3s - -
12 >G=0 190.3s 190.3s - -

Table 5: NMR data (°C and *H-NMR) of the azaphilone (HPLC Peak 1) isolated frm a cold acetonitrile extract
of Bulgaria, compared with Bulgarialactone B data. For detailssee text (* indicates overlaid signals or

multiplets which could not be analysed; signals wiit strong deviations are highlighted in light blue.)
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The *C NMR spectrum revealed 21 carbon signals (Appehdiigure 66): their
multiplicity was established from HSQC spectrumadéfigure 31). Five C atoms
were therefore absent: the positions of four at¢@8, C-11, C-12 and C-14) were
identifiable from HMBC spectrum data (Figure 67 dfidure 68). Only one carbon
atom (C-9) remained undetected.

The completéH spectrum (Figure 29) shows the presence of nio®ps in
the aromatic § = 6-8 ppm) and olefinicd(= 4.5-6.5 ppm) regions. Eight protons
were found in the aliphatic regio® & 0—-2 ppm). A further eight protons were
located in the region betweén= 2.2 and 4.5 ppm. The proton of the hydroxyl grou
at C-28 remained hidden. The proton of the hydrdxyiction (H-14) remained
undetected since it was out of the measuring rafige.region frond = 0.8 to 2.2
ppm includes two methyl groups (H-26 and H-27) ar€@H— group (H-23).

A comparison of the NMR data of this compound wiitbse of bulgarialactone
B (Table 4 and Table 5) reveals a strong structsiailarity between these two
constituents, indicated by a high degree of compeen the®*C and'H NMR
spectra. However, on evaluating the results obdaine became clear that this
azaphilone must be a new bulgarialactone, sinageatss did not match the masses of
any bulgarialactones described in the literatureldte, namely: bulgarialactone A
(436 Da), bulgarialactone B (452 Da) and bulgacimiae C (434 Da) [58]. It was
therefore decided to name this new compound bualgatone D.

Strong deviations from bulgarialactone B can obé observed in thé’C
NMR spectrum, namely for the signals C-23 (33.5 gpmbulgarialactone D and
38.3 ppm for bulgarialactone B), C-25 (39.1 fordaulalactone D and 28.9 ppm for
bulgarialactone B) and C-25 (59.4 for bulgarialaetoD and 11.1 ppm for
bulgarialactone B; for data, see highlighted regimomable 5).

Concerning the proton spectrum, distinct changesrewregistered in
comparison with bulgarialactone B in the patterrHe23 ¢ = 2.41 ppm), H-244(=
1.52 ppm) and H-25(= 3.48 ppm; for data, see Figure 30 and highldjhégion in
Table 5):
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bulgarialactone B

bulgarialactone D

The great similarity between the NMR spectra ofséhe&eompounds means the
ensuing detailed discussion can be restricted tp thhwse signal groups that show
deviation.

The chemical shift value of the C-25 atot £ 59.4 ppm) indicates the
presence of oxygen, which NMR data places withinydroxyl group. The C-25
methylene group indicates the absence of brancwhgh reveals a lack of further
CHs— groups at C-25. The carbon C-25 atom possesseprivtons (H-256 = 3.48
ppm), which appear as a symmetric multiplet in tHeNMR spectrum (Figure 29).
These protons show a coupling in the H,H-COSY specttwith the protons H-24
(1.52 ppm) and H-23 (2.41 ppm). The latter shiftsoaconfirm the presence of
oxygen. The same holds true for the C-24 atom $9.1 ppm). The protons of this
C-atom (H-24) show a double doubl&l{,4 1.25= 6.8 HZ;*Jy.04 n-23= 13.7 Hz). The
signal of the adjacent proton H-23 is split intcamplex multiplet, the coupling of
which could be analysed by considering the sptbhthe adjacent proton signals H-
22 and H-26. The following coupling constants vv@emrmined?JH_zg, Hoo= 7.9 Hz
and3Jy.3, 126 = 6.7 Hz. These couplings, together with o3 n2s = 13.7 Hz, were
approximately confirmed by the automated couplingstants analyser provided by

the MestRec software application.
26

Lo

23‘\'J OH

22 24
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Figure 29:'H NMR spectrum of bulgarialactone D (Peak 1) isadddy HPLC. Impurity signals are struck through.
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Figure 30: Comparison 0H NMR spectra of two azaphilones isolated frBminquinansby HPLC (for details see text):

—— Proton spectrum of bulgarialactone B (H-23 is neddty the signal at 2.15 ppm).

—— Proton spectrum of bulgarialactone D. Deviatingtqns are underlined.
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The partial structure analysed so far includes dmeal C-atom (C-23); it was not
possible to establish the exact configuration of #tom.

NOESY determined relative stereochemistry at C-Hs previously
demonstrated for bulgarialactone B (see Sectiob 5P Further analysis of NOESY
data, combined with characteristic coupling corstatues {J,1.17 1= 15.0 Hz 2Jy.
19, H20= 15.1 Hz and‘JH_ZL n22 = 15.1 Hz) established a trans-configuration fa t
double bonds C-17/C-18, C-19/C-20 and C-21/C-22:

Detailed analysis of HMBC and H,H-COSY spectraldsthed the following atomic
correlations:

HMBC (1):
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HMBC (2):

H,H-COSY:

As can be seen from Table 5 and Figure 30, theireleaof the molecule must be

identical with the bulgarialactone B structure poegly analysed.
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Figure 31: HSQC NMR spectrum of bulgarialactoneP@dk 1) isolated by HPLC
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One final analysis re-considers the mass spectfumlgarialactone D (see Figure
28). The spectrum reveals the characteristic fragméz 247, the genesis of which
has previously been discussed in detail (Sectigrb®) and whose presence also
confirms a part of the bulgarialactone D structuBecondly, although not
especially abundant, the fragmemtz219 is also of interest since its fragmentation
pathway supports the established structure to tainedegree. One possible
fragmentation pathway for generating this ion isegi by Mass Frontier as

follows:

(o}
o7 X
—Q0 ﬂ»
NP
C N N
= X OH
OH O

m/z 468

o}
07N ° i -H
., =0 LN . N
HO . C fCHﬂ/\/\/\/}\/\OH
= NN OH o ©
o ©O

m/z 220
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The research oBulgaria azaphilones may be summarised as follows:

A series of HPLC experiments have shown that friesh bodies ofB.
inquinanscontain just two azaphilones: bulgarialactone &, $tructure of
which was already known, and bulgarialactone D.

It has been shown that the bulgarialactone D isdlayy HPLC is not only a
new azaphilone derived from. inquinansbut a new naturally-occurring
compound

Both azaphilones display strong antibacterial @gtiagainstS. aureus
comparable with the activity of the reference antib ciprofloxacin (3.5-5
ng).

Bulgarialactone D is relatively instable and padisiadecomposes to
bulgarialactone B at room temperature. It was floeeeonly possible to
isolate sufficient quantities from ether or acetilei extracts freshly

prepared at sub-zero temperatures (—18 °C).
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3.2.6 Antibacterial activity of Bulgaria hydrodistillate
3.2.6.1 Detection of bioactive TLC zones

Agar diffusion tests have shown that volatileBoinquinansare active again§.
aureus(see Section 3.1.1, “Agar diffusion test of fuegtracts). It was therefore
decided to apply an agar overlay technique to aduystillate (HD) in order to
identify the zones responsible for this effect. Thlates with applied HD were
developed in the solvent system toluene/ethyl &&ef@5:5). Two zones of
bacterial growth inhibition were discovered: onetchad a band with /&= 0.98,
while the other growth inhibition covered a largeafrom R= 0.0 to R = 0.25,
including several very faint bands visible onlyUW light (Figure 32, mode 1 and
2). However, spraying with anisaldehyde reagenteatad the lower band
responsible for antimicrobial activity (Figure 38pde 4); activity of this band was
comparable with the control (Figure 32, controlptlB active bands were well
separated on the TLC plate and easily detectatiieran visible light (band with
R: = 0.15 after spraying with anisaldehyde reageni) ®oth visible and UV light
(band with R= 0.98). The decision was therefore made to isdla¢ bands from
TLC plates. Before the isolation experiment comneeln€C measurements were
taken to confirm the purity of both active bandege measurements demonstrated
that both active bands were relatively pure andeweable for isolation from
preparative TLC plates. According to the literafuhgs experiment constituted the
first application of the agar overlay techniqueT&iC plates to a hydrodistillate of

B. inquinans.

3.2.6.2 Isolation of antibacterial compounds framgarative TLC plates

After confirming purity with GC, isolation of biotice substances fronB.
inquinanshydrodistillate was performed using preparativeCTjhlates developed
in the solvent system toluene/ethyl acetate (95T two bands possessing
antimicrobial activity (R= 0.98 and a large band with 0.10-0.25; Figure 32)

were subsequently eluted from silica gel with ether
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Figure 32: Antimicrobial activity oB. inquinanshydrodistillate agains$. aureus

Solvent system: toluene/ethyl acetate (95:5); abntiprofloxacin 3.5 pg

Detection mode: (1) Visible light (agar overlaid HR) UV light 254 nm; (3) UV light 366 nm;
(4) Visible light (anisaldehyde reagent). For dstasee text.

GC and GC-MS analysis revealed that the isolatewd baith R = 0.10-0.25

contained hexadecanoic, pentadecanoic and linal@ds. Thus, the antibacterial
activity of this zone may be explained by the pneseof linoleic acid, whose
antimicrobial properties are well known [84, 85heTpresence of linoleic acid was

also confirmed by TLC, as can be seen in Figure 33.

Figure 33: Hydrodistillate dB. inquinanswith the reference substance linoleic acid. Sdlven
system: toluene/ethyl acetate (95:5). Detectionaneisible light (anisaldehyde reagent).
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GC-MS analysis revealed the presence of a moleautafM™] 202 in the active
band with R= 0.98 (Figure 38). Unfortunately, the eluate friims zone contained
several other compounds as impurities. Furthermosefficient quantities of pure
substance (M = 202 Da) were obtained for struatlueidation as a result of losses
during the purification procedure. As can be deducem the high Rvalue (0.98)
of the substance on the TLC plate, this unknownpmmd is apolar, i.e. it lacks
functional groups. An attempt was therefore madebtain sufficient quantities of
this substance for NMR analysis from pentane ameéreextracts (Figure 34).
However, none of the extracts obtained containedatlget compound.

Figure 34:B. inquinansextracts developed on silica gel TLC plates.

Solvent system: toluene/ethyl acetate (95:5). Dieteenode: UV light 366 nm.
(1) hydrodistillate; (2) pentane extract; (3) etbgtract.

Red arrows indicate the absence of antibacteriad bigor details, see text.

The absence of the 1202 compound in the pentane extract was alsogordpy
GC-MS, as can be seen from the total ion chromatodiTIC) in Figure 35.

The fact that this active substance exhibits gfrantibacterial activity and
was detectable only in the hydrodistillate suggéisé this unknown [M 202
compound is not a genuine constituent, but is pbsépormed by the fungus as a

defensive response to injury or calefaction.
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Figure 35: GC-MS oB. inquinanshydrodistillate (top trace) and pentane extract.

Peaks identified fronB. inquinanspentane extract:l] 1-octen-3-ol; (2)dran, 2-pentyl-; 3) 1,3-
diphenyl-2-one; (4) n-hexadecanoic acid; (5) limokid.

Arrow marks the missing peak for the antibactes@hpound.

Since attempts to isolate this compound from th€ Flate proved unsuccessful
with the standard solvent system (toluene/ethyl tadiee (95:5)) at room
temperature, a further attempt at isolation wasemaging semi-preparative silica
gel TLC plates developed in pure pentane at subtzgnperatures (—18 °C). This
technique is suitable for terpenes and permits ooy the separation of
hydrocarbons from oxygenated constituents but tiecseparation of compounds
within the terpene hydrocarbon group [86, 87]. @malene was chosen as a
reference (Figure 36) since this polar hydrocarf@m dye) normally permits the
differentiation of hydrocarbon and oxygenated coummb groups on the TLC
plate.

After development, the plates were immediatelyaged with distilled water
to prevent rapid drying and as a precaution agdhestcatalytic activity of the
silica gel. The target substance was easy to detdd¥ light at 254 and 366 nm
(Rf = 0.28). On exposure to room temperature, thiswrtdss band turned yellow-

red in visible light, thus indicating decompositiofhis method resulted in the
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successful isolation of 3.8 mg of the antibactecahstituent fromB. inquinans
hydrodistillate. The compound’s purity was examingd GC-MS (Figure 37),
which confirmed the isolated substance to be gaffity pure for further NMR

analysis.

(00| i o e g e e e e
2]
O

Figure 36:B. inquinanshydrodistillate (HD) developed on silica gel TL&Gies at sub-zero
temperatures (—18 °C) in pure pentaneB(@hquinansHD; (b) reference substance guaiazulene.
Detection modes: (1) UV light 254 nm; (2) UV ligbs6 nm; (3) visible light (anisaldehyde
reagent). An arrow marks the antibacterial compd({id] 202).
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Figure 37: Comparison of the total ion chromatografB. inquinanshydrodistillate (upper
trace) and the isolated bioactive compound<R.28, [M] 202)

——B. inquinansHD

——Antibacterial compound isolated fron inquinansHD
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3.2.6.3 Structure elucidation of bulgariafuran

Note: the numbering shown here follows the saméesysas used for bulgarialactones; this
system will also be used in the subsequent disouissi

While investigations on TLC plates suggested tloisy@ound was a hydrocarbon
(marked zone with R= 0.28, Figure 36), GC analysis nonetheless redeal
contrary result: the major deviation between Kov&ention indices (RI) on a
polar Carbowax and on a non-polar CP-Sil phase 02Z&B0 = 520 RI units)
proved the existence of a functional group in tmelecule. The MS spectrum
(Figure 38) showed a base peakrdt 202 (100%). Its molecular ion character is
supported by the presence of following fragmeni& 187 (M—15,—CHs), m/z
173 (M—=29) andn/z145 (M-57).
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Figure 38: MS spectrum of bulgariafuran isolatehfiB. inquinanshydrodistillate (R= 0.28)

As regards the presence of heteroatoms, one wasabkkclude sulphur, chlorine

and bromine since the spectrum lacks their spesifitope patterns. The molecule
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was therefore likely to contain oxygen: for a sengkygen, the formula would be
C14H150. This suggestion was confirmed by i@ NMR data, which revealed 14
carbon signals. The exact positions of all C-atevase detected directly from the
13C NMR spectrum (Appendix |, Figure 69). The mulitiiyy of carbon atoms and
their corresponding protons was assigned from HE&@& (Figure 40). Two peaks
(6 = 65.87 ppm and 15.24 ppm) were assigned to d ionurity, a stabiliser of
ether. Ten olefinic C-atoms were found in totalioating the presence of five
double bonds. Calculation of the double bond edenta(DBE = 6) proved the
existence of one ring in this molecule.

The results ofH NMR and**C NMR analysis are summarised in Table 6.
The completéH spectrum (Figure 39) shows nine protons in tieenatic § = 6-8
ppm) and olefinicd = 4.5-6.5 ppm) regions. Nine protons were alsamdowithin
the range ob = 0—2 ppm (aliphatic region). Three signals beltmgnol ¢ = 3.48
ppm,3 = 1.56 and = 1.21 ppm), a fact demonstrated by measuringth’MR

spectrum of pure ionol.

13C NMR (CD4sCN) Coatom | Structural 'H NMR (CD3sCN) | H,H-coupling
by 100.13 MHz, ppm element | by 400.13 MHz, ppm | constants, Hz
11.8q 14 —CH; | 3H, 0.86t 33414, 113= 7.5
20.1q 15 —CHs 3H, 1.01d 33415, H12= 6.7
29.8t 13 —CH— | 2H, 1.34m*
°Jn-12, H15= 6.7
38.7d 12 >CH— | 1H, 2.11n% 312 H11= 7.8
3Jh12, Ha3= 13.8
107.9d 4 =CH— | 1H, 6.320* 34 na=3.1
3 —
111.7d 3 —CH— | 1H, 6.37dc 3 ra= 3.1
Jn-3,H2= 1.8
118.9d 9 =CH— | 1H, 6.30dd* *Jio ne= 14.8
128.1d 7 —CH— | 1H, 6.71dd Sh.ne=107
' - T 3JH_7, nHe=14.5
3
Jn-10, H-9= 10.4
128.8d 10 =CH— | 1H, 6.09dd ,
zJH—lO, H-11= 15.0
_ _ JH—8, Ho=14.8
130.4d =CH 1H, 6.31dd* e o= 10.7
134.1d =CH— | 1H, 6.31d* 36 nr=14.5
3
Jn-11, H12= 7.8
141.7d 11 =CH— | 1H, 5.6dd ,
3Jh11, H10= 15.0
141.9d 2 =CH— | 1H, 7.35d 3o Ha=1.8
153.6s 5 >C= —

Table 6: NMR characteristics of isolated bulgariafuan

* Indicates overlaid signals or multiplets that lwbnot be analysed.
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Detailed NMR analysis was started on the methyugr@-14, whose signal was
split into a triplet by the neighbouring methylegreup CH— (H-13) €Ji.14. 113=

7.5 Hz), a fact confirmed by COSY measurements thaher revealed the
coupling of CH— (C-13) to the methine group GHH-12). Besides H-13, COSY
analysis also discovered two further coupling padnof this methine group,
namely CH— (H-15) and=CH— (H-11), which lead to the formation of a
multiplet of the H-12 proton. The coupling constaof H-12 with H-15 and H-11
could be deduced directly from these partners, adsethe interaction with H-13
was an approximate calculation offered by the aagptonstant analyser within
the MestRec software application. Based on COSYyaisaand coupling constant

values, the following partial structure was therefdetermined:

The chemical shifts values for C-14 (11.8 ppm), {29.8 ppm), C-12 (38.7
ppm), C-15 (20.1) and C-11 (141.7 ppm) offeredhfeirtevidence in support of this
partial structure [82].

Further analysis of the COSY spectrum confirmed #econd coupling
partner of=CH— (H-11) as=CH— (H-10), whose signal appears in tti&t NMR
spectrum as a characteristic double doublet (Fig@jegenerated by its couplings
with two neighbouring protons: H-11 and H-39H(1Q h-11= 15.0 Hz andJH_lo, H-9 =
10.4). The proton H-9 forms a double doublet overtay the single proton H-6.
Two vicinal coupling constants were observ%]d':g, h-10 = 10.4 Hz ano*JH_g, Hg =
14.8 Hz. The H-8 signal also appears as a douhlblet although partly overlaid
with the H-4 signal:
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COSY analysis was also successful in identifying lds the second coupling
partner of H-8 (besides H-9). The signal of the H&thane group is represented
as a double doublet with the coupling constdd{s n.s = 10.7 Hz anddy.; ne =
14.5 Hz. The H-6 proton was also found by analyshegCOSY spectrum: it is a
single proton, whose signal is overlaid by H-9 amast be split into a doublet, as
could be deduced from the H-7 signal splitting.atl6opm.

Thus, by combining the results of COSY analysig @@ coupling constant
analyser provided by MestRec, it was possible ttabdish the following
substructure increment, which was also supportethéyH/**C HMBC spectrum

correlations (see also Appendix I, Figure 70 argifé 71):
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COSY:

HMBC:

Since the single proton H-6 only shows a doubtetuced by the adjacent H-7 and
no other major coupling constants, it was suppdsatits neighbouring C-atom is
quaternary, i.e. not possessing hydrogen. HMBC yamal permitted the

identification of this atom as the olefinic C-at@v5 © = 153.6 ppm), possessing

the following**C-'H correlations:

The C-6/C-5 connection is also supported by COS¢spm data, which show an
allylic coupling between H-6 and the olefinic H&%£ 6.32 ppm), and an HMBC
correlation between H-4 and C-5. The correlatiorHef to H-4 and to C-5 also
accords well with the proposed structural elem#rg;same holds true for the H-
4/C-5 coupling (HMBC). The olefinic proton C-4 appe as a partly-resolved
doublet with the coupling constant 3.1 Hz. As can dathered from COSY
spectrum data, the coupling partner is the adjasiefinic proton H-3 {u.a. ns =

3.1 Hz), which is recognised as a double doublet:
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The second coupling partner of H-3 was identifisdHa2 (see graphic above); its
signal is split into a poorly-resolved broad dotbf®., s = 1.8 Hz). This
structural increment was in accordance with the €@&d HMBC correlations, as
illustrated in the above graphic. H-2 is attachedhie olefinic carbon C-2, which
still had an open bond. An identical situation wligscovered at C-5. According to
the DBE (6), this molecule must contain one ringac& no further C-atoms
remain, but only a single oxygen, the structuretled molecule can only be
completed by forming a furan ring, with oxygen ined between C-2 and C-5.
Several facts corroborate the furan ring struct@e and C-3 chemical shifts
accord well with the furan ring structure as giverthe literature [82]; the same
holds true for the coupling constarith., 1.s and®Jas 1.4 [82]. In addition, the
mass spectrometric fragmentation also agrees hatlptoposed furan structure, as
it clearly shows the characteristic fragmeniz 81 of this compound in great

abundance (Figure 38). This fragmentation can Ipéaaed as follows [88, 89]:

+eo + +
@) @) O
C XR 7 \C./\R 7 N .
\ / - Y 2 N _ TR
b J m/z 81

The last part of this analysis focuses on the igardition of the double
bonds. In the furan ring, the situation is cleas: expected, proton H-3 shows
interference with both H-2 and H-4 in the NOESY &pe The olefinic proton
coupling constants in the double-bond region ofdide chain range between 14.5

and 15.0 Hz, which presents a strong argument ti@nes-configuration.
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This proposition was confirmed by the NOESY data: correlation was
observed between the protons of each double bamdjeanonstrated by the

following graphic (top graphic, the lower graphropdes a numbering reference):
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Figure 39: Proton NMR spectrum of bulgariafurami. inquinanshydrodistillate. For naming, see text.
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Figure 40: HSQC NMR spectrum of bulgariafuran issdiefromB. inquinanshydrodistillate. For naming, see text.
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For this new natural compound, the name bulgamafus suggested. As mentioned
above (see Section 3.2.6.2), this bioactive substamas detected only in the
hydrodistillate and was entirely absent (even tia@ constituent) from both pentane
and ether extracts. This fact, together with th@®ngf antibacterial activity (see
Section 3.2.6.1) of bulgariafuran suggests thatay be formed from 1-octen-3-ol (a
primary component of the pentane extract) or frarigérialactone D as a defensive
response to calefaction. However, further invesibgais required to confirm the
mechanism of the transformation pathway.

Structurally, bulgariafuran is similar to dendsita dehydrodendrolasin,
perillene and rosefuran: these substances arempbass that belong to the class of
furano-sesquiterpenes and have been isolated fisetts, marine animals and plant
species [90, 91, 92, 93]. Although further work resquired to determine the
biogenetic precursors of naturally occurring furderivatives, some evidence

suggests the suitability of p-unsaturated carbonyl compounds for this role [90].

3.2.7 Volatiles ofBulgaria fruit bodies
3.2.7.1 GC-MS analysis of the hydrodistillate

Identification of compounds was performed by conmgarthe mass spectra with

those given by several electronic libraries. Adahally, retention indices of reference
compounds were used, and co-injection of commdyeaafailable standards was also
performed.

The results of these GC-MS analyses are summainsegjure 41 (TIC) and
Table 7. Overall, a total of 16 constituents welentified, representing 78.76% of all
volatiles. As can be seen from Table 7 (FID), thajan components of this
hydrodistillate are n-hexadecanoic acid (~16%)plérc acid (~19%) and linoleic
acid ethyl ester (~10%; all figures are proportiofithe total hydrodistillate). As a
result of strong peak overlaying in TIC, only FlI2rmitted the determination of
exact amounts of these substances. The antibacehbistance bulgariafuran yields a
quantity of about 3% (FID); the proportion [&f(—)-1-octene-3-ol is ~4% (FID).
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No typical volatiles of either the terpene or thkepylpropanoid group were
encountered in thiB. inquinanshydrodistillate. Instead, the majority of volatilas
those derived from fatty acid metabolism.

Dry column pre-fractionation on silica gel was fpemed to detect minor
compounds and to separate overlaying peaks; tbiseps resulted in two fractions.
Fraction 1 was eluted with pure pentane in ordegam the apolar hydrocarbon
group (Figure 42). This fraction contained somedantified substances, possibly
impurities from silica gel (region from 4 to 6 mindgether with bulgariafuran. It is
extremely interesting that the hydrocarbon frac{ieraction 1) is represented only by
a single compound bearing a furan ring, namely drnidgduran (2.84% FID). The fact
that this constituent appears in the hydrocarbawtitsn indicates that it is highly

apolar, despite the presence of a heteroatom.
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Figure 41: GC-MS chromatogram (TIC) Bf inquinanshydrodistillate
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GC-MS GC-FID
Peak Substance Retention Kovqts TIC, Identified Retention
Nr Time retention o [M+] by Time %
index 0
1 Hexanal 2.16 - 321 | 100 EI-MS 6.33 2.30
2 1-octen-3-on 4.27 954 0.61 126 EI-MS/RI 18.34 0.29
3 4 EI-MS/RI/ Co-
R-(-)-1-octen-3-ol 4.43 963 9.53 128 ~ ) 19.30 4.23
4 Furan, 2-pentyl- 4.61 978 0.54 138 EIMS/RI 21.56 0.23
5 2-Nonenal 7.16 1136 047 140 EMMSRI 22.43 0.27
6 2-Undecanone 9.27 1271 0.88 170 EMMSHRRI 30.77 0.20
7 2,4-Decadienal 9.58 1293 156 150 EFMS/RI 32.34 0.48
8 Massoia Lactone 11.73 1441 | 0.82 | 168 E".M.S/F:.' [Co- 40.60 0.27
injection
9 Unknown 12.62 1505 6.73| 178/ Erms 42.03 1.64
10 Bulgariafuran 14.61 1661 12.4|  202| E-MS/NMR 45.52 2.84
11| l3dphenyi-2- |55, 1739 | 121| 210 EHMSRICo | 5354 | 407
propanone injection
12| Tetradecanoic acid ~ 15.55 1744 139 228" WSRO | 57.47 0.82
13 | Pentadecanoic acif  16.07 1846 a3 2aF"SEITT | 60.68 0.92
14 n-Hexadecanoic El-MS/RI /Co-
acid 17.98 1965 24.60 256/ - jiocton 63.18 15.66
15 . . . EI-MS/RI Co-
Linoleic acid 19.60 2127 280 injection 69.31 19.29
16 L'”O'e'ecs";‘g'rd ethyll 1967 2134 | 33.10| 308| EVSRI 71.08 9.98
17 O'e'cei‘;'; ethyl 19.76 2143 310 EI-MS/RI 71.08 2.74

Table 7: Chemical composition oB. inquinans hydrodistillate

Fraction 2 was refluxed with ether and containedyraater number of polar

(oxygenated) compounds (Figure 43). In total, t@pounds of Fraction 2 represent

75.92% (FID) of the totaBulgaria volatiles, a far higher proportion of volatiles tha

found in Fraction 1.

composition of a hydrodistillate frol. inquinansfruit bodies. As can be seen from

The present work constitutes the first investatiof the chemical

Table 7, two interesting and unusual compounds wdgatified in theBulgaria

hydrodistillate: massoia lactone (8) and 1,3-dipth&apropanone (11).

90




20e7 A

1.0e74

L \J [ o
frzdﬁ %00 S0h i oo " 40 160 12.00 2000

1.0e74

10
20671

—
X

Figure 42: GC-MS chromatogram (TIC) Béilgaria hydrodistillate (top trace) compared with that
of Fraction 1 (for details, see text).

Peak numbers reference the corresponding substanoe3able 7.
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Figure 43: GC-MS chromatogram (TIC) Béilgaria hydrodistillate (top trace) compared with that
of Fraction 2 (for details, see text).
Peak numbers reference the corresponding substiinoe3able 7.
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Massoia lactone was originally isolated from therkbaf the Massoia tree
(Cryptocarya masso)a[94]. This substance, which is used as a coctlauburing,
has also been identified in methanol extracts dml d@ssential oil oBaccharis
magellanicaand B. elaeoidedeaves. The essential oil obtained from both gzeci
contains about 9.2% massoia lactone and showsitgcigainstS. aureus[95].
Massoia lactone also exerts a sedative effect; Wenveherapeutic use of this
substance appears dubious since the effectiveislatese to the toxic dose [96]. The
second compound, 1,3-diphenyl-2-propanone (4.3%),RHa chemical commonly
used to add flavouring or fragrance by the foodustdy, but is not referred to in the
literature as a naturally-occurring substance [93ince contamination of the
hydrodistillate by the introduction of this substarcan be excluded, the present work
Is the first research to demonstrate that 1,3-dipk2-propanone is a natural

compound.

3.2.7.2 Determination of the enantiomeric ratio¥fescten-3-ol
As shown by the GC-MS chromatogram (Figure 35, lotnece, Peak 1), 1-octen-3-

ol — also known as mushroom alcohol — is the domicampound irB. inquinans

pentane extracts. TLC analysis (Figure 44) alsdicos that 1-octen-3-ol is a main
component oBulgaria ether extracts.

In order to estimate its enantiomeric compositibrgcten-3-ol was isolated
from a pentane extract on a preparative TLC plaeeldped in a toluene/ethyl
acetate (95:5) solvent system and analysed by GC{M§ure 45). Following
isolation, 1-octen-3-ol was transformed into a THK#ifluoroacetic anhydride)
derivative, which was then analysed by GC on aatlsiiationary phase LIPODEX®
E (octakis-(2,6-di-O-pentyl-3-O-butyrylcyclodextrin). The derivatisation process
is described in Section 5.6.8.1. Note: although igdnas published a standard
method for the derivatisation of 1-octen-3-ol, asrtuseful simplifications were
achieved in this process by the present reseassh $ection 5.6.8.1) [98, 99]. The
derivatisation technique used also combines elesné&ptn a sample preparation
method proposed by Tsutsuetial [100].
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Figure 44B. inquinansextracts developed on a silica gel TLC plate.
Solvent system: toluene/ethyl acetate (95:5). Dieeenode: UV light 366 nm.
(1) hydrodistillate; (2) pentane extract; (3) etbgtract.

Yellow arrows indicate 1-octen-3-ol.
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Figure 45: MS spectrum of 1-octen-3-sblated fromB. inquinangpentane extract (Figure 44,
mode 2)
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The first step was to use GC to analysger)- and R-(—)-1-octen-3-ol standards as
TFA derivates, in order to establish their retemtiones (RT). The standards were
injected both separately (Figure 46) and as a mextatio 6:3) (Figure 47).
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Figure 46: GC chromatogram of 1-octen-3-ol stanslarda chiral stationary phase:
— — —S(+)-1-octen-3-ol
——R-(-)-1-octen-3-ol
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Figure 47: GC chromatogram of 1-octen-3-ol enangiomixture §R) (standards), ratio 6:3

For enantiomeric ratio determination of 1-octenk3egperimentation showed that it

was unnecessary to isolate this substance fronmBthgaria pentane extract: for

derivatisation, the crude pentane extract was @s®h analysed in the same way

using a chiral GC column. To confirm the resultsaoied, the pentane extract was

co-injected with thér-(—)-1-octen-3-ol standard (Figure 48). No deviatweas found.

As is clearly shown by Figure 48, the result isniitsal to that found for the
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hydrodistillate: both the hydrodistillate and pergaextract ofBulgaria contain 1-
octen-3-ol enantiomers in &hto Sratio of 99:1.
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Figure 48: Detection dR-(—)-1-octen-3-ol in 8. inquinangpentane extract on a chiral phase
——B. inquinangentane extract
— — —B. inquinangentane extract co-injected wit(—)-1-octen-3-ol (standard)

It was therefore established thH&{(—)-1-octen-3-ol is both the dominant enantiomer
within the B. inquinanshydrodistillate and the dominant substance in tbetgne
extract (Figure 35); this accords with the factttRaoctenol is a characteristic
compound that has been isolated from many fungsiepeTheS enantiomer, on the
other handjs not so widespread in nature; it has been disedvéen Pycnoporus
cinnabarinusby Campos and apparently possesses a vegetabledi@ur [101].
There may be a simple reason for the prepondem@niReoctenol in nature, sindé-
octenol performs two highly contrasting yet veryportant biological tasks in fungi.
First, in low concentrations, it attracts a greatariety of insect species th&h
octenol; second, some fungi species produce higitesdrations ofR-octenol to
defend against mycophagous insects [102, 103, 10%]. Moreover, the latter fact

may explain whyB. inquinands apparently never colonised by any insect sgecie
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The studies oB. inquinansvolatiles may be summarised as follows:

Fruit bodies ofB. inquinanswere found to produce traces of volatiles, the
composition of which was investigated for the fitehe. A total of 16
substances were identified by GC-MS analysis coetbwith the co-injection
of standards and the comparison of retention irsdice

Major volatile compounds are n-hexadecanoic acifl6%), linoleic acid
(~19%), linoleic acid ethyl ester and oleic acidygester (10%; all figures are
proportions of the total hydrodistillate)

A new antibacterial substance, bulgariafuran, waslated from the
hydrodistillate by preparative TLC (~3% FID). Butgduran was detected
only in the hydrodistillate (and not present in thentane extract) and
possessed strong antibacterial qualities. Accolging) is possible that the
substance is not a genuine constituent, but isigggsrmed by the fungus as
a defensive response to damage or calefaction.

Bulgariafuran and linoleic acid are the substancesponsible for the
antibacterial activity exhibited by thgulgaria hydrodistillate
R-(-)-1-Octene-3-ol (~4%) was determined as the danti enantiomer by
enantioselective GC; it was also the main comporanthe B. inquinans
pentane extract and is a possible precursor ofbaligiran.

Finally, the present work is the first researchidentify 1,3-diphenyl-2-

propanone as a naturally-occurring substance
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3.2.8Cytotoxicity of Bulgaria extracts

The determination of cytotoxicity is a standard ge@ure and necessary in cases
where a new substance with antibiotic propertiedisgovered. It is essential that
cytotoxicity is very low. Experiments conducted $tadleret al have described the
cytotoxicity of bulgarialactones as moderate: tlig, towards murine L1210 cells
(lymphocytic leukaemia) was found to be 10 pg/n@][$owever, these experiments
were conducted using bulgarialactones isolated froygelial cultures and used a
murine cell line (as noted above): the presentarebetakes a different approach,
utilising dried ether and methanol extracts, arsting cytotoxicity against human
bladder cancer cells. Note that both extracts tleémas exhibit strong antibiotic
activity, with the ether extract also exhibitingehaolytic capability.

Cytotoxicity determination foBulgaria extracts was carried out using a human
bladder cancer test system (cell line 5637). Fm éperiment, dried methanol and
ether extracts were used. Both extracts were dilutddMSO. The first dilution was
200 mg/l and this solution was then successivelyteti in seven further dilution
phases (dilution step 1:3). Controls were pure DM& etoposide, diluted in
DMSO at a concentration of 0.32 mg/l (see Secti@m). The human bladder cancer
cells were then incubated and cytotoxicity was mess$ using a special method
incorporating the neutral red test according to Wéefmethod is patented, no further
information available).

Results from the investigation &. inquinansether extract cytotoxicity are
shown in Table 8. The second and third column eorfigures showing the activity
of the pure medium (control) and the medium mixéith WMSO (solvent control).
Extract dilutions with an intact cell count of lefmn 75% are to be classified as
toxic. Only average values should be considereth®definition of cytotoxicity.

The cytotoxic studies classify tH& inquinansether extract as toxic. At a
dilution equal to etoposide (0.3 mg/l), the ethgtract shows stronger cytotoxic
activity than etoposide itself. The J&Os approximately 1Qug/ml while the 1G, is
approximately 0.8 pg/ml: the strong cytotoxicitypsobably due to the presence of
azaphilones.
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Ether extract dilution
Medium/ id
DMSO Etoposide

1.125% 0.32 mg/l

Medium

200 mg/l 64 mg/l 22 mgl/l 7.4 mg/l 2.5 mg/| 0.8 mg/l 0.3 mg/l

100.88 | 53.78| 8313 00d o000 0.0 Mot | not | not
given | given | given

97.01 | 48.15| 77.15| 0.00 0.00 0.0Q0 8.79 2496 50.42-75

70.83

10439 | 50.97| 77700 000 000 0.00" | 28.82| 5958 76.45
Intact given
cells,% | 9982 | 5870/ 8559 00d 0.00 o.cog?voetn 34.45| 61.69 77.86
10439 | 56.94| 8172l 00d 000 000 10 18?\/0;” 65.20| 78.91
93.50 | 54.13| 77.15| 0.00 0.0 o.cog?voetn 28.82 | 56.06| 75.75
Average | 100.00| 53.78] 82071 00d 000 040 949 2926 58.39.92
Average 2 76.89 82.07 24.75
Standard 351 | 395| 000/ 00d 000 070 338 504 255
deviation

Table 8: Determination of cytotoxicity of B. inquinans ether extract

Cytotoxicity was tested with human bladder canedisc

A count of intact cells was used as a measurexititp. Extract dilutions with an intact cell count
of less than 75% are classified as toxic. No intatis were found at a dilution higher than 22 mg/I
Note: dilution levels of 200 mg/l, 67 mg/l and 23/inare not relevant for classifying an extract as
toxic, nor do they exclude its subsequent use aahiotic. For details, see text.

As indirect proof of the cytotoxicity of th&ulgaria ether extract due to its
azaphilone content, a methanol extract was alsedeshis extract contains only
traces of azaphilones (no yellow fluorescence in 886 nm or characteristic red
colour in ammonia vapour and agar media were cedeat TLC plates) (Figure 49).
The cytotoxicity test classifies the methanol esttras only slightly toxic (Table 9).
Since this experiment only revealed a weak toxiectf it was therefore possible to
conclude that azaphilones are the cytotoxic ageiitsn the Bulgaria ether extract.
While the methanol extract showed strong antib&dtactivity againstS. aureusas
also seen in the ether extract, the mechanism isfattivity clearly depends on
substances belonging to compound classes otheadaahilones.
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Figure 49: Comparison of azaphilone conter®.imnquinansether and methanol extracts
Solvent system: toluene/acetone (7:3)

Detection mode: (A) UV light 366 nm; (B) visiblght after reaction with ammonia vapour
(1) Ether extract; (2) methanol extract.

Methanol extract dilution

. DMSO | Etoposide
Medium | 1 15504 |0.32 mg/|

200 mg/l | 64 mg/l | 22 mg/l | 7.4 mg/l| 2.5 mg/l| 0.8 mg/l| 0.3 mg/l

97.99 | 50.41| 76.51| 0.00 19.70 87.87 101.GM.62| 9852 99.23
96.57 | 45.44| 86.09] 0.00 2645 8574 97/10 1001.86.33| 94.62
Intact 104.73| 50.77| 88.22] 0.00 24.67 87.87 101.120.30| 99.59 | 95.33
cells,% | 103.31| 50.06] 84.32] 0.00 2254 83p5 102.482.43| 96.75| 93.55
105.80 | 51.12| 8290, 0.00 25.38 87.87 98|17 10R102.43) 94.62

91.60 | 46.15| 74.38| 0.0( g?voén 85.74| 96.04| 89.29 89.20 93.55
Average | 100.00 | 48.99) 82.07| 0.00 23.75 86.39 99|41 98.34 9895.95.15
Average 2 74.50 82.07 71.43
dsé"i‘/?{izg 229 | 500 | 000 239 170 242 482 410 1/93

Table 9: Determination of cytotoxicity of B. inquinans methanol extract
This table illustrates the low cytotoxicity of tiBulgaria methanol extract, presumably due to the
very low azaphilone level. For further explanatiosese Table 8
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The results of bioactivity studies & inquinanscan be outlined as follows:

« B. inquinansexhibits the strongest antimicrobial activity argothe thirty
species of fungi tested

« Both extracts examined (ether and methanol) exubitvery strong
antibacterial activity in tests witls. aureus as was also the case with the
hydrodistillate. Strong cytotoxic and haemolytidiaty was shown by the
ether extract, with the methanol extract displaywgak cytotoxicity. Such
antibacterial, haemolytic and cytotoxic biologicadtivities as shown in the
Bulgaria ether extract are likely to be dependent on thesgmce of
azaphilones (bulgarialactones B and D).

» The present research represents the first occasiowhich the antibacterial
activity of aB. inquinanshydrodistillate was determined by the agar overlay
technique on TLC. This activity was ascribed to temecific compounds:

bulgariafuran and linoleic acid.
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3.3 Investigations ofMeripilus giganteus

3.3.1 Taxonomy ofMeripilus

While the foundational fungi database lists 8 dédfe Meripilus species, onlyM.
giganteusoccurs naturally within Europe [131]. Note thag ttDictionary of fungi”
accepts only five separakderipilus species [24]. A number of synonyms have been
coined for M. giganteus (teleomorph name, anamorph connections unknown):
MycoBank offers a compilation [131]. The better-amo synonyms ofMeripilus
giganteus (Pers.) P. Karst. includ8oletus giganteudPers. (Basionym)Grifola
gigantea (Pers.) Pilat andPolyporus giganteugPers.) Fr. Trivial names include
Riesenporling (German), Polypore géant (French)@iaaht Polypore or "Rooster of
the Woods" [106, 107, 108, 109].

Phylum: Basidiomycota

Order: Polyporales

Family: Meripilaceae

3.3.2 Biological characteristics oM. giganteus

Fruit body: Cluster 50-80 cm broad or more; individual cap(bcm across, fan-
shaped, smooth, whitish becoming brownish with axfeen radially streaked and
concentrically zoned; the margin thin; pore surfadgtish, rapidly becoming dirty
tan and then bruising black when bruised or cutepsmall (3—-5 per mm); tubes to 1
cm deep; stem whitish, tough, short, usually ldtdtash white, soft and fibrous
(Figure 50). Aggregates of caps can be up to 1 ciameter and 70 kg fresh weight.
Hyphal structure monomitic; generative hyphae laglilamps.

Taste/odour. Mild, slightly sour. Edible. Like many polyporeg,is one of those

species for which allergies in some individualsragorted. Mild odour [110, 111].
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Figure 50: Fruit bodies d¥l. giganteuggrowing in a habitat near Pinneberg (Germany)

Microscopy and spore print Microscopic investigations oM. giganteusfruit
bodies harvested for the present work showed nolméainysmooth, thin-walled and
broadly elliptical spores (4% um) (Figure 51, A). Subhymenium hyphae are thin-
walled, 3—4 um wide (Figure 51, B). In trama, hyplaae unbranched or sparingly
branched, strongly thick-walled (skeletal hyphagy,to 9 um wide (Figure 51, C).

These major microscopic features accorded well thighliterature [110, 111].

Figure 51: Microscopic preparation . giganteus
(A) spores; (B) subhymenium hyphae; (C) skelet@hae in trama. For details, see text.

Ecology and habitat Parasitic on living hardwoods and saprobic ondbéad wood
of hardwoods; causing a white rot. This fungus grow large clusters of rosettes

near the bases of trees; often reappearing iname place in subsequent years. Can

102



be found at the base of deciduous trees or stumpsnee distance from them arising
from the roots, usually on beech but sometimes @isoak.

Seasonautumn, annual.

Occurrence Frequent.

Distribution : as a circumboreal distribution in the northermrisphere.

3.3.3 Chemical composition and bioactivity- an overview
Articles about the bioactivity and chemical constrits ofM. giganteuswere scarce
in the literature.

Seeger and Beckert discovered that the quantitgaafnesium in dried fungus
ranges from 1470 to 2240 mg/kg. Fresh fruit bodiestain 160-270 mg/kg of
magnesium [112].

Results obtained by Slovenian scientists show Matgiganteustends to
accumulate K, P, N, Ca, Mg and Na independentiynfimoth its ecologic group
affiliation and its habitatM. giganteuswas also found to be a superaccumulator of
iron [113].

A homologous series of odd-numbered n-alkanesbkas identified in fruit
bodies ofMeripilus. The presence of an unusually high content of -@ashon n-
alkanes was also confirmed by column chromatographyilicic acid, preparative
TLC on silica gel, IR-spectroscopy and gas-ligthdoenatography [114].

A mixture of saturated and unsaturated fatty aisdsund in methanol extracts
of M. giganteus(Figure 52), as was ergosterol-5,8-peroxide; ltbhénlatter and the
fatty acids were identified as immunosuppressiviacgles [45, 115]. However,
when tested for immunosuppressive activity in ded#nt assay system, various
extracts ofMeripilus were not active, in contrary to the pure substaifEggire 52)
[116]. In these experiments, the assay was baséueasbility of the extract to inhibit
the binding of endotoxin to CD14ells and to influence LPS-induced release of
proinflammatory cytokines (IL{}, IL-6, TNF-u), regulatory cytokines (IL-2, IL-4,
IL-10, IFN-y) and the release of reactive oxygen species; thesehysiological
responses consistent with hypersensitivity reastisach as asthma.
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Other authors reported on a homologous seriegdraigkt-chained saturated
hydrocarbons with 22-26 and 29-32 C-atoms occurimdMeripilus. docosane
(CaoHye), tricosane (GzHag), tetracosane (fHso), pentacosane (gHs,), hexacosane
(CoeHss), nonacosane (GHeo), triacontane (&Hs), hentriacontane ({Hsas),
dotriacontane (§Hgg) [45, 115].

0]
-(CH,)16CH3 HOJ\/\/\/\/:\/—\/\/\

HO
29 30

41

Figure 52: Compounds identified M. giganteusnethanol extract

Stearic acid (29), linoleic acid (30), oleic acRlL), lauric acid (32), margaric acid (33), arachnic
acid (34), myristic acid (35), lignoceric acid (3®entadecanoic acid (37), lauroleic acid (38),
palmitic acid (39)p~linolenic acid (40) and ergosterol-5,8-peroxide)(4
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The enzyme with galactanase activity and its cDNguence fronM. giganteuscan
be used in components for the digestion of mateealed from plant cell walls in a
number of industrial applications, such as deteésgdaood and feed additives, and the
production of wine or juices [117].

A dichloromethane extract of. giganteusdisplayed activity againsB.
subtilis E. coliandC. albicang[40].

A crude methanol extract froMeripilus was shown to have significant
cytotoxic activity against a murine cancer celeli@LL (Lewis lung carcinoma), with
an |Gy of 19.8 + 2.6 pg/mi [38].

3.3.4 Detection of bioactive compounds iNleripilus extracts
3.3.4.1 Determination of haemolytic TLC zones imegtextract

A literature review revealed no studies concerrting haemolytic activity oM.
giganteus and appropriate experiment was therefore condudietails of this
haemolytic activity test (blood gelatine) have athg been discussed in Section
3.2.4.1. For technical details, see Section 5.7.3.

Three clear haemolytic zones were observed o tlieplate: their Rvalues
were found to be 0.24, 0.33 and 0.45 (Figure 53Jeri). When comparing results of
this blood gelatine test plate with the parallelCTplate sprayed with anisaldehyde
reagent and acquired in visible light, it was polesto establish the exact position of
two bands: active band with R 0.45 and band with{R 0.31. It was not possible to
assign the third haemolytic zone; (R 0.24) to a distinct zone on the parallel TLC

plate. No isolation was therefore attempted.
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Figure 53: Haemolytic activity d¥l. giganteusether extract (blood gelatine test)

Solvent system: trichloromethane/toluene/metha8dl. {)

Detection mode: (1) visible light (blood gelatinate); (2) visible light (spraying with anisaldeleyd
reagent); arrows indicate the position of the hdgheobands (for details, see text). The third
haemolytic zone could not be clearly assigneddisi@nct zone on (2).

3.3.4.2 TLC zones with antibacterial activity

The agar overlay method was applied to establisiezaovith antibacterial properties
for further isolation in théMeripilus ether extract (Section 5.7.2). A TLC plate with
an applied extract was developed in the solventesydrichloromethane/toluene/
methanol (8:1:1), then dried and covered with a layer of warm agar containing an
inoculum ofS. aureus

On evaluation, the results showed the presencentyf one clear zone of
bacterial growth inhibition, corresponding to themd with R = 0.31 (Figure 54) on
the plate sprayed with anisaldehyde.

While collecting the fungus and conducting theraotion procedure, it was
noticed that fruit bodies dfleripilus blacken fairly rapidly. To determine whether
this phenomenon is associated with the formatioargf antibacterial compounds —
which may serve as defence mechanisms — a serigscafbiological experiments

with Meripilus ether extracts were carried out.
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Figure 54: Detection of bacterial growth inhibitipones on TLC plates (agar overlay technique) in
M. giganteusether extract (for details, see text).

Solvent system: trichloromethane/toluene/methan®i1:{); control: ciprofloxacin 3.5 pg.
Detection mode: (1) visible light (agar overlaidraxt); (2) UV light 254 nm; (3) UV light 366 nm;
(4) visible light (spraying with anisaldehyde reage

Two different kinds of ether extracts were therefprepared. The first extract was
obtained from freshly collected fungi, while theceed was prepared from fungal
material that had been mechanically damaged andebgosed to air at room
temperature until the fruit bodies blackened. Bettiracts were then tested for
activity againstS. aureus As can be seen from Figure 55, there is an olsviou
difference between the activities in each extracly the extract from blackened
fungus exhibits any antibacterial activity. As ddsed above, the zone of bacterial
growth inhibition matched the band with R0.31: however, this bioactive band was
not found in an ether extract prepared from freah bodies. Clearly, the compound
responsible for antibacterial activity is formedeafthe fungus suffers mechanical

damage.
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Figure 55: Detection of bacterial growth inhibitipones on TLC plates (agar overlay technique) in
M. giganteusether extracts (for details, see text).

(A) Ether extract from blackened fruit bodies, @her extract from fresh fruit bodies

Solvent system: trichloromethane/toluene/methasidl:{)

Detection mode: (1) visible light (agar overlayraxt); (2) UV light 254 nm; (3) UV light 366 nm;
(4) visible light (spraying with anisaldehyde reage Yellow and black arrows mark the
antibacterial band; red arrows indicate the abseht®e antibacterial band.
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3.3.5 Isolation of antibacterial substances fromMeripilus extract

The isolation of the antibacterial zone from teripilus ether extract was carried
out on preparative TLC plates developed in the edlv system
trichnloromethane/toluene/methanol (8:1:1). The banth R = 0.31 in Figure 55
(detection mode: 4) was eluted from the plates pitre ether. Due to losses incurred
during the purification process, only approximatélymg of this compound was
obtained from théMeripilus ether extract (prepared from 2 kg of fungus). rideo to
increase the yield for structure elucidation, thitg#her extractions were carried out.
Each isolated portion of the antibacterial compowras first tested separately (MS
and'H NMR) in order to prove the identity and antibaigtecharacter of the isolated
substances. Overall, the extractions yielded d tdta.5 mg of isolated antibacterial

compound.

3.3.5.1 Structure elucidation of meripiluslactone

4 3 IUPAC: 8-[(1E,32)-undeca-1,3-dien-1-ylJoxocan-2-one

Note: the numbering shown here follows the sam&ryss used for bulgarialactones; this system
will also be used in the subsequent discussion

Once isolated from TLC, as described above, thenahtal composition of this
compound was determined by fast atom bombardmen{fA8) (MNBA matrix)
analysis and TOF. The normal El mass spectrum pgct®l in Figure 56. The
molecular pealkn/z278 fits with the supposed elemental compositi@gs.0..
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From the chemical formula suggested for the molcion, it was possible to
estimate that doubleond/ringequivalent is equal to 4. The results'ef and *°C
NMR spectroscopy are given in the Table 10.
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Figure 56: EI MS spectrum of meripiluslactone isetafromM. giganteusether extract (R= 0.31,
Figure 55, 4)

The °C spectrum (Appendix |, Figure 72) reveals 18 Gvao which is in
accordance with the molecular formula. The spectaisa shows three double bonds,
one of which is a carbonyl function (C=0). Conseatlye this molecule possesses
one ring.

From the HSQC spectrum obtained (Figure 58), it ywassible to assign
associated protons to all 18 C-atoms and thus dsdbeir multiplicity. NMR data
analysis revealed the presence of two double b¢@d€) betweerds = 127.7 and
135.7 ppm, one >C=0 group &t= 177.6 ppm and a tertiary carbon (>gHato =
72.9 ppm. The chemical shift of the latter suggesisadjacent heteroatom, i.e.
oxygen.

The overall'H spectrum (Figure 57) reveals the presence obtbps (H-9 to

H-12) in the olefinic regiond(= 4.5-6.5 ppm), while 25 protons were locatechi t
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aliphatic regiond = 0-2.5 ppm). The range froén= 0.5 to 2.5 ppm encompasses a
well-separated methyl group (H-19 at 0.89 ppm) androad, intense signal
comprising seven CH groups (H-5, H-6, H-14, H-15, H-16, H-17 and H;18s can
be gathered from the expansion in Figure 57. Oolatesd proton signal was found at

0 =4.16 ppm (CHO region), which was split to a quadruplet.

"H-NMR (CD sCN)

13 .
C-NMR (CD3;CN) C- Structural H,H-coupling
NI by 100.13 MHz, ppm atom element by 408;2 MHz, constants, Hz
1 14.0q 19 —CH3 3H, 0.89%t S‘JH.lg, H-18= 6.9
2 22.5s 17 —CH— 2H, 1.24-1.4r m
3 24.6t 4 —CH— 2H, 1.63m
4 25,3t 6 —CH— 2H, 1.24-1.43rm
5 27.7t 13 —CH— 2H, 2.17m
6 28.9t 5 —CH— 2H, 1.24-1.4r m
7 29.1t 15-16* —CH— 2H, 1.24-1.43rm
8 29.3t 15-16* —CH— 2H, 1.24-1.4r m
9 29.3t 14 —CH— 2H, 1.24-1.4r m
10 31.4t 18 —CH— 2H, 1.24-1.43rm
11 33.6t 3 —CH— 2H, 2.35t 3JH_3, Ha= 1.5
12 37.3 7 —CH— 2Ha b, 1.53m
3 —
13 72.9d 8 >CH- | 1H, 4.16dd Jne =69
Jhg H7a=13.1
3 —
14 125.d 10 =CH— | 1H, 6.49dd In0,m11= 11.0
Jh-10, H9= 15.2
3 —
15 127.7d 11 =CH— | 1H,5.97tordd JIh1, 0= 11.0
Jh-11, v-12= 11.0
_ 2JH-12, n-11= 11.0
16 133.1d 12 =CH— 1H, 5.45m 3JH-12, his=7.75
JH-12, H-10 = 7. 75
3 —
17 135.7d 9 =CH— | 1H,5.66 dd Jhons=6.9
Jh-o, H-10= 15.2
18 177.6s 2 >CG=0 1,6.69m

Table 10: NMR characteristics of meripiluslactone solated fromMeripilus ether extract
* Differentiation of these two carbon atoms provatpossible due to strong overlapping of the
signals.
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The carbonyl function (C-2) was chosen as a starpoint for the structure
elucidation: its characteristic chemical shiftdoE 177.6 ppm suggests an adjacent
heteroatom (oxygen). Indeed, an analysis of HMB@ &0OSY spectra, taken
together with chemical shift values, strongly sigigehat the heteroatom should be
positioned between the carbonyl group and tert@spbon. The following partial

structure may therefore be postulated:

As regards chemical shift values, this structuss accords with the proton NMR
data: for H-8, the shift value is 4.16 ppm, sugiggsan adjacent oxygen; for H-3, a
o-value of 2.35 ppm can be observed, perfectly inoedance with an adjacent
carbonyl function (Figure 57). Following analysit the HMBC (Figure 73) and

COSY spectra, it was possible to prove that thigctire is a part of an eight-
membered ring system. These results can be sunadarnshe following diagrams,

which include the structural elements €228 (for clarity, the number of couplings

Is reduced to the minimum count necessary):

COSY:
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The proton belonging to theCH— group at C-8 appears as a quadruplet that can be
interpreted as a double doublet (Figure 57), shgwiwicinal coupling to proton H-9
(dus, v = 6.9 Hz) and another vicinal coupling with onetloé protons of H-7a,b
(SJH_& n7a = 13.1 Hz). As was determined from molecular minagl the second
proton H-7b should have an angle of about 90 degre&l-8, thus explaining why no
coupling constant could be registered (Karplus #ognp A double doublet is
therefore formed as a result of such a couplings Ehalso confirmed by the proton
spectrum, since H-9 clearly represents a doubl®dldo@Figure 57), due to coupling
with H-8 (Ji.e ns = 6.9 Hz) and the olefinic H-16X.9, 110 = 15.2 Hz). The same is
essentially true for the adjacent olefinic protori®at 6.49 ppm (Figure 57), whose
the signal is also split into a double doubfdt.{o 1-11= 11.0 Hz andJy.10, o= 15.2
Hz). The same situation also applies to the prétehl at 5.97 ppm, since it also
represents a double doublédy(1; n10= 11.0 Hz and®Jya1 112 = 11.0 Hz); here,
however, the two inner signals overlap, resultingai triplet (Figure 57). Further
detailed analysis showed that this proton was Bagfar conjugated system consisting
of two double bonds and comprising C-atoms frora 22 (Figure 73). The coupling
of protons at C-9 and C-18J(=15.2 Hz) indicates a trans-configuration, wherbas
two protons of the double bond between C-11 an® Caluple with 10.9 Hz, which
is the typical value of a cis-configuration. Thaipbngs between protons detected in
NOESY spectrum data also favour a configuratio®®fl1Z, as had been assumed

from the coupling constant values.
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From an analysis of the HMBC spectrum (Figure 748)was also possible to
determine the next twe-CH,— groups (C-13 and C-14), yielding the following

structure:

HMBC: COSY:

0" o X ﬁ\o O
= EJ\J

Further elucidation proved difficult, since it facthe obstacle of overlapping signals
of the methylene groups C-15 and C-16. Accordinghpther approach was made,
starting from the termina-CH; group. It is important to note that the proton
spectrum revealed the absence of further methylipgofurther branching in this

chain could therefore be excluded. An analysishef HMBC spectrum (Figure 73)

established strong coupling between the carbon s = 14.0 ppm (C-19) and

31.4 ppm (C-18), and also between the carbon atdins 31.4 ppm (C-18) and 22.5

ppm (C-17). As expected, the proton spectrum sh@wbharacteristic triplet of the

terminal—CHs group at 0.89 ppm, which derives from couplingtmit-18 €J,1.10, 1.

18 = 6.9 Hz). COSY spectrum data confirmed couplifogsnatching protons:

HMBC.: COSY:
/*18 '/_\18
19 é\/ 19 \_/}‘\\‘/.

N ~__A17
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However, the structure elucidation from this site the molecule also became
difficult, since H-15 and H-16 present as a broadtiglet and their signals overlap

strongly. The proton spectrum (Figure 57) also shawvide multiplet between 1.23
and 1.42 ppm, which indicates the presence of netkygroups that should form an
alkyl chain [82, 118]. As a result of strong overlaetween proton signals and very
close carbon shift values, it was impossible taldsh the exact positions of C-15
and C-16; nonetheless, construction of the compdétecture was still possible

(atoms shown in bold type remain undifferentiated):

19

The chirality of the C-8 atom could not be estdid from the measurements
obtained.

NMR prediction software was employed to provideadditional check on the
accuracy of the new structure, namely the appboatiUpSol and ACD Labs. Table
11 presents relative shift values predicted by egaamtkage, together with results
obtained experimentally. As can be seen from tldetathe suggested structure
accords well with the data obtained from the prgalicsoftware. Major deviations
were registered in only three instances: howehessd deviations were not confirmed
by both prediction applications. NMR predictionteaire was also used in order to
confirm proton spectra. There were no deviationswbbetween signal clusters and
their assignment to carbon atoms in the predicpegttsa and the spectra obtained
experimentally.
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13 13
No. bl;(icl)\lovlz (|\S|:|-I?Z3CFI,\]p)m at((:)-m PredicCti(I)\InMUFE)Sol, predigtigrl:/I ECD/
ppm Labs, ppm
1 14.0 19 14.01 14.1
2 22.5 17 23.1 31.7
3 24.6 4 25.1 23.9
4 25.3 6 24.1 24.7
5 27.7 13 30.4 27.6
6 28.9 5 29.8 26.6
7 29.1 15-16 30.4 29.3
8 29.3 15-16 30.4 29.3
9 29.3 14 30.4 30.4
10 31.4 18 325 22.8
11 33.6 3 33.7 33.9
12 37.3 7 34.4 33.0
13 72.9 8 78.4 72.6
14 125.9 10 128.0 132.5
15 127.7 11 128.7 127.2
16 133.1 12 130.3 136.6
17 135.7 9 133.6 133.4
18 177.6 2 172.0 172.9

Table 11: Comparison of meripiluslactone NMR data wh data generated by NMR prediction
software. Major prediction differences are shown in boldety
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Figure 57:*H NMR spectrum of meripiluslactone isolated frivieripilus ether extract. Impurities are struck through, assatvent and TMC signals.
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Figure 58: HSQC NMR spectrum of meripiluslactors@ated fromMeripilus ether extract
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The trivial name meripiluslactone is proposed fog substance 8-[EL3Z2)-undeca-
1,3-dien-1-ylJoxocan-2-one as isolated frovteripilus. This substance is a member
of the oxocanes, i.e. a saturated eight-membertedduogcle with seven carbon atoms
and an oxygen. More precisely, the substance igxananelactone and thus a new
compound, i.e. not only a neMeripilus constituent, but also a new naturally-
occurring substance. Indeed, even the basic oxtazore skeleton has not been
discovered in nature: the only natural compoundigrthat contains oxocane (as a
substructure element) is the brevetoxin group, thig group does not contain
oxocanelactone. The brevetoxins are a group ofegplody ladder toxins with a linear
series of transfused ether rings of varying sizemf5 to 9 members with assorted

appended methyl and hydroxyl substituents:

1L
Son,

Brevetoxins are highly toxic metabolites Kérenia brevis— a marine dinoflagellate
commonly found in the Gulf of Mexico: this microgso, single-celled,
photosynthetic organism is known to cause the iofasn‘red tide’ phenomenon
responsible for massive fish kills, and is also agent of neurotoxic shellfish
poisoning and bronchial irritation or asthma-likenptoms in humans [119].

The new oxocanelactone meripiluslactone showsgttmoactivity, namely
haemolytic and antibacterial effects. It is alseaclthat meripiluslactone is formed by
the fungus following mechanical damage; this faelyrbe interpreted as a defence
mechanism.

Analogous to the formation of cyclic lactones ilavburings and other

chemicals as described in food chemistry, utilignygroxy fatty acid as a precursor,

119



one may propose the linoleic acid derivative 8-byglfr(9E,112)-octadecadienoic
acid as a precursor to meripiluslactone:
OH

HO

To date, this particular unsaturated hydroxy aeid been described for only a single
species of fungus: it has been isolated from tli fsody and mycelium of the
parasitic macro funguSparassis crispdSparassidaceae); experimentation indicates
it may inhibit diabetes mellitus in mi¢&20].

Less specifically, one may also proposeE,{9Z)-octadecadienoic acid
(conjugated linoleic acid, CLA) as a precursor teripiluslactone. However, while
CLA has indeed been isolated from fungi in rareesa@garicus bisporusand A.
blazeionly [122, 123]), its presence in fungi (or plgnis remarkable, since fatty
acids with conjugated diene systems have previollEgn described only as
constituents of ruminant animal tissue. Here, itoisned as an intermediate or by-
product in the biohydrogenation of linoleic acid fmycroorganisms in the rumen; 9-
cis,114trans-octadecadienoic (rumenic) acid is the predomiramjugated linoleic
acid (CLA) isomer in milk and beef:

OH

O

In addition, CLA also has a number of beneficialdinal properties, and has been

proven to exhibit anti-cancer properties [121 1P23].
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To provide experimental support for the above psapoan attempt was made to
isolate the possible precursor of meripiluslactdrem the ether extract. It was
observed that the ether extract prepared fromtiiacipilus fruit bodies contained a
greater amount of a constituent with-R0.47 (Figure 59, B). In contrast, the extract
from blackened (damaged) fruit bodies contained td@sthis compound, but a new
band (meripiluslactone) with;R 0.31 emerged (Figure 59, A). The band located at
R = 0.47 may therefore be a precursor of meripikisiae (8-hydroxy-(&,112)-
octadecadienoic acid or CLA). The band with/R0.47 was isolated from preparative

TLC plates, but its severe instability precludedHar successful analysis.
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Figure 59: Detection of the proposed precursor efipiuslactone on TLC plates in ether extracts
(for details, see text).

(A) Ether extract from blackened fruit bodies; @her extract from fresh fruit bodies

Solvent system: trichloromethane/toluene/metha®dl. {)

Detection mode: visible light (spraying with antsethyde reagent). Red arrows indicate the
possible precursor zone; the black arrow indicatespiluslactone.
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Investigations of bioactive compounds frawh giganteusether extracts can be

summarised as follows:

* It was established that only the extracts from kéaedMeripilus fruit bodies
(old, damaged, heated, etc.) of biologically actile ether extract contained
a single antibacterial substance.

« The compound responsible for this antibacteriakaffwas isolated and
identified as 8-[(E,32)-undeca-1,3-dien-1-ylJoxocan-2-one. It is not oy
new natural constituent, but even represents a cawpound class — the
oxocanelactones. The trivial name meripiluslactengroposed for this new
substance.

* The fact that meripiluslactone was detected onlplackened fungi suggests
that it may be formed as a defensive response ¢o fiimgus suffering
mechanical damage; it was shown that intact fradiés ofMeripilus do not
contain meripiluslactone.

» 8-hydroxy-(%,112)-octadecadienoic acid is proposed as a precursor t

meripiluslactone
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3.3.6 Volatiles ofMeripilus fruit bodies

Since antibacterial properties had been discoveredlatiles fromB. inquinansthe
decision was therefore made to focusMeripilus volatiles, particularly since their
composition has not been studied to date.

Since results from preliminary screening had shawtibacterial activity for a
Meripilus hydrodistillate, the chemical composition of itydhodistillate was
investigated using GC and GC-MS methods. Identiboa of compounds was
performed by comparing the mass spectra with tlgpgen by several electronic
libraries. Additionally, retention indices of reégice compounds were used, and co-
injection of commercially-available standards wk® gerformed.

The results of these analyses are summarisedjund-60 (TIC) and Table 12.
Overall, a total of 12 constituents were identifie@presenting 45.09% of all
volatiles. As can be seen from Table 12, the megonponents of th&l. giganteus
hydrodistillate are linoleic acid (~14%), n-hexaalegic acid (~8%), linoleic acid
ethyl ester (~7%), n-hexadecanoic acid ethyl est2%) andE-nerolidol (~2%; all
figures are proportions of the total hydrodistéatThe occurrence of 18 unusual and
unidentified N-containing compounds also deservestin: these represent 21.15%
of the total volatiles, thus forming the secondyést group after volatiles derived
from fatty acid metabolism (~42%). It is remarkatiat E-nerolidol (~2%) was the
only typical volatile constituent from the sesqrpene group found in thé/.
giganteushydrodistillate.

123



3.0e7 4
11+12

2.0e7 4

4
9
*
* 10
1.0e7 -
7
6 /
3
*
12 *
*
L

2.0 A.00 7.0 10.00 1Z.40 15.00 17.50 20.00

Figure 60: GC-MS chromatogram (TIC) i giganteushydrodistillate
N-containing substances are starred; peak numbesfags to Table 12
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GC-MS
Pl\cla(ik Substance Rﬁ?”tion reKtcE)!\r/lilitc?n TIC. % (M+] Identified by
ime index
1 1-Hexanol 2.89 847 0.43 102 EI-MS/RI
2 2-Heptanone 3.12 867 0.48 114| EI-MS/RI
3 1-Hepten-3-one 4.33 956 1.07 112| EI-MS/RI
4 1-Octen-3-ol 4.48 967 3.92 128 | EI-MS/RI
S 3-Octanon 451 968 1.68 128 | EI-MS/RI
6 3-Octanol 471 982 1.77 130 | EI-MS/RI
7 2-Octen-1-ol 5.82 1052 1.26 128 EI-MS
8 E-Nerolidol 13.21 1552 2.39 292 | EI-MS/RI Co-
|nJect|on
9 n-Hexadecanoic acid 17.98 1966 7.85 256 EI-MS/RI
10 ”‘Hexadeg‘gc acidethyl g 45 1978 2.37 284 | EI-MSIRI
11 Linoleic acid 19.85 2154 14.45 2g0 | EIMS/RI Co-
|nJect|on
12 | Linoleic acid ethyl ester 19.92 2160 7.42 308 EI-MS/RI

Table 12: Chemical composition oM. giganteus hydrodistillate

3.3.7 Antibacterial activity of Meripilus hydrodistillate

As mentioned, previously, preliminary agar diffusitests showed. giganteus

volatiles to be active againSt aureugsee Section 3.1)1A decision was therefore
made to apply the agar overlay technique to theddystillate (HD) in order to

identify the substances responsible for this effEtC plates with applied HD were
developed in a toluene/ethyl acetate (95:5) solsgsiem.

Two zones of bacterial growth inhibition were digered: one matched a band
with R; = 0.40, while the second growth inhibition zoneswaore widespread (from
R; =0 to R = 0.25) and included several very faint bandsbiesin UV light (Figure
1, modes 2 and 3). Only spraying with anisaldehgdgent clearly revealed the band
(not visible in UV light) which was responsible fantibacterial activity (Figure 61,
mode 4). The activity of this band was comparablghie control (ciprofloxacin)
(Figure 61, 1a).

Since both active bands were well-separated o L@ plate and easily detected in

visible light after spraying with anisaldehyde reag the decision was therefore
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made to isolate these bands from the preparatie diates. As far as is known, this
research constitutes the first occasion on whiah dagar overlay technique was

applied toM. giganteushydrodistillate.
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Figure 61: Antibacterial activity d¥l. giganteushydrodistillate agains$. aureus

Solvent system: toluene/ethyl acetate (95:5)

(1) Agar overlaid plate with HD; (1a) control: ogffoxacin 3.5 pg

Detection modes: (2) UV light 254 nm; (3) UV ligB66 nm; (4) visible light (anisaldehyde
reagent). Bioactive bands are indicated with arrdwes details, see text.

Both bioactive bands were isolated from preparafiv€ plates and analysed by GC-
MS, yielding E-nerolidol (R = 0.40) and linoleic acid (R-0.15). Commercially
available standards were analysed to corroboraerdhults: these standards were
injected into the GC-MS system both separately togkther with the isolated
compounds (co-injection). No differences in eithetention time or MS spectra were
observed; further isolation for NMR structure etlation was therefore deemed
unnecessary (Figure 60 and Table 12). B&therolidol and linoleic acid are

substances known for their antimicrobial activig¢] 85, 124, 125].

126



Since the literature reports that cis-trans isenaffer with the respect to their
bioactivity, both isomers of nerolidoE(and Z) were analysed [126]. Experiments
showed that onl¥-nerolidol is active again§. aureuswherea%-nerolidol does not
exhibit any activity. (Note: in this case only, cmercially-available standards were
used for experimentation.)

During the microbiological tests, it had been oedi that the hydrodistillate of
Meripilus is not always active again§. aureus Both bioactive and inactive
hydrodistillates were analysed using TLC (Figurg, &dth E-nerolidol and linoleic
acid being used as reference substances. Thesresultincingly demonstrate thiat
nerolidol and linoleic acid are absent from thectnee hydrodistillate (Figure 62,

mode 3).
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Figure 62: Hydrodistillates d¥l. giganteuscompared witle-nerolidol and linoleic acid as
reference substances. Solvent system: toluene/atkyhte (95:5). Detection mode: visible light
(anisaldehyde reagent).

(1) Bioactive HD; (2)E-nerolidol; (3) inactive HD; (4) linoleic acid.

Red arrows indicate the absence of bioactive comgu~or details, see text.
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To sum up:

The present research represents the first occasiavhich a hydrodistillate of
M. giganteuswas tested again§t aureusthe hydrodistillate was found to be
active

The chemical composition of tiMeripilus hydrodistillate was analyzed by GC
and GC-MS, resulting in the identification of 12nstituents that represented
about 45% of the total volatiles

The major components were established as linolam g~14%), n-
hexadecanoic acid (~8%), linoleic acid ethyl e§t61%), n-hexadecanoic acid
ethyl ester (~2%) anf-nerolidol (~2%)

The application of the agar overlay technique orCTilates to aMeripilus
hydrodistillate established bot&-nerolidol and linoleic acid as antibacterial
principles. Hydrodistillates oMeripilus fruit bodies lackingE-nerolidol and
linoleic acid showed no antibacterial activity.

TheE-isomer of nerolidol is solely responsible for #rgibacterial properties.
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3.3.8Cytotoxicity of Meripilus extracts

As already mentioned (Section 3.3.3), previousistudad demonstrated significant
cytotoxic activity against a murine cancer celkliBLL (Lewis lung carcinoma; Kg

of 19.8+2.6 pg/ml) for a crud€leripilus methanol extract [38]. Based on these data
and results obtained from the haemolytic testse@stbn was made to test dried
methanol and ether extractsMeéripilus against human bladder cancer cells (cell line
5637). Both types of extracts were diluted in DM3®@e first dilution was 200 mg/I
and this solution was then successively diluteds@wven further dilution phases
(dilution step 1:3). Controls were pure DMSO andpeside, diluted in DMSO at a
concentration of 0.32 mg/l (see Section 5.7.4). fitmman bladder cancer cells were
then incubated and the cytotoxicity was measurethgusaa special method
incorporating the neutral red test according to Wée(method is patented, no further
information available).

Results from the cytotoxicity investigations of threnol and ether extracts are
shown in Table 13 and Table 14. The second and t#twmiumn contain figures
showing activity of the pure medium (control) am@ tmedium mixed with DMSO
(solvent control). Extract dilutions with an intall count of less than 75% are to be
classified as toxic. Only average values shoulccdresidered for the definition of
cytotoxicity. As can be seen from the tables, ttracts may be classified as non-
toxic. These results mak®leripilus a promising subject of study for further

investigation as a potential source of antibiotics.
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. Methanol extract dilution
Medium/ .
Medium DMSO %tggOSId/?
1.1250% | ~°<™MY
200 mg/l| 67 mg/l| 22mg/l | 7.4mg/ll 25mg/[| 0.8mg/l 0.3 mg/l
97.92 45.64 82.04 61.93 89.4895.71 | 100.34 97.92| 98.73| 97.12
97.52 43.23 78.02 55.90 89.4898.93 | 106.77 96.31| 95.51| 99.53
104.39 50.97 77.70 0.00 0.00 0.00 T‘Ot 28.82| 59.58| 76.45
Intact given
cells,% | 9982 | 5870 | 8559 0.00 0.00 0.0p ot | 3445| 61.69 77.86
given
105.56 50.47 80.83 66.76 88.6100.56| 97.120 107.98101.94| 103.9%
91.49 48.86 78.42 54.69 86.2692.49 | 85.86] 91.89 84.25 98.73
Average 100.00 47.65 82.04 61.46 90.3998.46 | 99.46| 100.2[7 97.25 | 101.61
Average 2 73.83 82.04 92.69
dStaf‘d‘?‘rd 2.91 426 | 462 348 413 685 540 6.24 338
eviation

Table 13: Determination of cytotoxicity ofM. giganteus methanol extract
Cytotoxicity was tested with human bladder canetisc
A count of intact cells was used as a measurextity. Extract dilutions with an intact cell count
of less than 75% are classified as toxic. No intatis were found at a dilution higher than 22 mg/I
Note: dilution levels of 200 mg/l, 67 mg/l and 22/inare not relevant for classifying an extract as
toxic, nor do they exclude its subsequent use antibiotic. For details, see text.
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Medium/ ' Ether extract dilution
Medium | PMSO gtggorﬁg/lf
1.125% 200mg/l | 67 mg/l | 22mgll| 7.4mgl| 2.5mg/ 0.8mgll 0.3 mgll
101.54| 5263| 8153| 000 7857 96/54 100891.17|107.29]103.40
100.06| 4855| 78.20| 000 73.01 8839 9802 90.43.780101.01
oo | 10673 5781 8487] 000 77.08 9284 1039510 96.91 10599
cells, % [ 100.80| 53.00| 8598 000 77.08 95006 105.85.61| 102.10102.29
98.21 | 55.22| 83.76] 000 84.13 9506 9395 10B106.92104.88
92.65 | 46.70| 70.04] 000 7597 85779 94]32 89.68 9988487
average | 100 | 5232 80.73| 000 77.64 9228 9951 96.20 1020222
Average 2 76.16 95.03
Stancard 376 | 540 | 000 33§ 390 450 515 3.89 358

Table 14: Determination of cytotoxicity ofM. giganteus ether extract
Cytotoxicity was tested with human bladder canedisc
A count of intact cells was used as a measurexititp. Extract dilutions with an intact cell count
of less than 75% are classified as toxic. No intatis were found at a dilution higher than 22 mg/I
Note: dilution levels of 200 mg/l, 67 mg/l and 23/inare not relevant for classifying an extract as
toxic, nor do they exclude its subsequent use aahiotic. For details, see text.
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The results of bioactivity studies & giganteuscan be summarised as follows:

Together withB. inquinans M. giganteusexhibits the strongest antibacterial
activity from all thirty species of fungi tested

Both ether and methanol extracts exhibited vergngfrantibacterial effects
againstS. aureusas was also the case with the hydrodistillateaddition, the
ether extract also possesses strong haemolytiegpies.

The bioactive constituents were determined by thesr averlay technique as
meripiluslactone (ether extracB;nerolidol and linoleic acid (hydrodistillate)
While the literature describes cytotoxic properties a Meripilus methanol
extract, data provided by the present researclsititss both the methanol and
ether extract as non-toxic (note, however, thatettage disparities in the test

systems used)
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4. Summary and outlook

The objective of this doctoral thesis was to redeanacrofungi native to Germany
for their antimicrobial potential. A two-stage appch was taken to achieve this
objective. The first stage involved the screenirfgegtracts (mainly ether and
methanol) of a selected group of fungi (about 3@css) with respect to their
antibacterial potency (againStaphylococcus aureusnd Escherichia col. These
investigations of antibiotic activity were carriedit using agar diffusion and agar
overlay techniques. The agar overlay technique waslified for rapid, highly-
accurate microbiological tests on TLC plates andmgs the determination of
antimicrobial activity of the extracts while simateously localising bioactive
compounds on TLC plates. The second stage focusdbeoisolation and structure
elucidation of the active principles of the two dunexhibiting the strongest
bioactivity: Bulgaria inquinans(Pers.) Fr. (ascomycetidae) aktripilus giganteus
(Pers.) P. Karst. (basidiomycetidae). In this stagewumber of chromatographic
techniques (TLC, HPLC, also in preparative mode)ewesed to isolate the
antimicrobial constituents from acetonitrile andest extracts, as well as from
hydrodistillates. Structure elucidation was achteby applying various MS (El in
low and high resolution, FAB, ESI, GC-MS) and NMé&tniques ' NMR, **C
NMR, HMBC, HSQC, H,H-COSY, NOESY).

The remainder of this section summarises the esdiithese investigations for each

species.

Bulgaria inguinans

The agar overlay technique on TLC plates reveahesl gresence of two
antibacterial substances in the ether extra&ubdaria fruit bodies. Both compounds
displayed a strong antibacterial activity agaifst aureus comparable with the
activity of the reference antibiotic ciprofloxaq®.5-5ug). Owing to their instability,
isolation of these compounds in sufficient amowmés possible only by using cold
extracts (ether or acetonitrile), freshly prepaatdsub-zero temperatureslg °C).

Structure elucidation led to the identificationtafo compounds with an azaphilone
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structure. Additional evidence for azaphilone prtips was provided by the
compounds’ fluorescence in UV light (366 nm) anacten with agar (staining red =
reaction with nitrogen-containing substances). Bwuislence led to the identification
of bulgarialactone B and a new azaphilone, termddabialactone D, which proved
to be an entirely new natural compoudrBulgarialactone D is relatively unstable and
tends to decompose partially to bulgarialactond-ther, HPLC experiments also
suggest that bulgarialactone D is likely to be tmdy original azaphilone in fruit
bodies ofB. inquinans Bulgarialactone B, previously found by Stadi¢ral [58], is
probably formed from bulgarialactone D during esti@n, concentration or storage
of the ready extract, i.e. it is an artefact; theme holds true for the other
bulgarialactones identified, A and C [58].

The ether extract exhibited strong cytotoxicity tests with human bladder
cancer cells: this is probably due to the presesfcazaphilones, which are also
responsible for the strong haemolytic effect (blagelatine test). This theory is
supported by running the above tests using a mekhextract of Bulgaria fruit
bodies: since this extract has been shown to com@iazaphilones, it is therefore
only slightly toxic in this test system. This cydgic test data, combined with the fact
that microscopy revealed the presence of azaplsilonethe black fungi spores
(indicated by red staining of structural elemenssiggests that direct contact with
this fungus should be avoided.

It was further established thAatllgaria fruit bodies produce traces of volatiles,
the composition of which was investigated for tinstftime. A total of 16 substances,
representing approximately 66% of the hydrodigellavere identified by GC/MS
analysis, combined with the co-injection of standaaind the comparison of retention
indices. No typical volatiles of either the terpemwethe phenylpropanoid group were
encountered in this hydrodistillate. Instead, thagamty of volatiles derived from

fatty acid metabolism (~60%), primarily n-hexademaracid (~16%), linoleic acid

* Note that the literature now refers to two différesubstances as “bulgarialactone D”; in the presesrk, the

bulgarialactone isolated by Musebal [83] is referred to as bulgarialactong.dssy See also Chapter 3.2.3.
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(~19%), linoleic acid ethyl ester and oleic acithyetester (10%; all figures are
proportions of the total hydrodistillate). No hydasbons were present. Another main
constituent of the volatiles (~4%) was 1-Octend:3tovas isolated by preparative
TLC and the determination of its enantiomeric raf®(-)/S(+) = 99:1) was
achieved after derivatisation by means of enarleoige GC. The occurrence of
1,3-diphenyl-2-propanone (4.3%) among the volatdastituents is also noteworthy.
While commonly used as flavouring and fragrancenagethe food industry, it was
previously unknown as a naturally-occurring substarSince contamination of the
hydrodistillate by the introduction of this substarcan be excluded, the present work
iIs the first research to demonstrate that 1,3-dipk2-propanone is a natural
compound.

Testing of theBulgaria hydrodistillate for antibacterial potential (agar
overlaying technique on TLC) revealed two major eorof bacterial growth
inhibition. On analysing with GC/MS, the larger owas shown to contain three
common acids, namely pentadecanoic, hexadecandidirazleic acid. This zone’s
antibacterial activity could therefore be explair®dthe presence of linoleic acid,
which has known antimicrobial properties. The secbioactive TLC zone consisted
of only a single compound, which amounted to algt in the hydrodistillate.
Structure elucidation established a new natural poamd, 2-[(E,3E,5E)-7-
methylnona-1,3,5-trienyl]furan, for which the tawiname bulgariafuran is suggested.
Structurally, the substance is similar to dendioladehydrodendrolasin, perillene
and rosefuran: these substances are pheromonekelbaty to the class of furano-
sesquiterpenes and have been isolated from ingeats)e animals and plant species
[90, 91, 92, 93]. Since bulgariafuran is detectaiiy in the hydrodistillate (and is
not present in the pentane extract) and posset®eg) santibacterial qualities, this
leads one to suspect that the substance is notwngeconstituent, but is possibly
formed as a defensive response to damage or didafagprobably from

bulgarialactone D).
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Meripilus giganteus

This fungus is a member of the basidiomycetidakistable to form huge fruit
bodies (on hard woods), which are blackened by damage or heating. It was
discovered that only such blackened fruit bodidsleiantibiotic properties.

In determining the antibacterial activity ofMeripilus ether extract on TLC
plates (agar overlay technique), a single spacoug of bacterial growth inhibition
was revealed. This zone consists of a single conghotlhe structure of which was
elucidated as 8-[,32)-undeca-1,3-dien-1-ylJoxocan-2-one. This substas@new
natural constituent that has not previously beetaisd. Furthermore, the substance
also introduces a new compound class, that of xbeame-lactones. The trivial name
meripiluslactone is suggested for this new compodiek biosynthetic pathway of
this new compound could involve 8-hydroxy=(®17)-octadecadienoic acid: the
formation of a lactone ring could be analogous ttzep lactones described in food
chemistry. Interestingly, this acid has been rdgediscovered in fruit bodies of
Sparassis crispa another macrofungus that belongs to the basiietas class.

Meripiluslactone shows strong antibacterial attiviagainst S. aureus
comparable with the activity of the reference dntib ciprofloxacin (3.5-5ug). The
lactone was also responsible for the haemolytiviactof a Meripilus ether extract
(in situ blood gelatine test). The fact that this lactoras wnly detected in blackened
fungi leads to the assumption that it may be forrasca defence response against
mechanical damage to the fungus. It was demondtrhizt intact fruit bodies of
Meripilus do not contain meripiluslactone.

Experimentation also showed that fruit bodiedvbfgiganteusbiosynthesise
traces of volatiles. A total of 12 substances, espnting approximately 45% of the
hydrodistillate, were identified by GC/MS analystembined with the co-injection
of standards and the comparison of retention isdiges was found witlBulgaria,
the predominant volatiles are derived from fattydametabolism and represent
approximately 42% of total volatiles. The major gmunds of this group are linoleic
acid (~14%), n-hexadecanoic acid (~8%), linoleiad aethyl ester (~7%) and n-
hexadecanoic acid ethyl ester (~2%; all figures preportions of the total
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hydrodistillate). The occurrence of 18 unusual amuidentified N-containing
compounds also deserves mention: these represeuat 2b% of the total volatiles,
thus forming the second-largest group. It is rerabld that the only typical volatile
constituent from the sesquiterpene group foundismhydrodistillate wa&-nerolidol
(~2%).

On application of the agar overlay technique tdexipilus hydrodistillate on
TLC for determination of antibiotic activity (tesigainstS. aureuy two zones of
bacterial growth inhibition were observed. GC/M&lgais revealed the presence of
linoleic acid in the first zone and the sesquitemE-nerolidol in the second zone.
The presence di-nerolidol is especially striking, since it occwery rarely in fungi
[127]. Microbiological experiments conducted on hbaterolidol isomers B, 2)
discovered antibacterial properties only for Easomer.

For hydrodistillates gained from blackenderipilus fruit bodies, however, no
antibacterial activity was found. One possible argtion for this phenomenon is as
follows. The hydrodistillate from intact (non-blaaked) fruit bodies containg-
nerolidol and linoleic acid, and therefore exhilatgibacterial activity. However, the
hydrodistillate from blackened fruit bodies ladkserolidol and linoleic acid. The
presence of non-volatile meripiluslactone in tHeeetextract of damaged (blackened)
fruit bodies (but not intact bodies) suggests thehage to fruit bodies may trigger
the formation of this compound, possibly involvingth E-nerolidol and linoleic acid
in the biosynthesis pathway. This process wouldultesr the hydrodistillate
exhibiting no antibacterial activity. However, foer experimentation is required to
determine the extent to whicB-nerolidol and linoleic acid are involved in the
biosynthesis of meripiluslactone.

Concerning cytotoxicity, methanol and ether extad Meripilus fruit bodies
showed no toxic effects in tests conducted on huptasider cancer cells; however, a
methanol extract was defined as toxic by otherastiwvhen applying a different test

system (murine cancer cells) [38].
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In conclusion, research conducted for this thkas confirmed the theoretical
standpoint outlined at the beginning of this wongmely that fungi represent a
promising and insufficiently investigated group afrganisms that possess
considerable antimicrobial potency. Experimentaties shown that even such
common fungi asBulgaria inquinansand Meripilus giganteusrepresent a highly
interesting potential source of new antibiotics. aMdas bulgarialactones cannot be
applied directly for medical use as antibiotics e of their cytotoxicity,
meripiluslactone certainly merits further investiga in terms of its practical use as
an antibiotic.
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4. Zusammenfassung und Ausblick

Thema dieser Doktorarbeit war es, zunachst dieaketr(Losungsmittel: Ather und
Methanol) von 30 ausgewahlten Pilzarten in Hinbliakf ithr antimikrobielles
Potenzial (gegeBtaphylococcus aureusmdEscherichia coli zu testen.

Zur Bestimmung der antibiotischen Aktivitat wurdeer Agardiffusionstest und die
Agariberschichtungstechnik angewendet. Letztere devuflr einen schnellen
mikrobiologische Test auf Dunnschichtplatten mauiit. Dieser erlaubt gleichzeitig
mit hoher Genauigkeit die Bestimmung antibaktezrefktivitat und ihre Zuordnung
zu spezifischen Substanzzonen des Extraktes ald@er

In einem zweiten Arbeitsprozess konzentrierten wms auf die Isolierung and
Strukturaufklarung der aktiven Substanzzonen vam zlgei Pilzen, deren Extrakte
die starksten antimikrobiellen Effekte aufgewiebatten:Bulgaria inquinangPers.)
Fr. (Ascomycetidae) unileripilus giganteugPers.) P. Karst. (Basidiomycetidae).
Wir isolierten die antimikrobiellen Inhaltstoffe moAcetonitril- und Atherextrakten
sowie von Wasserdampfdestillaten durch Einsatzchdener chromatographischer
Techniken (DC und HPLC, auch im praparativen ModiBg Strukturaufklarung
geschah durch verschiedener MS-Messungen wie Rlader- und Hochuaflésung,
FAB, ESI, GC/MS und NMR-Techniken'H-NMR, *C-NMR, HMBC-, HSQC-,
HH-COSY, NOESY).

Die Ergebnisse dieser Untersuchungen werden furenjedPilz getrennt

zusammengefallt.

Bulgaria inguinans

Mittels der Agaruberschichtungstechnik konnte awr dunnschichtplatte die
Anwesenheit von zwei antibakteriellen Substanzzoimeeinem Atherextrakt von
Bulgariafruchtkdrpern nachgewiesen werden. Beideesem eine starke
Hemmwirkung gegentbe3. aureusauf, vergleichbar der des Referenzantibiotikums
Ciprofloxacin (3,5-5ug). Wegen ihrer Instabilitabrinten diese Verbindung in
ausrechenden Mengen nur aus kalterh8(°C), frisch hergestellten, Ather- bzw.

Acetonitrilextrakten gewonnen werden. Die Struktifkéarung ergab das Vorliegen
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von zwei Substanzen mit einem AzaphilongrundgerDsts Ergebnis wurde auch
durch ihre charakteristische Fluoreszenz im UV-L{@66 nm) gestiitzt, sowie durch
ihre Reaktion mit Agar (Rotfarbung durch Reaktionit nstickstoffhaltigen
Verbindungen). Wir identifizierten Bulgarialactonuhd ein neues Azaphilone, das
wir ,Bulgarialacton D nannten und welches eineruee Naturstoff darstellt. Es
erwies sich als relativ instabil und neigte dazah geilweise zu Bulgarialacton B
umzulagern. HPLC-Experimente lieRen vermuten, diéisses Bulgarialacton D
vielleicht die einzige genuine Komponente dieserbstanzklasse in den
Fruchtkoérpern von B. inquinans darstellt. Bulgacdbn B, welches zuvor von
Stadler et al. [58] nachgewiesen wurde, entstehtseheinlich aus Bulgarialacton D
wéahrend der Prozesse der Extraktion und Einengung. lwer Lagerung des
Extraktes. Bulgarialacton B ist deshalb wahrschehinéin Artefakt, was vermutlich
auch fur die anderen von Stadler isolierten Buddadton (A und C) [58] gilt.

In einem Testsystem mit Zellkulturen von mensdtdic Blasenkrebszellen
konnte eine starke Zytotoxizitat bei einem Ethawates dieses Pilzes nachgewiesen
werden, die vermutlich auf die Anwesenheit von Azkqmen zurlckzufinden ist.
Diese sind vermutlich auch verantwortlich fur diarke hamolytische Wirkung
dieses Extrakts im Blutgelatine-Test. Diese Annahmiel unterstitzt durch die
Tatsache, dass ein Methanolextrakt von Bulgariatikgpern, der frei von
Azaphilonen ist, in dem benutzten Testsystem me geringe Toxizitat aufweist.

Die durch den zytotoxischen Test erhaltenen Dabtsarmmen mit der Tatsache, dass
wir das Vorkommen von Azaphilonen in den schwarPdmsporen mikroskopisch
nachweisen konnten (Rotfarbung von bestimmen Strak) geben Anlass zu der
Vermutung, dass der direkte Kontakt mit diesem fRianieden werden sollte.

Fruchtkorper vorBulgaria inquinansbilden Spuren einer Mischung fliichtiger
Verbindungen, deren Zusammensetzung hier erstmahtgrsucht wurde. 16
Substanzen, deren Gehalt zusammen etwa 66% demntgesdMischung flichtiger
Verbindungen  ausmacht, wurden mittels GC/MS, Céiga von
Referenzsubstanzen und dem Vergleich von Retentlaas identifiziert. Es
konnten keine typischen flichtigen Verbindungen ader Terpen- oder
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Phenylpropannaturstoffgruppe im Wasserdampfdestileufgefunden werden.
Stattdessen entstammte die Uberwiegende AnzaHlidétigen Verbindungen dem
Fettsdurestoffwechsel (lber 60%), wobei Palmitins&y 16%), Linolsaure (~ 19%),
Linolsaureethylester und Olsaureethylester (~ 108¢ Hauptkomponenten
darstellten. Kohlenwasserstoffe fehlten. 1-Octenl-&t eine andere mengenmaliig
bedeutsame (~4%) flichtige Komponente. Sie wurdettelmi praparativer
Dinnschichtchromatographie isoliert; die Bestimmumigs Verhéaltnises ihr
Enantiomeren R(-):§+) = 99 : 1) geschah durch enantioselektive GChnac
vorheriger Derivatisierung. Das Vorkommen von 1jptenyl-2-Propanon (4,3%)
unter den flichtigen Verbindungen ist bemerkensvaertdiese Substanz gewdhnlich
als Geschmacks- und Duftstoff in der Lebensmittkistrie eingesetzt wird, doch
bisher noch nicht als Naturstoff aufgefunden worndérDa wir ausschliel3en konnen,
dass diese Substanz bei der Wasserdampfdestillaats Verunreinigung
eingeschleppt wurde, ist 1,3-Diphenyl-2-Propanoer herstmals als Naturstoff
nachgewiesen worden.

Im antimikrobiellen Test des WasserdampfdestiNats Bulgariafruchtkorpern
mittels der Agar-Uberschichtungs Technik auf der BE®bachteten wir zwei starke
Zonen mit antibakterieller Wachtumshemmung. Diel3¢g6Zone bestand nach der
GC/MS-Analyse aus den drei trivialen Substanzentdelecan-, Hexadecan- und
Linolsaure. Entsprechend ist die antibakteriellerR¥ng dieser Zone auf die
Anwesenheit von Linolsaure zurlckzufihren, dessdimérobielle Eigenschaften
bekannt sind.

Die zweite bioaktive DC-Zone besteht demgegenlbgremmer einzigen Verbindung,
die mit etwa 3% im Wasserdampfdestillat auftritirel Strukturaufklarung fihrte zu
einem neuen Naturstoff ((2-[E13E,5E)-7-methylnona-1,3,5-trienyl]furan), dem wir
den Trivialnamen ,Bulgariafuran“ gaben. Seine Stumokweist Verwandschaft zu
Dendrolasin, Dehydrodendrolasin, Perillen und Rhsan auf, Substanzen, die zur
Gruppe der Furano-Sesquiterpene gehdren. Diesend-@@squiterpene sind als
Pheromone bekannt und wurden von Insekten, marineren und Pflanzenarten
isoliert [90, 91, 92, 93]. Aus der Tatsache, dasalg&iafuran nur im
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Wasserdampfdestillat aber nicht im Pentanextraktatukonnte man schlussfolgern,
dass es eventuell ein Artefakt ist; zwar konnten firr diese Vermutung keinen
Beweis (z.B. eine entsprechende Ausgangsverbindfingen, jedoch liegt ein

Entstehen aus Bulgarialacton D nahe.

Meripilus giganteus

Dieser Pilz gehort zu Unterklasse der Basidiomgeetiund kann gro3e Fruchtkérper
(an Harthdlzern) bilden, die bei Verletzung, Alteguoder Erhitzen schwarz werden.
Wir fanden heraus, dass nur solche schwarzverfarbtechtkorper antibiotische
Eigenschaften aufweisen.

Die Bestimmung der antibakteriellen Aktivitat eindtherextraktes dieses Pilzes auf
der DC mittels des Agaruiberlagerungstechnik ergateme starke Zone bakterieller
Wachstumshemmung. Sie besteht aus einer einzigaenr&komponente, deren
Struktur als 8-[(E,32)-undeca-1,3-dien-1-ylJoxocan-2-on, identifiziert unde.
Offensichtlich handelt es sich dabei nicht nur eineuen Naturstoff sondern sogar
um den Reprasentanten einen neuen Verbindungsk{&ssecan-Lacton). Dieser
neuen Komponente gaben wir den Trivialnamen ,Margbactone®. Vermutlich wird
dieses analog anderen Lactonen aus dem Lebensetilh biosynthesiert, d.h.
ausgehend von 8-HydroxyH9 117)-Octadecadiensaure. Diese postulierte Saure ist
bereits in Fruchtkérpern vdBparassis crispaachgewiesen worden — einem anderen
Makromyzeten, der ebenfalls in den Basidiomycetmig.

Meripiluslactone zeigt eine starke antibakterieM&tivitat gegenltber S. aureus,
vergleichbar etwa mit der des Referenzantibioticu@iprofloxacin (3,5-5 ug).
Dieses Lakton ist auch verantwortlich fir die h&tiethe Wirkung eines
Meripilusextrakts (Blut-Gelatine-Tesin situ). Die Tatsache, dass diese aktive
Komponente nur in schwarzgefarbten Pilzen nachweislar, fihrt zu der
Vermutung, dass sie als Verteidigungsreaktion debilwird gegen mechanische
Verletzungen, z.B. durch Tiere. Es konnte nachgssviewerden, dass intakte

Meripilus-Fruchtkdrper kein Meripiluslacton enthalten.

142



Unsere Untersuchungen ergaben auch, dass FrugatkéonM. giganteusn
der Lage sind, Spuren flichtiger Verbindungen Zden, die eine antibakterielle
Wirkung gegentberS. aureusaufwiesen. Insgesamt gelang es uns, 12 dieser
Verbindungen, die etwa 45% des Wasserdampfdessillagprasentieren, mittels
GC/MS zu identifizieren. Wie im Falle voBulgaria, so leiten sich auch hier die
vorherrschenden fliichtigen Komponenten mit eineaz@ntualen Gesamtanteil von
etwa 42% vom Fettsaurestoffwechsel ab. Die Haupptkoranten dieser Gruppe sind
Linolsaure (~ 14%), Palmitinsaure (~ 8%), Linolsethylester (~ 7%) und
Palmitinsaure-ethylester (~ 2%). Das Vorkommen \igh ungewdhnlichen und
unbekannten stickstoffhaltigen Verbindungen verdidresondere Erwéahnung.
Insgesamt verkorpern sie mit etwa 21% die zwekstér Fraktion flichtiger
Komponenten im Chromatogramm. Es ist bemerkensvdass wir als einziges
Sesquiterpeie-Nerolidol (mit etwa 2%) in diesem Wasserdampfdlesthachweisen
konnten.

Bei der Untersuchung eines Wasserdampfdestillates M. giganteusauf
antibakterielle Aktivitat mittels der Agartbersdhiongstechnik konnten auf der DC-
Platte zwei wachstumsinhibierende Zonen beobaeieeden. Die GC/MS-Analyse
ergab, dass es sich bei der ersten Zone um Lineldéandelte und die zweite Zone
durch das SesquiterpéfiNerolidol gebildet wurde, das in Pilzen bisher setten
aufgefunden wurde [127].

Es konnte auch nachgewiesen werden, dass einigeevdasnpfdestillate, die von
Meripilus Fruchtkérpern gewonnen wurden, keine antibakterielVirkungen
aufwiesen. Dieser Sachverhalt kann folgendermal3ekiare werden: das
Wasserdampfdestillat von intakten (nicht verfarpteizkorpern enthalE-Nerolidol
und Linolséaure und zeigt deshalb antibakterielléiAiét. In beschadigten (schwarz
verfarbten) Fruchtkorpern findet zum einen die &id des nicht fllichtigen
Meripiluslactons statt, und anderererseits lasgdnis Wasserdampfdestillat solcher
Fruchtkorpere-Nerolidol und Linolsaure nicht nachweisen, so diisses auch keine
antibakterielle Wirkung erkennen lasst. Diese Bebhang wirft die Frage auf,
inwieweit diese antibakteriellen Substanzen anBlesynthese von Meripiluslakton
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beteiligt sein kdnnen. Mikrobiologische Experimenté beiden Nerolidolisomeren
(E, 2) ergaben, dass nur dadsomer antibakterielle Eigenschaften besitzt.

Was die Zytotoxitat angeht, so lieRen Methanold ultherextrakte der
Meripilusfruchtkorper keine toxischen Effekte im sig/stem mit menschlichen
Blasenkrebszellen erkennen. Andere Autoren, dieuaterschiedliches Testsystem
(Krebszellen der Maus) benutzten, definieren dageggen solchen Methanolextrakt

als toxisch [38].

Aus den Ergebnissen dieser Arbeit wird deutliclssdselbst so ubiquitare Pilze wie
Bulgaria inquinansund Meripilus giganteusinteressant erscheinen als potenzielle
Quelle fur neue antibiotische Substanzen.

Diese Daten belegen einmal mehr die Tatsache, Ri&ss eine viel versprechende
und ungentgend untersuche Organismengruppe mit meireetrachtlichten
antimikrobiellen Potenzial darstellen.

Wahrend Bulgarialactone wegen ihre Zytotoxitat hichrekt medizinisch als
Antibiotika angewendet werden kénnten, ware Meaugldcton in Bezug auf einen

praktischen Einsatz hin zu Uberprufen.
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5. Materials and Methods

5.1 Fungi material
Thirty different species of fungi were tested foicrabiological bioactivity (Table
15).

Species Family
Amanita phalloidegVaill. ex Fr.) Link Amanitaceae
Armillaria mellea(Vahl) P. Kumm. Physalacriaceae
Armillaria ostoyag(Romagn.) Herink Physalacriaceae
Ascocoryne sarcoidddacq.) J.W. Groves & D.E. Wilson Helotiaceae
Bulgaria inquinangPers.) Fr. Helotiaceae
Chondrostereum purpureu(®ers.) Pouzar Cyphellaceae

Rhodocollybia maculat@Alb. & Schwein.) Singer

= Collybia maculata(Alb. & Schwein.) P. Kumm. Marasmiaceae

Coprinus atramentariuéBull.) Fr. Psathyrellaceae
Fistulina hepaticaSchaeff.) With. Fistulinaceae
=3 lpsiensdBatscn) G.F. Atk Ganodermataceae
Geastrum triplexdungh. Geastraceae
Gyromitra esculent@Pers.) Fr. Discinaceae
Hypholoma capnoide@d-r.) P. Kumm. Strophariaceae
Hypholoma fascicularéHuds.) P. Kumm. Strophariaceae
Inonotus obliquugAch. ex Pers.) Pilat Hymenochaetaceae
Ischnoderma benzoinu(Wahlenb.) P. Karst. Fomitopsidaceae
Laetiporus sulphureu@ull.) Murrill Fomitopsidaceae
Langermannia giganteéBatsch) Rostk. Agaricaceae
Lycoperdon perlaturkers. Agaricaceae
Lyophyllum connaturSchumach.) Singer Lyophyllaceae
Meripilus giganteugPers.) P. Karst. Meripilaceae
Paxillus atrotomentosudBatsch.) Fr. Tapinellaceae
Paxillus involutugBatsch.) Fr Paxillaceae

Phaeolus spadicey®ers.) Rauschert

= P. schweinitzi{Fr.) Pat. Fomitopsidaceae

Scleroderma citrinuniers. Sclerodermataceae
Stereum hirsuturWilld.) Pers. Stereaceae
Stropharia aeruginoséCurtis) Quél. Strophariaceae
Stropharia rugosoannulatgarl. ex Murrill Strophariaceae
Trametes gibbosgPers.) Fr. Polyporaceae

Table 15: Fungi species investigate®pecies names are given according to the Dictyooiathe
Fungi [24] and Index Fungorum [53].
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5.2 Origin of fungi

All fungi material was collected in the vicinity éfamburg, Northern Germany (at a
maximum distance of 70 km). Material collected wasd for immediate extraction
and hydrodistillation or deep-frozen for storageH °C.

With the exception of hydrodistillation, no tempewra treatment was applied to

fungal material during extraction.

5.3 Microscopy

Microscopic investigations were performed using@gmpus microscope (model
BX-51) equipped with DIC (differential interferenamntrast). A digital camera
(Canon EOS 500 D) was connected via an adaptepafxtons were made using
distilled water. Melzer's reagent (preparation: @Dwater, 1.5 g potassium iodide
and 0.5 g iodine; 20 g of chloral hydrate was adafést mixing [110, 111]) was used

for the dyeing of amyloid ascus pores.

5.4 Methods of extraction

Pentane, methanol, ether extracts and hydrodissllawere used for both

chromatographic and bioactivity tests.

5.4.1 Preparation of extracts

Approximately 50.0 g of fresh or frozen fungi maéwas taken and 100-150 ml of
pentane, methanol or ether was added. Flasks withats were agitated for 4 h (50
agitations/min) in an HLB GFL DARGAT?2 shaker.

The extracts were filtrated when ready. Ether extravere filtered through filters to

which waterless sodium sulphate ,88, had been applied. All extracts were
concentrated at 40 °C with a vacuum evaporatorl{BRotavapor R-200) using a V-

800 vacuum controller, Vac V-500 pump and B-49Qihgabath.

Pentane and ether extracts were concentrateddlume of about 10 ml.

Methanol extracts were dried under deep vacuuntlandry residue was then treated
with 10 ml methanol. The undissolved residue, img mostly of polysaccharides,

was discarded. Further analysis was conducted sixely on the methanol solution.
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5.4.2 Hydrodistillation

Volatiles were gained from fungi material by cirgtbn steam distillationysing an
apparatus according to Sprecher [128].

Approximately 150 g of fungi material was placetbia 2-litre round flask, to which
approximately 1 litre of distilled water was added.

The hydrodistillate (HD) was collected in 1-2 ml péntane; the process duration
was 4 h. The pentane solution (HD) of volatile coonpds was concentrated to about
0.5 ml. This solution was then used for gas chrography (GC), gas
chromatography coupled with mass spectrometry (G&);M thin layer
chromatography (TLC) and microbiological tests.

5.5 Chromatography

5.5.1 Thin layer chromatography (TLC)

Chromatographic tests were carried out using TLa&esl with normal phase (silica
gel 60 k54 Merck), reversed phase (HPTLC-Ready Plates RP,J8or nano-TLC
and TLC plates silica gel 60 RP-1&J and aluminium sheets coated with cellulose
(Merck).

Plate sizes used: 10 x 5 cm, 10 x 10 cm, 10 x 2026nx 20 cm. Layer thickness:
0.25 mm.

5.5.2 Preparative and semi-preparative chromatogralpy

Preliminary fractionation processes and substasalation were carried out on semi-
preparative plates 10 x 20 cm and 20 x 20 cm (R&@9silica gel 60 &4 0.5 mm,
Merck) and preparative plates 20 x 20 cm (PSC gplatica gel 60 f4 1 mm,
Merck).

5.5.3 Biologicalin situ tests on TLC

Determination of biological activity was completasding silica gel pre-coated TLC
plates (Adamant UM, Macherey-Nagel, Germany). This type of plate wlassen
since silica gel plates from Merck proved sub-ogptinthe application of hot agar
caused exfoliation of the plate surface.

Plate sizes: 10 x 5 cm, 10 x 10 cm, 10 x 20 cmeL#yickness was 0.25 mm.
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This technique was used for the determination dibaaterial constituents by the
agar overlay method (Section 5.7.1) and haemoagiivity in the blood-gelatine test
(Section 5.7.3).

5.5.4 Solvent systems for thin layer chromatography

To perform the phytochemical investigations andabsays of the methanol, ether
and pentane extracts, plus hydrodistillates, TL@lais was applied. The analysis
utilised the following solvent systems: trichloraimene/toluene/methanol (8:1:1) and
dichloromethane/toluene/methanol (8:2:2) for mettharand ether extracts;
toluene/ethyl acetate (95:5), toluene/acetone (7&8)d pure pentane for
hydrodistillates.

5.5.5 Detection on TLC plates

The detection of the extract zones commenced wWithight irradiation (wavelengths
254 and 366 nm) using a Desaga system (Desaga HB}JUNhotodocumentation
was completed using a Cab UVIS UV unit and Hitaehi-C20 camera. Data
acquisition and processing was carried out usimyroc VD 40 software, version
3.01.510 (Desaga GmbH, Germany).

For additional TLC detection, an anisaldehydefsulit acid spray reagent
was chosen. This reagent was prepared from 0.5isdldehyde, 10 ml anhydrous
acetic acid, 85 ml methanol and 5 ml concentratdghsiric acid. Once prepared, the
reagent was then stored at a temperature of abWtit ILC plates were sprayed with
reagent and subsequently heated under observatianGamag Ill TLC plate heater
for about 5 minutes at 110 °C. The plates wereuatad in visual light.

Azaphilone detection involved the application &% ammonia; evaluation

was performed in visual light.
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5.5.6 Analytical High Performance Liquid Chromatography (HPLC)

All HPLC measurements were run on a Merck Hitacl@Chrom instrument
(software version 4.1, P/N: 810-8652-01, interfaBe7000, DAD L-7455,
autosampler L-7200, pump L-7100).

Extract analyses were performed on a column of ty@dnroCARTL 125-4 HPLC
cartridge, filled with LiChrosphér 100 RP-18e (particle size 5 um). The column

was protected with a suitable guard column.

For azaphilone determination, the following methas applied:
Solvent A: acetonitrile- 70%

Solvent B: water 30%

Acquisition time: 35 min

Flow: 0.25 ml/min

Injection volume: 5-50 pl

Wavelength range: 220-550 nm

Monitoring wavelength: 450 nm

5.5.7 Preparative High Performance Liquid Chromatogaphy (Preparative HPLC)
Azaphilone separation and isolation was conductdguMerck Hitachi LaChrom
equipment, consisting of a pump (L-600), autosampAs 2000 A), UV monitor
(655 A) and interface (D-7000). The system was rotled by a computer running
software version 4.1 (P/N: 810-8662-01).

A LiChroCARTO 250-10 HPLC cartridge filled with LiChrosphérl100 RP-18
(particle size 10 um) was used as a main colummnaasdprotected by a pre-column
guard to trap any impurities.

The standard procedure for azaphilone isolationasa®llows:

Solvent mixture: acetonitrile/water (70:30)

Acquisition time: 35 min

Flow: 3 ml/min

Injection volume: 200 pl

Monitoring wavelength: 450 nm
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5.5.8 Gas chromatography (GC)
The GC conditions for the analysis of fungi vokdilare summarised in Table 16.

Equipment HP 6890 Series HP 5890 Series |l
J&W DB Wax CP-Sil 5 CB (Varian)
Column 30 mx 0.25 mm 30 mx 0.25 mm
Film thickness 0.2m Film thickness 0.2Gm
Carrier gas Nitrogen Nitrogen
Flow 0.7 ml/min 0.7 ml/min
Injector Split; split ratio: 1:16 Split; split rati 1:16

a) 80 °C (2 min isothern
— 270 °C (20 min hold
45-240 °C (40 min hold) _ _
Temperature program _ _ heating rate 10 °C/min
heating rate 3 °C/min :

b) 45-240 °C (40 min hold

heating rate 3 °C/min

S

N

Injector temperature 200 °C 200 °C
Detector FID; temperature: 250 °G  FID; temperatd8€ °C
Injection volume Jul 1 pl

Table 16: GC parameters

5.5.8.1 Determination of the absolute configuratbi -octen-3-ol

1-octen-3-ol was isolated from a pentane extra&®.ohquinanson preparative TLC
plates developed in the solvent system toluend/edbgtate (95:5); the isolated
substance was then analysed by enantioselectivehgasatography.

GC parameters of the enantioselective analysigiaes in Table 17.
S(+)-1-octen-3-ol (Fluka, Germany) aid(—)-1-octen-3-ol (kindly donated by Prof.
W. Francke of the Institute of Organic Chemistryivérsity of Hamburg) were used

as reference substances.
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Gas chromatograph HP 5890 Series Il (Hewlett Pagkar
LIPODEX® E octakis-(2,6-di-O-pentyl-3-O-butyry})}-

Column cyclodextrin 25 mx 0.25 mm (kindly loaned byhe
Institute of Organic Chemistry, University of Hanngu
Carrier gas Nitrogen
Flow 0.7 ml/min
Injector Split; split ratio 1:16

Temperature program |45 °C (10 min isothermy) 60 °C, heating rate 1 °C/min

Injection temperature 200 °C

Detector FID; temperature: 210 °C

Injection volume Jul

Table 17: Enantioselective GC parameters

The enantioselective analysis of 1-octen-3-ol war$gpmed after derivatisation with
trifluoroacetic anhydride (TFA):

/\{\/\/—’/\{\/\/

OH o.__0O

b

F
Although there is a standard method for derivatsabf 1-octen-3-ol (Konig [98,
99]) it was decided to simplify the process angraceed as described below.

TFA derivatisation was performed by heating thdasml substance with 10 pl of
trifluoroacetic anhydride and 100 pul of ethyl atetat 60 °C for 30 min. The reaction
mixture was carefully dried under a gentle nitrogemeam. The residue was
dissolved in 100 pl of ethyl acetate and a 1 |guat was then injected into the GC
system.
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5.6 Spectroscopic methods
5.6.1 Mass spectrometry in ESI mode
For ESI spectra, a Varian MAT 95 XL Trap apparatas used (Table 18).

MAT 95 XL Trap
Accelerating voltage 5 kV

Resolution 1500
Scan range 100-1000/zwith 3 s/mass decade

Mass spectrometer

API Il ESI apparatus
Negative ions

Electrospray _ R
Heated capillary at 230 C

ESI voltage 3.2 kV

Harvard syringe pump
Sample inlet 1-20ul/min
Solvent:i-propanol

Table 19: MS parameters

5.6.2 GC-MS coupling

GC/MS measurements were conducted on a HP GC syfdi#th890, Agilent

Technologies) coupled with a sector field MS (VGZAD S) from VG Analytics.

For details, see Table 20. The following electrolficaries were used to identify
GC/MS spectra:

— MassLib (v. 9.3-106) (Max-Plank-Institut fir Kohlenschung, Miulheim
(Germany), incorporating MassLib software 1996—-2@@&ributed by MPS
Kofel (Zollikofen, Switzerland). Including the falwing libraries (from
“Chemical Concepts”, Wiley):
= Wiley / NBS Registry of Mass Spectral Data (4th)Ed.
= NIST/EPA/ NIH Mass Spectral Data Base (2005)
= Library MPI (Mihlheim, 2006)
= CC (4th Ed.)

» Geochemicals (1st Edition)
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» MRC Collection (1st Edition)
— MassFinder 3.53c (2004), including a terpene Iypfesm D. Hochmuth, Prof.
W. A. Konig [129]
— Compilation of mass spectra of volatiie compounddood, TNO Institute,
Zeist, Netherlands, Chemical Concepts (Weinheir85)19
— ldentification of essential oil compounds by gasoamatography/quadrupol
mass spectroscopy (Prof. R. P. Adams), Allured iBinlg Company, Carol
Stream (lllinois, 2001)
— Internal MS library of essential oil compounds {Fbioz. Dr. W. Schultze,
Institute of Pharmacy, University of Hamburg)
Mass Frontier (v. 2.0) spectral interpretation wafe (Thermo Scientific, Germany)
was applied for the interpretation of EI-MS data.

Gas chromatograph HP5890 Series Il
Mass spectrometer VG-70-250 S
CP-Sil5CB
Column 25 mx 0.25 mm
Film thickness 0.4m
Carrier gas Helium
Flow 2 ml/min
Injector Split 1:17
a) 45270 °C (40 min hold), heating re
5 °C/min

Temperature program

b) 80 °C (2 min isothermy 270 °C (20 mir
hold), heating rate 10 °C/min

—

Injector temperature 200 °C
Injection volume Jul
lonisation Electron impact (El), 70 eV
Mass range 35-300m/zand 600m/z respectively

Table 20: GC-MS parameters
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5.6.3 Nuclear magnetic resonance spectroscopy (NMR)

NMR measurements such dsl, *C, H,H-COSY (Proton-Proton Correlation
Spectroscopy), HMBC (Heteronuclear Multiple Bond r@@tion), HSQC
(Heteronuclear Single Quantum Coherence) and NOEB&ctroscopy (Nuclear
Overhauser Effect Spectroscopy) were run on AMX,480 400 and DRX 500
spectrometers (all from Bruker, Germany).

Deuterated solvents used were trichloromethaneC(¢)Pmethanol (CROD),
acetonitrile (CRCN) and acetone ((GIRCO), all supplied by Deutero (Kastellaun,
Germany). Tetramethylsilane (TMS) was added ast@nnal standard.

MestRec software (version 4.4.1.0, Mestrelab RebkeaSantiago de

Compostela, Spain) was utilised for spectra pracgssd analysis.

5.7 Bioassays
5.7.1 Determination of antimicrobial activity (agar diffusion test)
Gamma-sterile Petri dishes (100 mm in diameterewesed for this test.

Culture medium

Standard | agar (Mer&, 37 g/l in Millipore-filtered water.
Test microorganisms
Staphylococcus aureulATCC 25923,Escherichia coliATCC 25922 andCandida

albicansATCC 10231 were used for biological assays.

Bacteria suspension

Colonies ofS. aureusE. coli and C. albicanswere mixed with 4.5 ml of sterile
isotonic sodium chloride solution for moderate egaknce. Microbial suspension
turbidity was adjusted to a density equivalent to0& McFarland standard
(approximate cell density $@CFU/ml), absorbance 0.125 + 0.02 at 550 nm. A 0.5
McFarland standard is prepared by mixing 0.05 ml1df75% barium chloride
dihydrate (BaGlx 2H,0), with 9.95 ml of 1% sulphuric acid {§80,).

Test technique

Sterile cotton-tip sticks were used for bacteriing. The bacterial suspension was

distributed on agar in Petri dishes in three déférdirections. Extracts to be tested
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for antimicrobial activity were spotted on fourt@f paper discs with a diameter of 6-
7 mm and a thickness of 0.7 mm; the amounts appleye 25ul, 50 pl, 100 ul and
200 ul, respectively. Solvents were removed by drying thscs above a hot plate.
Discs with pure solvents were employed as a coifdnmokolvent activity. Standard
gemifloxacin (5 ug) discs were used as a reference for antibactacavity.
Antifungal effects were measured using discs tceatgh clotrimazole (1Qug) as a
reference standard.

Following application, all discs were placed oe #urface of inoculated agar.
Petri dishes were placed in an incubator at a tempe of 37 + 1 °C for
approximately 18 + 2 hours. Activity was determinkg visual inspection and
measurement of the diameter of clear inhibitionesoaround the discs. To determine
the quantity of dry substance in applied extraest discs were weighed before and

after the application of the extract.

5.7.21n-situ bioassays on thin layer plates (agar overlay metldp

Two types of gamma-sterile Petri dishes were setecquare (100 mm) and round
(140 mm diameter).

Test plates

For details, see Section 5.5.3, “Biological in $&sts on TLC".

Culture media

Medium 1: Standard | agar (Meftk 37 g/l in Millipore-filtered water, autoclaved
(15 min at 121 °C).

Medium 2: China blue lactose agar (CM0209), 35li&g/n Millipore-filtered water,
autoclaved (15 min at 121 °C).

Test microorganisms

Agar overlay tests were performed whaureusATCC 25923.

Bacteria suspension

Colonies ofS. aureuswere mixed with 4.5 ml of sterile isotonic sodiwhloride

solution for moderate opalescence. Microbial susienturbidity was adjusted to a
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density equivalent to a 0.5 McFarland standard r@apmate cell density 0
CFU/ml), absorbance 0.125 £ 0.02 at 550 nm.

Test technique

50 ml hot agar was cooled to a temperature of aqpaiely 37-38 °C and mixed
with 500 pl of inoculum (ratio 1:100) before beidgstributed evenly over a TLC
plate placed inside a Petri dish. An agueous smiudif ciprofloxacin (3.5-qug) was
employed as a reference for antibacterial actantgl spotted on the TLC plate before
agar application. Following solidification of thegax, the Petri dishes with TLC
plates were placed in an incubator at 37 + 1 °Gibwut 18 = 2 hours.

On removal from the incubator, activity was estilaby visual inspection and
measurement of the clear inhibition zones aroutidgeabands. Photo documentation
was completed using a Hitachi HV-C20 video cameamanected to a CAB UVIS
UV-unit and controlled by a computer running Pro¥@®VD 40 software (v.
3.01.510, Desaga GmbH/Sarstedt Group, Germany).

5.7.3 Haemolytic activity assay (blood gelatine tgs

Test plates
For details, see Section 5.5.3, “Biological in $&sts on TLC".

Reagents

For this test, the following reagents were usedambl 70% (v/v), gelatine, isotonic
phosphate buffer solution and a single unit ofestdblood (from University Clinic
Hamburg-Eppendorf, blood transfusion station).

Phosphate buffer composition

Composition: 40.08 g NEPO, x 12 H,0; 4.36 g NakHPQ, x 2H,0; 0.74 g NaCl.

The dry chemicals were measured accurately analdess in 160 ml of slightly

heated water. After cooling, this mixture was diliitvith 1000 ml of water. The pH
of the prepared solution must be 7.4.

Blood gelatine

4.6 g of gelatine powder were mixed with 100 mpbbsphate buffer solution. The

mixture was left to soak for approximately 30 masiand was then heated gently to
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ensure the gelatine was completely dissolved. (uepared, the gelatine solution
was cooled to approximately 38 °C and 20 ml of Bleecere then added by slow
stirring.

Test technique

The extracts were applied to two TLC plates €Q0 cm); both plates were then
developed in a suitable solvent system under thee ssonditions. The solvent was
then evaporated from the plate by drying and substgdband) detection was then
performed in UV light (245 and 366 nm).

One TLC plate was then placed centrally in a laRggri dish (19 cm in
diameter) and its surface was carefully coveredh w&itthin layer of 25 ml of warm
(37 °C) blood gelatine. To prevent rapid dryinghat blood gelatine surface, strips of
wet filter paper were placed in the Petri dish nbarTLC plate (all contact with the
blood gelatine covering the plate was avoided). Pe¢ri dish was then covered,
placed in a refrigerator (at 4 °C) and investigdt2dhours later.

On investigation, positive haemolytic zones wetentifiable as clear zones
(colourless to slightly red) around the bands. &thatumentation was completed
using the abovementioned still image system.

A second identical TLC plate was sprayed with @dishyde/sulphuric acid
reagent and heated for 5 min at 110 °C under oasernv This plate was used as a
reference to establish a correlation between theuoed bands and the bioactive

zones on the TLC plate used for the blood gelaase

5.7.4 Cytotoxicity test

These investigations were carried out at the bistiof Pharmacy of the Ernst-
Moritz-Arndt University of Greifswald, by the diplea student Bente Will
(supervision: Prof. U. Lindequist, Dr. Schultze ahdOsmanova) under the guidance
of Dr. Kristian Wende.

Dried methanol and ether extracts Bf inquinansand M. giganteuswere

prepared and then diluted in DMSO to a concentnatioc200 mg/l. This solution was
then successively diluted in seven further dilugpdrases (dilution step 1:3). For this
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test, human bladder cancer cells (cell line 563&)ewsed. The bladder cancer cells
were cultivated under standard conditions (37 %%, &0,, humid atmosphere) and
passaged multiple times before being employed. @efisity was estimated by
measuring a cell suspension with a haemocytomeldris permitted the
determination of the exact cell number per mihdit

The cell suspension was mixed with a culture madand then applied to a
96-well microtitre plate (12 rows with 8 wells pssw). Quantity used was 100
ul/well. The outside rows were not filled, sincestlairea is subjected to an excessive
risk of evaporation and was therefore unlikely ield/ precise measurements during
evaluation in a UV/Visible detector. Diluted etomesand pure DMSO were used as
controls and placed in the second and eleventh, i@spectively. Rows from three to
ten were filled with the seven extract dilutionsd@ed above, in order of increasing
dilution. The cells were then incubated and cytmitx was measured using a special
method incorporating the neutral red test accorthng/ende (method is patented, no

further information available).
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6. Hazardous chemicals

Risk-phrases

Safety-phrases

Acetic acid C 10-35 23.2-26-45
Acetone F 11 9-16-23.2-33
Acetonitrile F, T 11-23/24/25 16-27-45
Acetonitrileds F, T 11-23/24/25 16-27-37-45
Anisaldehyde Xn  22-36/37/38 26-36
Dichloromethane Xn 40 23.2-24/25-36/37
Diethyl ether F 12-19 9-16-29-33
Ethanol F 11 7-16

Ethyl acetate F, Xi 11 16-23.2-29-33
Etoposide T 22-45 26-36/37/39-45-53
Hydrogen (gas) F 12 2-9-16-33
Massoia lactone Xi 38-43 24-37

Methanol F, T 11-23/25 7-16-24-45
1-Octen-3-ol Xn, T 20-36/38 26-36

Pentane F 11 9-16-29-33
Propan-2-ol F 11 7-16
Guaiazulene Xn 22 22-26-36/37/39
Sulphuric acid C 35 26-30-45
Tetramethylsilane (TMS) F 12 9-16-29-43.3
Toluene F, Xn 11-20 16-25-29-33
Trichloromethane Xn 22-38-40-48/20/22 36/37
Trichloromethanes, Xn 22-38-40-48/20/22 36/37
(T{:E'X;’roacetic anhydride v\ 14.20-35-52/53  26-43-36/37/39-45-61
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7. Appendix |
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Figure 63:*C NMR spectrum of bulgarialactone B (HPLC Peak 2)
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162

B2

H-15 150
H-18

6.00

181.5 (C-14)

80.0

183.3 (C-16) 1850

ppm (t1)
T T T T
6.780/B0’ 607 6BBHBS0 200
ppm (12) ppm (t1
5.50



H-4
H-28

A A

- = - 11.1(C-29
- @Qﬂ) . - s 18.7 (C-29
. - < % . & & 28.9 (C-2)
28.9 (C-24) - % =3 38.3 (C-23
50
© 62.0(C-28)
@ " =°7¢3(C-3) .
cé 8€.3 (C-11)
4
: ' 100
@b 111.7 (C-9 >§<
- 128.4 (c-2)
143.9 (C-9 )
R / =
= = =§ 146.4 (C-2) 150
é’ 17C.0 (C-7)
%\ 100 3 (C-12)
pERt1
3.50 3.00 2.50 2.00 1.50 1.00 0.50

ppm (t2)

Figure 65: HMBC NMR spectrum (part 2) of bulgarcitane B (HPLC Peak 2)
163



17

o
NN .

0O O

o/l

131.0 1300 129.0 128.0 1270 1260 1250
ppm (t1)

C-1

© ~
! O
o~ O
o
O
L0
O
147.0 146.0 145.0 144.0 143.0
ppm (t1)
200
ppm (t1)

Figure 66:*C NMR spectrum of bulgarialactone D (HPLC Peak 1)

C-18
C-20

142.0 141.0

150

1

C-6

C-13 =—

C-15

100

164

C-3

C-28

C-25

50

C-23

-24

C-27

c-4

C-26

20000000

10000000

-10000000

-20000000



e=e 19.3 (C-26)

& 1439 (C-5)

= 79.4(C-3)
< 111.7 (C-6)

8.00
ppm (t2)

7.50

< 28.7 (C-4)
o == 38.3 (C-23)
oeme 28.9 (C-24)

< 86.6(C-11)

< 1119(C-13) = o= 100.1 (C-15)

= =zn - - 113.7(C-8)
/ 125.9 (C-17)
co & = S - 1285(C-19)
P Foo - 2 n%
128.4 (C-21) 1415 (C-20)
— . ove cem  ogm === 141.7 (C-18)
DT>
N 146.4 (C-22)
= 170.0(C-7)
- g 1815 (C-14) &4 183.3 (C-16)
. 190.3(C-12) : -
7.00 6.50 6.00

Figure 67: HMBC NMR spectrum (part 1) of bulgarctane D (HPLC Peak 1)
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Figure 68: HMBC NMR spectrum (part 2) of bulgarctane D (HPLC Peak 1)
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Figure 71: HMBC NMR spectrum (part 2) of bulgariafo fromB. inquinanshydrodistillate
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Azaphilones: a class of fungal metabolites withedse biological activities.

Natalia Osmanova, Wulf Schultze, Nahla Ayoub

% — Institute of Pharmacy, Department of Pharmaceliology and Microbiology,

University of Hamburg, Hamburg, Germany.

® _ Department of Pharmacognosy, Ain Shams UniyerSiiro, Egypt

Abstract

This review presents an overview of azaphilonedaied from different fungal
species, detailing their chemical structures atbhical activities as covered in the
recent literature. Over 170 different azaphilonenpounds occur in fungi belonging
to 23 genera from 13 families: these azaphilonesbeaclassified into ten different
structural groups. Numerous azaphilone structuea® lbeen described, particularly
from members of th&richocomaceaandXylariaceaefamilies. Azaphilones exhibit
a wide range of interesting biological activitiesich as antimicrobial, antifungal,
antiviral, antioxidant, cytotoxic, nematicidal aadti-inflammatory activities. Many
of these effects may be explained by the reacwbdrzaphilones with amino groups,
such as those found in amino acids, proteins argdeicuacids, resulting in the

formation of vinylogoug-pyridones.

Keywords: azaphilones, bioactivity, lactonégjchocomaceae, Xylariaceae
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Introduction

Fungi have long been known to produce a wide waridt biologically active
compounds and have been used for medicinal purpas@drica and Asia from
ancient times (e.g. Yingt al 1987, Molitoris, 2002Hobbs, 2003). Fungi continue to
provide active ingredients for important modern g#u including statins and
antifungal agents such as cyclosporine and echnuicalt is therefore unsurprising
that several publications have focused on the desgyoof new active principles from
fungi (Steglich, 1981, Lorenzen and Anke, 1998, ¥¢as2002, Lindequisgt al
2005). Many different chemical groups have beemtifled in fungi, including
organic acids, polyynes, polyketides (such as quespanthraquinones, xanthones,
etc.), mono- to triterpenes (volatiies and stenpidspolysaccharides,
lipopolysaccharides, and N- and S-containing comdsuyTurner, 1971; Turner and
Aldridge, 1983; Gill and Steglich, 1987; Stegliehal 2001; Quangt al 2005Db).

Azaphilones are another interesting set of secgndangal metabolites.
Considered together, their group is generally lieltde a relatively small subset of
the polyketide class — indeed, some authors gragphalones into polyketides
without giving any further definition (Turner, 197Gill and Steglich, 1987; Gill,
1996; Gill, 1999). However, a more precise defomtof this term is required since
polyketides represent an array of often structuralbmplex natural products
produced by diverse organisms and include suclsesags anthraquinones, flavonoid
pigments, macrolide antibiotics, naphthalenes araphthaquinones, polyenes
antibiotics, tetracyclines and tropolones (Turnkd/1; Gill and Steglich, 1987).
Polyketides are usually categorised by their chahstructures (Hutchinson, 1999).
In this respect, azaphilones can be defined asuatstally-diverse class of fungal
secondary metabolites (polyketide derivates), nampements with pyrone-quinone
structures containing a highly oxygenated bicycbce and a chiral quaternary centre
(Sturdikovaet al 2000; Zhuet al 2005; Donget al. 2006). Note that both a pyrone-
quinone structure and a chiral quaternary centeeeassential for structures to be

classified as azaphilones.
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The name azaphilone arose as a result of thenitgffior ammonia: the pigments
react with amines — such as proteins, amino acidsnacleic acids — to form red or
purple vinylogousy-pyridones due to the exchange of pyrane oxygemifmogen
(Stadleret al. 1995; Sturdikovaet al 2000; Way and Yao, 2005). This appears to be
a characteristic reaction. It can take place bath ammonia alone as found in the
case of monascorubramine and rubropunctamine (g&étial 2005; Akihisaet al
2005a) and the side chain of a macrocyclic polgeetis discovered for chlorofusin
(Duncanet al 2001, 2003).

It is necessary, however, to note that azaphil@meshot the only structural class
reacting with primary amines. Thus, fluorones ismda from Echinodontum
tinctorium and Pyroformes albomarginatuglso change their colour on exposure to
ammonia (Gill, 1996). However, they are not azaptes and should not be
mistakenly included in the azaphilone class.

This review does not address the detailed aspdcazaphilone biosynthesis.
However, this article will present some generaloinfation about possible
biosynthetic pathways.

Biosynthetically, most pigments produced by funge @olyketide-based (some
may involve polyketide-amino acid mixed biosyntisgsand involve complex
pathways catalysed by iterative type | polyketigetisases.

The biosynthesis of azaphilones uses both the pobd pathway and the fatty
acid synthesis pathway. The polyketide pathwayrabkes the main polyketide chain
of the azaphilone pigments from acetic acid (tlatst unit) and five malonic acid
molecules (the chain extender unit) in a convesmiioway to generate the
chromophore structure. The fatty acid synthesisiay produces a medium-chain
fatty acid (octanoic or hexanoic acid) that is theund to the chromophore by a
transesterification reaction (Hajjatal. 1999; VeliSeketal. 2008).

Biosynthetic pathways are suggested for the folhgwazaphilones: monascorubrin
and monascoflavin (Kuronet al. 1963); mitorubrin and rubropunctatin (Turner,
1971); ascochitine (Turner and Aldridge, 1983);rephilone (Turner and Aldridge,
1983); citrinin (Turner and Aldridge, 1983; Hajgfjal. 1999); monascusones A and
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B, monascin (Jongrungruangchak,al. 2004) and sassafrin D (Quaredal. 2005).
However, some researchers are of the opinion trapoehensive knowledge about
the biosynthetic pathway of polyketide pigment<l(iding the extensively studied
Monascugigments) is not yet availab{#apariet al 2009.

Azaphilones exhibit a wide range of interestingldmgacal activities, such as
antimicrobial, antifungal, antiviral, antioxidantytotoxic, nematicidal and anti-
inflammatory activities. The potent non-selectiveldgical activities of azaphilones
may be related to their production of vinyloggtisyridones (Parlet al. 2005).

Some azaphilone structures have already been pedsenreviews of secondary
metabolites such as fungal pigments. However, sithese reviews of fungal
metabolites are general and deal with numeroustautes classes (Turner, 1971,
Turner and Steglich, 1983; Gill and Steglich, 19&Jyang et al 2006), this
necessarily means that azaphilones are presenedoa marginal group.

Azaphilones are also mentioned in a number of Byatie reviews of certain
families or genera of fungi (Frisvaet al. 1990; Stadlert al 2005; Stadler and
Fournier, 2006; Pelaezt al. 2008). However, these authors cover only a foactif
all known azaphilones, since their articles natym@amit the azaphilones produced by
fungi not included in their reviews.

Our review therefore aims to provide readers wakeatial, clearly summarised
data on azaphilones as presented in the literatudate. Presenting this data in a
concise, tabular format, the article offers infotima about chemical structures,
producing species and identified biological aciat
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Azaphilone Structure Species Activity
Bicyclic azaphilones
Austdiol (Vleggaar et al., Oy
- O -
1974; Sturdikovat al, T T Lon Aspergillus ustus

2000)

Citrinin (Endo and Kuroda,
1976; Natsumet al., 1988;
Blancet al, 1995; Pisareva
et al, 2005)

Monascus sp.
P. ultimum
P. odoratum

P. viridicatum

Phytotoxin; inhibitor
of cholesterol
synthesis; nephrotoxi
agent; chlamydospors¢
like cell-inducing
agent

Nematicidal activity
against the pine woog

Pseudohalonectrin A (Dong z © Pseudohalonectria
oA N _ nematode
et al, 2006) : adversaria
OH Bursaphelenchus
xylophilus
Spiciferinone (Nakajimat = © _ o
O Cochliobolus spicifer Phytotoxin

al., 1992)

[

v

)
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Spiciferone A (Nakajimat
al., 1992)

C. spicifer

Phytotoxin

Bicyclic azaphilones with aliphatic side chain

Ascochitine (Turner and
Aldridge, 1983; Beeét al,
1994; Kusnicket al, 2002;
Seibertet al, 2006)

HO

HOOC

N

Ascochyta obiones
A. salicorniae

A. fabae
Kirschsteiniothelia

maritima

Potential inhibitor of

protein phosphatases;

enzymatic activity Of
MPtpB (mycobacteria
protein tyrosine
phosphatases B)
inhibitor; causes
necrosis and wilting @
plant cuttings

Chaetomugilin I, J (Muroga
et al, 2009)

A

C

Chaetomugilin | R = OH;
Chaetomugilin JR =H

C. globosum

Growth inhibition of
P388, HL-60, L1210,
and KB cell lines;
selective cytotoxic
activity against 39
human cancer cell
lines
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Chlorofusin (Duncaret al,

R =

Anticancer agent:
antagonist of

O wan M Tome o Fusariumsp.
2001; Duncaret al., 2003) /”\VN\R\N%N )krms P p53/MDM2
NH 5 | L . )
~ S interaction
e
N Leu
° AsnmJS\[O]/ Thl’6 " 7
asterisk shows the linkage with azaphilone core
Chrysodin (Closse, and i
y ( o PPN Sepedonium Antifungal
Hauser, 1973; Haraguceit AcO 0 antimetabolite inhibits
I chrysospermum
al., 1990) © growth of yeasts
OH O . .
— : Antifungal agent:
CT 2108A (Laakset al, 0%0 Penicillium solitum nungatag
o _ _ inhibitor of fungal
2003) (Westling)strain CT2108 _
0 NN fatty acid synthase
0 . . . | Antifungal agent:
CT 2108B (Laakset al, o NS P. solitum(Westling) strain
~N Y O inhibitor of fungal
2003) oH o~ 1 CT2108

fatty acid synthase
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O~
Daldinins A1 and A2 o O\H/R . _
_ o Daldinia concentrica

(Hashimotoet al, 1994)

Daldinin A1 R = (CH)14.CHs

Daldinin A2 R = (CH)16CH;3
Daldinin A3, B3 Z o cHy; _

o j]/ (CHp);CHs D. concentrica

(Hashimotoet al, 1994)

Daldinin A4, B4
(Hashimotoet al, 1994)

D. concentrica

O
- O// O\[(R
Daldinins B1 and B2 0 _
_ o D. concentrica

(Hashimotoet al, 1994) Daldinin B1 R = (CH)1.CHs

Daldinin B2 R = (CH)1¢CHjs
Dechloroisochromophilones o NG

""" (0]

[l and IV (Matsuzakiet al.,
1998)

Dechloroisochromophilone 11l R = OH
Dechloroisochromophilone IV R = OAc

P. multicolor
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epi-Isochromophilone Il

HO Z Chaetomium cupreum
(Kanokmedhakuét al, P
) Z CC3003
2006) cl
Cytotoxic activity
against the murine
H
Harziphilone (Qian-Cutronge HOG SR _ _ tumour cell line M-
- Trichoderma harzianum o
et al, 1996) HO™ I 109; inhibitor of REVA
protein to RRE RNA
binding
Cl
O X N
Helicusins A and B N0

(Yoshidaet al, 1995)

Helicusin A (E)*
Helicusin B (2)*

Talaromyces helicus

Monoamine oxidase
(MAO) inhibitor

Helicusins C and D
(Yoshidaet al, 1995)

Helicusin C (E)*
Helicusin D (2)*

T. helicus

MAO inhibitor
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Helotialins A and B (Zowet
al., 2009)

Helotialin AR = COOH
Helotialin BR = H

unidentified species of

Helotiales.

inhibitory effects on
HIV-1 replication in
C8166 cells

Helotialin C (Zouet al,
2009)

COOCH

unidentified species of

Helotiales

Isochromophilone Il
(Matsuzakiet al, 1995;
Matsuzakiet al, 1998)

P. multicolorFO-2338

gp120-CD4 binding
inhibitor

Isochromophilone Il (Arai
et al, 1995; Matsuzaket
al., 1998; Tomodat al,
1999)

P. multicolorFO-2338

gp120-CD4 binding
inhibitor

Isochromophilone IV (Arai
et al, 1995; Matsuzaket
al., 1998; Nanet al, 2000)

P. multicolorFO-2338
P. multicolorF1753

gp120-CD4 binding
inhibitor; Acyl-CoA
inhibitor
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Isochromophilone V (Arai

gp120-CD4 binding

(0] N X AN
et al, 1995; Matsuzaket O P. multicolorFO-2338 inhibitor; Acyl-CoA
al., 1998) HO On inhibitor
. . . 120-CD4 bindin
Isochromophilone VI (Arai 0o SN P. multicolorFO-2338 9P neing
<N ) inhibitor; Acyl-CoA
et al, 1995) ~"on P. multicolorF1753 o
Ao I inhibitor
Inhibitor of
- diacylglycerol
Isochromophilone VII o SN . acyltransferase
3 Penicillium sp. o
(Yanget al, 1996) acd” T o0 activity; cholesterol
(0]

acyltransferase
activity inhibitor

Isochromophilone VIII
(Yanget al, 1996; Michael
et al, 2003)

Penicillium sp.

Inhibitor of
diacylglycerol
acyltransferase
activity; cholesterol
acyltransferase
activity inhibitor

Isochromophilone IX
(Michaelet al, 2003)

Cl
o N
""" o N_~_ COOH
AcO

Penicillium sp.

Antibiotic against
Methicillin-resistants.
aureus(MRSA)
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Lunatoic acid A (Marumet
al., 1982; Natsumet al,
1988; Matsuzaket al,
1998)

C. lunatuslFO 5997

. multicolorFO-2338

Aversion factor;
antifungal activity
againstCurvularia
trifolii ;
chlamydospore-like
cell-inducing agent

Lunatoic acid B (Natsumet
al., 1988; Nukina and

. lunatuslFO 5997

Aversion factor

OTM P. multicolorFO-2338
Marumo, 1977) S
Luteusin A (Antibiotic RP
1551-7, Luteusin, TL-1) _ gp120-CD4 binding

) P. multicolorFO-2338 inhibitor:
(Fujimotoet al, 1990; ¢l _ ’

_ _ o N P. sclerotiorumX11853 MAO inhibitor in
Pairetet al, 1995; Yoshida HO ~ O B _

_ P. vonarxii vitro;
et al, 1996; Matsuzaket OH _
T. luteus Endothelin receptors
al., 1998; Sturdikovat -
binding agent

al.,2000)
Luteusin B (TL-2) cl

-~ o SN T. luteus
(Fujimotoet al, 1990; HO O z _

_ P. sclerotiorumxX11853
Pairetet al, 1995) OH
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Monascusone A
(Jongrungruangchoét al.,
2004)

HO

Monascus kaoliang

Patulodin (Sakudet al.,
1995)

P. urticae

Antifungal agent

Phomoeuphorbin A:

"o 0 R Inhibitor of HIV
. 0
Phomoeuphorbins A and B HO _ _ replication in C8166
o Phomopsis euphorbiae o
(Yu et al, 2008) Phomoeuphorbin A R= COOH cellsin vitro;
Phomoeuphorbin B R= H Phomoeuphorbin B is
not active
Phomoeuphorbin C:
OH

Phomoeuphorbins C and [}
(Yuetal, 2008)

) HO 3 N
""" .0 OH

P. euphorbiae

Inhibitor of HIV
replication in C8166
cellsin vitro;
Phomoeuphorbin D ig
not active

Pseudohalonectrin B (Don
et al, 2006)

\
\

P. adversariaYMF1.01019

Nematicidal activity
against the pine woog
nematodes.

)

xylophilus
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RP 1551-2 (Tokét al,
1999)

(6] N X NS
N X0
HO :
(@] OH

Penicillium sp.SPC-21609

Inhibitor of platelet-
derived growth factor
(PDGF) binding to its
receptor; antibacteria
activity against
Bacillus subtilis
Enterococcus faeciun
Staphylococcus aurel

RP 1551-M2 (Toket al,
1999)

Penicillium sp.SPC-21609

Inhibitor of (PDGF)

binding to its receptor;

antibacterial againg.
subtilis E. faeciumS.
aureus

Rubiginosin C (Quangt
al., 2004; Quangt al,
2006a)

NGO OH
AN
H3C(H2C)8/\/\(U\O 0

Hypoxylon rubiginosum.

Antioxidant; inhibits
nitric oxide (NO)
production in RAW
264.7 cells

S 15183a and S 15183b
(Konoet al, 2001)

(CH,)gCHg

S 15183a R = (CHsCHj3
S 15183b R = (CHJsCHs

Zopfiella inermisSANK
15183

Inhibits sphingosine
kinase from rat liver
and endogenous SPH
kinase activity in

intact platelets
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Sassafrin D (Quangt al,
2005)

OMe OH O

Creosphaeria sassafras

Broad-spectrum
antimicrobial activity

Sclerotiorin (Natsumet al,
1988; Paireet al, 1995;
Tomodaet al, 1999; Nanet
al., 2000; Chidanandet al,
2006)

P. multicolorF1753
P. sclerotiorumX11853
P. frequentans

P. hirayamadJdagawa

Inhibits binding
between Grb2-SH2
domain and
phosphopeptide
derived from the Shc
protein; aldose
reductase inhibitor;
antibacterial activity
againsBacillus spp;
chlamydospore-like
cell-inducing agent;
Endothelin receptors
binding agent

T22 azaphilone (Vinalet
al., 2006)

T. harzianunstrains T22

In vitro inhibitor of
Rhizoctonia solani,
Pythium ultimumand
Gaeumannomyces
graminisvar. tritici.
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(8S,8a-R)-7-deacetyl-
1,08,8,8a-tetrahydro-7-epi
sclerotiorin and 5-dechloro
analog (Pairegt al, 1995)

T
T

(8S,8a-R)-7-deacetyl-1,08,8,8a-tetrahydro-7-epi-
sclerotiorin R = Cl
5-dechloro analog R = H

P. sclerotiorumX11853

Endothelin receptors
binding agent

Bicyclic azaphilones with aliphatic side chain anéromatic ring

Cohaerin A (Quangt al,
2005a; Quangt al,
20064a,b)

o
0
H3C(H2C)4/\ru\ 0”:

H. cohaerens

Antioxidant; inhibits
NO production in
RAW 264.7 cells

Cohaerin B (Quangt al,
2005a; Quanegt al,
2006a,b)

H. cohaerens

Antioxidant; inhibits
NO production in
RAW 264.7 cells

Cohaerin F (Quangt al,
2006b)

A. cohaerens

Inhibits NO
production in RAW
cells; strong
nonselective
antimicrobial agent
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Dimeric azaphilones

Chaetoglobins A and B
(Ming et al, 2008)

Chaetoglobin A R = H; Chaetoglobin B R = (g$OH

C. globosum

Antitumor activity in
cell line MCF-7 and
colon cancer cell line
SW1116

Bicyclic azaphilones with o

-orsellinic acid or o-osellinic acid derivatives

Entonaemin A (Buchanast

Antioxidant; inhibits

O~ H. rubiginosum o

al., 1995; Quangt al, HO NO production in
o - O OH Entonaema splendens

2004; Quanget al, 2006a) 5 o RAW 264.7 cells

o OH
Entonaemin B (Buchanaet _ “Op/

7 ‘ L E. splendens
al., 1995) "OH
O
R = (0] o

© A o c Anti-inflammatory

Falconensins A, B, C and D "1 Meo OMe

(Itabashiet al, 1996;
Yasukaweet al, 2008)

Cl

Falconensin A R = propenyl;;R OH
Falconensin B; R = n-propyl;;R OH
Falconensin C R = propenyl; R OAc
Falconensin D R = n-propyl;;R OAc

Emericella falconensis

activity induced by TPA
(12-0O-
tetradecanoylphorbol-
13-acetate)
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Falconensin E (ltabashkt

al., 1996; Yasukawaeat al,

E. falconensis

Anti-inflammatory
activity induced by

OMe
2008) & TPA
Falconensins F and G o N OJ\/@ Anti-inflammatory
(Itabashiet al, 1996; R Meo OMe E. falconensis activity induced by

Yasukaweet al, 2008)

Falconensin F R = OH

Falconensin G R = OAc

TPA

Falconensin H (Itabaslei
al., 1993; Itabashet al,
1996; Yasukaweat al,
2008)

N ) o
o) cl
7 0
o)
MeO OH
Cl

E. falconensis

Anti-inflammatory
activity induced by
TPA

Falconensins | and J
(Ogasawara and Kawai,
1998; Yasukaweat al,
2008)

o_ A
Ao
OH
MeO OH

Falconensin | R = propenyl

Falconensin J R = n-propyl

E. falconensis

E. fruticulosa

Anti-inflammatory
activity induced by
TPA
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Falconensins K, L, M and |
(Ogasawara and Kawai,
1998; Yasukawat al,
2008)

Falconensin K R = propeyl;:R H
Falconensin L R = n-propyl;;R= H
Falconensin M R = propenyl;;R CI
Falconensin N R = n-propyl;;R= CI

OH
Cl

E. falconensis

E. fruticulosa

Anti-inflammatory
activity induced by
TPA

Hypomiltin (Hellwig et al,
2005; Stadleet al, 2005)

. hypomiltum
. intermedium

. perforatum

I T I =T

. trugodes
H. piceum (= Pyrenomyxa
picea)

Pulveria porrecta

Kasanosin A (Kimurat al,
2008)

Talaromyces sp.

Specific inhibitor of
eukaryotic DNA
polymerasef andA

Kasanosin B (Kimurat al,
2008)

Talaromyces sp.

Specific inhibitor of
eukaryotic DNA
polymerasef andA




(-)-Mitorubrin (Buechiet
al., 1965; Frisvackt al,
1990; Muhlbaueetal.,
2002; Hellwiget al, 2005;
Stadleret al, 2006)

-4 4 4 4 4 U I I I I I I I I I TITTITITIITITM

. cinnabarina

. aucklandiae

. crocopeplum

. dingleyae

. fendleri

. fragiforme

. fuscum

. haematostroma
. howeianum

. pilgerianum

. rubiginosum

. Ssubcrocopeplum
. subgilvum

. Subrutiloides

. Subticiense

. ticinense

. rubrum

flavus

. macrosporus
. mimosinus

. udagawae

. wortmannii

Nematicidal activity
against
Caenorhabditis
elegansantimicrobial
activity againsB.
subtilis Yarrowia
lipolytica; antifungal
agent
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(=)-Mitorubrinal (Suzukiet
al., 1999)

T. austrocalifornicus

T. convolutus

Nematicidal activity
againsiC. elegans
antimicrobial activity
againstB. subtilis Y.
lipolytica; antifungal
agent

Mitorubrinic acid (Locciet
al., 1967; Stegliclet al,
1974;Natsumet al, 1988;
Frisvadet al, 1990; Suzuki
et al, 1999; Lesovat al,
2000; Lesoveet al, 2000a;

Quanget al,, 2006a; Stadler

et al, 2006,)

H. fragiforme

P. rubrum

P. funiculosum

P. porrecta
Pyrenomyxa invocans
. austrocalifornicus
. convolutes

. flavus

. macrosporus

. mimosinus

. udagawae

— 4 4 4 4 4 -

. wortmannii

Trypsin inhibitor;
nematicidal activity
againsiC. elegans
antimicrobial activity
againstB. subtilis Y.
lipolytica; antifungal
agent; inhibits NO
production in RAW
264.7 cells;
chlamydospore-like
cell-inducing agent
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Mitorubrinol (Buechiet al,
1965; Steglicret al, 1974;
Frisvadet al, 1990; Proksa
et al, 1992; Sturdikovat
al., 2000; Muhlbaueetal.,
2002; Hellwiget al, 2005;
Stadleret al, 2005; Quang
et al, 2006a; Stadleet al,
2006)

-1 U U U U U I I I I I I I I I I T T T IT M

. cinnabarina

. aucklandiae

. crocopeplum
. dihgleyae

. fedleri

. fragiforme

. haematostroma
. howeianum

. julianii

. laschii

. rutilum

. subcrocopeplum
. subgilvum

. subticiense

. ticiense

. funiculosum

. rubrum

. vermiculatum
. wortmannii

. invocans

. wortmannii

Nematicidal activity
againsiC. elegans
antimicrobial activity
againstB. subtilis Y.
lipolytica; antifungal
agent; inhibits NO
production in RAW
264.7 cells
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Mitorubrinol acetate
(Frisvadet al, 1990; Suzuk
et al, 1999; Muhlbaueet
al., 2002; Hellwiget al,
2005)

. cinnabarina
. dingleyae

. fendleri

. fragiformae
. howeianum
. pilgerianum
. iIsubticiense

. emodensis

- 4 I T I I I I m

. hachijoensis
T. wortmannii var.
sublevisporus

T. udagawae

Monomethyldihydromitorul

_ _ _ °4 E. falconensis
rin (Ogasawara and Kawai, _
o0~ o E. fruticulosa
1998) o)
MeO OH
Monomethylmitorubrin E. falconensis
N 0

(Ogasawara and Kawai,
1998)

E. fruticulosa

T. tardifaciens




E. cinnabarina
S ) H. dingleyae
Rubiginosin A (Muhlbauer R
oH H. julianii
etal., 2002; Quangt al, 9y . Antioxidant; inhibits
. O~ e H. laschii o
2004; Hellwiget al, 2005; AcO o NO production in
o o OH H. rubiginosum
Stadleret al, 2005; Quang o _ RAW 264.7 cells
H. rutilum
et al, 2006a) .
H. subticinense
P. invocans
Rubiginosin B (Quangt NN H»‘OHo on Antioxidant; inhibits
al., 2004; Quangt al, o /,O)‘:Ej H. rubiginosum NO production in
2006a) © OH RAW 264.7 cells
© N . .
Lk o antifungal activity
Sch 1385568 (Yanagt al, HO 6o Aspergillus spculture against
2009) OH (SPRI-0814) Saccharomyces
cerevisiag PM503)
OH
OH
Inhibitor of S.
Sch 725680 (Yanet al, HO _ cerevisiag PM503)
o Aspergillus sp.

2006)

andCandida albicans
(C43) growth




Wortmin (Merlini, et al.,
1973; Turner and Aldridge
1983; Sturdikovaet al,
2000)

OAc

\/\(\:q (6]
(e}
© HO OMe

P. wortmannii

T. wortmannii

Bicyclic azaphilones with e

rgostane skeleton and arsellinic acid

Ergophilone A (Hyodcet
al., 1994)

Penicillium sp.BM-99

Inhibitor of the rat
platelet Phospholipas
A2 (PLA2)

Ergophilone B (Hyodet
al., 1994)

Penicillium spBM-99

Inhibitor of the rat
platelet PLA2

e
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Dimeric azaphilones with o-orsellinic acid moiety

Entonaemin C (Hashimoto

197

E. splendens
and Asakawa, 1998)
HO o
0”0 OJJ\
Ho
Inhibitor of DNA
HO amplification by
Diazaphilonic acid (Tabata polymerase chain
T. flavus _
et al, 1999) reaction (PCR) and
inhibitor of telomerasg
activity
. Antioxidant; inhibits
Rutilin A (Quanget al, _ o
H. rutilum NO production in

2005b; Quangt al, 2006a)

RAW 264.7 cells




Rutilin B (Quanget al,
2005b; Quangt al, 2006a)

H. rutilum

Antioxidant; inhibits
NO production in
RAW 264.7 cells

Bicyclic spiro-azaphilones

Daldinin C (Hashimoto ang
Asakawa,1998; Quangt
al., 2004; Quangt al,
2004a; Quangt al, 2006a)

H. rubiginosum
H. fuscum

D. concentrica

Antioxidant; inhibits
NO production in
RAW 264.7 cells

Daldinin D (Arizaet al,
2001)

P. thymicola

Daldinin E (Quanget al,
2004; Quanget al, 2006a,b

H. fuscum

Antioxidant;inhibits
NO production in
RAW 264.7 cells
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Daldinin F (Quanget al,
2004a; Quanegt al,
20064a,b)

H. fuscum

Antioxidant; inhibits
NO production in
RAW 264.7 cells

Pestafolide A (Arizaet al,
2001; Dinget al, 2008)

Pestalotiopsis foedans

Antifungal agent

Dimeric spiro-azaphilones

Cochliodone A, B
(Phonkerdet al, 2008)

C. cochlioides

Antimalarial activity
againstPlasmodium
falciparum
antimycobacterial
activity against
Mycobacterium
tuberculosis cytotoxic
activity against KB,
BC1, and NCI-H187
cell lines
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Cochliodone C, D
(Phonkerdet al, 2008)

C. cochlioides

Antimycobacterial
activity againsi.
tuberculosis

Azaphilones with lactone ri

ng

Ankaflavin (Manchanckt
al., 1973; Turner and
Aldridge, 1983; Akihisaet
al., 2005)

M. anka

M. pilosus

Food dye; anti-
inflammatory activity
(TPA-induced);
inhibitory effects on
neuron-derived orphan
receptor-1 (NOR-1)
activation; Epstein-Barr
virus early antigen
activator

(+)-5-Bromoochrephilone
(Matsuzakiet al, 1998)

P. multicolorFO-2338

gp120-CD4 binding
inhibitor
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Bulgarialactones A and B
(Stadleret al, 1995)

NN

Bulgarialactone AR =H
Bulgarialactone B R = OH

)

X
OH

Bulgaria inquinans

Antimicrobial activity
againstB. brevis B.
subtilisand
Micrococcus luteus
cytotoxic agent;
nematicidal agent;
inhibitor of 3H-SCH
23390 binding to the
dopamine D1 receptor

Bulgarialactone C (Stadler

B. inquinans
et al, 1995)
Bulgarialactone D Strong antimicrobial
(Osmanova, unpublished B. inquinans activity againsst.
results) aureus
Antifungal agent;

Chaetomugilins A and B cytotoxic activity against
(Parket al, 2005; Muroga cultured P388 leukemia

’ ’ C. globosum cells and HL-60 cells;

et al, 2008; Yamadat al,
2008)

Chaetomugilin AR = OH;
Chaetomugilin B R = OMe

selective cytotoxicity
activity against 39 human
cancer cell lines
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Chaetomugilin C (Parkt

Cytotoxic activity

]

al., 2005; Murogeet al, C. globosum against cultured P388
2008; Yamadat al, 2008) cells and HL-60 cells
Chaetomugilins D and E
(Parket al, 2005; Muroga
C. globosum
et al, 2008; Yamadat al,
2008) Chaetomugilin D R = OH,;
Chaetomugilin E R = OMe
Chaetomugilin F (Murogat Selective cytotoxicity
al., 2008; Yamadat al, C. globosum activity against 39
2009) human cancer cell lines
Chaetomugilins K and L Growth inhibition of
C. globosum P388, HL-60, L1210,

(Murogaet al, 2009)

Chaetomugilin KR = OH,;
Chaetomugilin LR =H

and KB cell lines
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Chaetomugilins M, N and (¢
(Murogaet al, 2009)

Chaetomugilin M R = OH; R= OH (S)
Chaetomugilin N R = OH; R= H
Chaetomugiin O R=H; R=H

C. globosum

Growth inhibition of
P388, HL-60, L1210,
and KB cell lines

Chaetoviridin A (Takahash
et al, 1990; Yasukawat
al., 1994; Tomodat al,
1999; Parlet al, 2005,)

C. globosunvar. flavo-
viridae
P. multicolorFO-2338

Antifungal agent;
inhibitor of cholesteryl
ester transfer protein
(CETP)in vitro; anti-
inflammatory activity

Chaetoviridin B (Takahash
et al, 1990; Matsuzaket
al., 1998; Tomodat al,
1999; Parlet al, 2005)

C. globosunvar. flavo-
viridae
P. multicolorFO-2338

Antifungal agent;
inhibitor of cholesteryl
ester transfer protein
(CETP)in vitro

Chaetoviridin C (Takahashi

et al, 1990)

| XX
0
o
O O OH

C globosunvar.flavo-

viridae

204




Chaetoviridin D (Takahashi

et al, 1990)

C globosunvar. flavo-

viridae

Cohaerins C and D (Quang

et al, 2006b)

.,

CeHiz

Cohaerin D: double bond in lactone ring

Annulohypoxylon

cohaerens

Inhibits NO production
in RAW cells; strong
nonselective
antimicrobial agent

Cohaerin E (Quangt al,
2006a,b)

HO

.,

A. cohaerens

Inhibits NO production
in RAW cells; strong
nonselective
antimicrobial agent

Deflectins 1a, 1c and A (1k
(Ankeet al, 1981)

)

Deflectin 1a R = gH13
Deflectin 1c R = GoH»;
Deflectin A (1b) R = @Hy7

A. deflectus

Deflectins 1a and 1c are
not active;

Deflectin A 1(b):
Antibacterial and weak
antifungal agent; cytotoxi
activity against Ehrlich
carcinoma cells of mice;
lytic activity towards
bacteria and erythrocytes
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Deflectins B (2a) and 2b
(Ankeet al, 1981)

‘R
Deflectin B (2a) R = n-GH17

Deflectin 2b R = n-GH>»1

A. deflectus

Antibacterial and weak
antifungal agent;
cytotoxic activity
against Ehrlich
carcinoma cells of mice;
lytic activity towards
bacteria and
erythrocytes;
Deflectin 2b is not
active

Epicocconone (Bell and
Karuso, 2003)

Epicoccum nigrum

Fleephilone (Qian-Cutrone
et al, 1996)

T. harzianum

HIV REV/RRE binding
inhibitor

Isochromophilone |
(Matsuzakiet al, 1995;
Matsuzakiet al, 1998;
Tomodaet al, 1999)

P. multicolorFO-2338

gp120-CD4 binding
inhibitor
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(+)-Isorotiorin (5-
chloroisorotiorin) (Pairegt
al., 1995; Matsuzalet al,
1998)

P. multicolor
P. sclerotiorumX11853

gp120-CD4 binding
inhibitor;

Endothelin receptors
binding agent

Luteusins C and D (Yoshida
T. luteus
et al, 1996a,b)
Luteusin C (E)*
Luteusin D (2)*
Luteusin E (Yoshidat al,
T. luteus
1996b)
Food dye; anti-
inflammatory activity
(0] . )
Monascin (Akihiseet al, 0 0 _ (TPA-induced);
o PN o M. pilosus inhibitory effects on
2005; Akihisaet al, 2005a) g zH o
o~ NOR 1 activation;
0”7 (CH,)4CH3

Epstein-Barr virus early
antigen activator
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Monascoflavin (Kuroneet
al., 1963; Takahastat al,
1990)

M. purpureus

Monascorubramine (Akihisa

Anti-inflammatory
activity (TPA-induced);
inhibitory effects on

et al, 2005; Akihiseet al, \ < ° M. pilosus o
/ NOR 1 activation;
70 NN
20053) © Epstein-Barr virus early
antigen activator
Food dye; anti-
Monascorubrin (Yasukawa o inflammatory activity
etal, 1994; Akihiszet al, N (TPA-induced);
- S <~/ © Monascus sp. inhibitory effects on
2005; Akihisaet al, 2005a; L
_ OW\ NOR 1 activation;
Miyake et al, 2008) Epstein-Barr virus early
antigen activator
Monascusone B 0 .
O
(Jongrungruangchoét al., PN © Monascus sp
2004) o
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Monochaetin (Steyn and
Vleggaar, 1986)

Monochaetia compta

Multiformins A and B
(Quanget al, 2005c)

H. multiforme

Non-selective
antimicrobial activity

Multiformin C (Quanget
al., 2005c)

H. multiforme

Non-selective
antimicrobial activity

Multiformin D (Quanget
al., 2005c; Quanet al,
2006b)

H. multiforme

Non-selective
antimicrobial activity;
antioxidant; inhibits NO
production in RAW
264.7 cells

Ochrephilone (Seto and
Tanabe, 1974; Pairet al,
1995; Matsuzaket al,
1998; Tomodaet al, 1999)

P. multicolorFO-2338
P. sclerotiorumx11853

gp120-CD4 binding
inhibitor;

Endothelin receptors
binding agent
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(-)-Rotiorin (Matsuzaket
al., 1998; Tomodat al,
1999; Kanokmedhakudt
al., 2006)

(+)-Rotiorin
(Kanokmedhakuet al,
2006)

C. cupreunCC3003

Antifungal activity
againstC. albicans
CETP inhibitorin vitro;
gp120-CD4 binding
inhibitor;

(+)-Rotiorin is not
active

Rotiorinols A and C
(Kanokmedhakuet al,
2006)

Rotiorinol AR =H
Rotiorinol C R = OH

C. cupreunCC3003

Antifungal activity
againstC. albicans

Rotiorinol B
(Kanokmedhakuét al,
2006)

C. cupreuntCC3003

210




RP 1551-1, RP 1551-M1
and RP 1551-6 (Tolet al,
1999)

RP 1551-1 R = OH; RP 1551-M1 R = OMe
RP 1551-6 diastereomer of RP 1551-1;

Penicillium sp.SPC-21609

Antibacterial activity
againstB. subtilis E.
faecium S aureus

RP 1551-3 and RP 1551-4
(Toki et al, 1999)

Penicillium sp.SPC-21609

Antibacterial activity
againstB. subtilis E.
faecium S aureus

. cl Antibacterial activity
RP 1551-5 (Tokst al, ° NS Penicillium sp.SPC-21609| againstB. subtilis, E.
1999) OH Q H\ ° faecium S aureus
OMe
o Anti-inflammatory
Rubropunctamine and XX o . activity (TPA-induced);
Rubropunctatin (Akihisat NN ~ M. pilosus inhibitory effects on
O//’\/\/\ NOR 1 activation;

al., 2005a)

Rubropunctamine X = NH; Rubropunctatin X = O

Epstein-Barr virus early
antigen activator
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Rubrorotiorin (Grayand
Whalley, 1971; Matsuzaki
et al, 1998; Tomodat al,
1999; Kanokmedhakudt
al., 2006)

C. cupreunCC3003
P. hirayamadJdagawa
P. multicolorFO-2338

Antifungal activity
againstC. albicans
CETP inhibitorin vitro;
gp120-CD4 binding
inhibitor

Sassafrins A, Band C
(Quanget al, 2005; Quang
et al, 2006a)

Sassafrin AR = Ckj SassaffinBR = H
Sassafrin C R = CHand double bond in lactone ring

C. sassafras

Broad-spectrum
antimicrobial activity;
antioxidant; inhibits NO
production in RAW
264.7 cells

Seco-chaetomugilins A an(
D (Yamadeet al, 2009)

Seco-chaetomugilin AR = OH
Seco-chaetomugilin DR =H

C. globosum

Seco-chaetomugilin A'i
not active;
Seco-chaetomugilin D:
growth inhibitory
activity against cultured
murine P388 leukemia
cell lines P388 and
L1210; the human
leukemia cell line HL-
60 and KB epidermoid
carcinoma

[2)
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Tetrahydroisochromophilon

e (Matsuzakigt al, 1998)

P. multicolorFO-2338

gp120-CD4 binding
inhibitor

Trichoflectin (Thinesgt al,
1998)

Trichopezizella nidulus

Antimicrobial agent;
inhibitor of
dihydroxynaphthalene
melanin biosynthesis in

fungi
6H-Furo[2,3-h]-2-
benzopyran-6,8(6aH)-dione,
9,9a-dihydro-3-(2-
Monascus sp Food dye

hydroxypropyl)-6a-methyl-
9-(1-oxohexyl) (Campoyet
al., 2006)
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Summary and Outlook

The review presents an overview of the structunatrdity of azaphilones so far
found in different species of fungi. In additiohsummarises the broad spectrum of
biological activities detected and indicates thenusing potential of azaphilones as a
prolific base for new drugs. However, this potdnghould be contrasted with the
lack of selectivity exhibited by azaphilones initheeactions with various amines:
this characteristic presents considerable diffiesland may be the primary reason
why azaphilones have yet to be pursued intensiegelgrug development.

The table includes 177 azaphilone structures. Thase be classified into ten
different structural groups (see headings in thé&j)aoccurring in fungi belonging to
23 genera from 13 families. Numerous azaphilonecsires have been described,
particularly from members of therichocomaceaandXylariaceaefamilies.

Most of the species producing azaphilones are wdrat termed moulds:
microscopic fungi such aRenicillium Monascus Chaetomiumand Talaromyces.
Fungi not exhibiting mould appearance include sgehera aslypoxylon Daldinia,
Creosphaerigmembers of thXylariaceaefamily) andBulgaria (Bulgariaceag.

The presence of some azaphilones is very speoificdrtain fungi species and is
appropriate for use as an accurate determinardxainbmy. Thus, sassafrins A-D,
initially found in Creosphaeria sassafraare not found in any other species of the
family Xylariaceae Conversely, various azaphilones identified fronengra
HypoxylonandDaldinia have been shown to be absen€CinsassafrasThese results
show that, in this respect, the gerireosphaerias not closely allied talypoxylon
or Daldinia and is instead an isolated genus within the fad\lariaceae These
results have been confirmed by molecular data (Qeaal 2005).

As far as the taxonomic situation is concerned, sir@uld note that considerable
changes have occurred in fungal systematics dutingg last decadeDaldinia
childiag, for example, was previously confused wibh concentricaand was still
referred to by this name as late as 1994 — for epl@mn an evaluation of its
secondary metabolites conducted by Hashinebtal HoweverD. childiae has now
been re-classified as a separate species basedetabalite and rDNA patterns
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(Rogerset al 1999; Stadleret al 2001; Stadleret al 200la). Based on the
morphological characteristics and the analysesp-#fibulin and a-actin gene
sequences, the taxa assignetHypoxylonsect.Annulatahave been placed in a new
genus AnnulohypoxylorfJuet al 2005). The presence of specific azaphilonesis th
genus such as Cohaerin A, Multiformin A and Sass#&iralso supports the status of
Annulohypoxylonas a separate genus, since none of these azagshi@mve been
detected inHypoxylonor otherXylariaceae(Stadler and Fournier, 2006). Recent
molecular data clearly supports the re-classificatof Hypoxylon cohaerenso
Annulohypoxylon cohaeren$elaezet al 200§. Based on morphological traits,
Stadler et al (2005) now regard$lypoxylon piceumand Pulveria porrectaas
synonymous and has transferred themPiyrenomyxa Further investigation of
metabolite patterns also suggests a close relatnsetweenPyrenomyxaand
Hypoxylon the namePyrenomyxgiceahas been accepted interimas a synonym
for Hypoxylonpiceumuntil the phylogenetic relationships amoHgpoxylon have
been further evaluated using chemotaxonomic, maogieal and molecular methods
(Stadleret al 2005).

As a result of these and other similar developmenis article is careful to cite only
the species names used by the authors of the tespedginal publications. In this
context, the reader is also advised that nomenelatnd classification for the fungi
reviewed has been confirmed using the standardeamadeference: Dictionary of
the Fungi (10th edition) (Kirkt al. 2008).

Considering the variety of azaphilones that occong finds that some organisms
are able to produce a huge variety of diverse typdwereas others are able to
produce only one or two different types. An exampliehe first kind isPenicillium
spp. of theTrichocomaceadamily, which produces over 40 azaphilones frowe fi
types: azaphilones with an aliphatic side chaigphdones with o-orsellinic acid;
azaphilones with an ergostane skeleton and o-mriselbcid; bicyclic spiro-
azaphilones; and azaphilones with a lactone rimg.ohtrastPhomopsis euphorbiae
contains only one type of azaphilone, namely armplaizane with an aliphatic side
chain. The largest group of azaphilones (azaphslavith a lactone ring) includes 68
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substances; the smallest subsets of azaphilonegliareric and dimeric spiro-
azaphilones, whereby each group comprises onlystwstances.

Structure-activity relationships have been esthbtisfor several azaphilones. For
example, a halogen atom at C-5, a proton at C-&adlidne structure in the C-3 side
chain of the 6-oxoisochromane ring are necessany gpl20-CD4 binding
(isochromophilones and known derivatives) (Matsueakl 1998). Furthermore, the
presence of (an) electrophilic ketone(s) and/onme(®) at both C-6 and C-8 in the 6-
oxoisochromane ring is essential for cholesteryleresransfer protein (CETP)
inhibitory activity (chaetoviridin B, sclerotiorirrptiorin, etc.) (Tomodat al 1999).
Research has also shown that the inhibition of M@lygction in RAW 264.7 cells
also depends on the structure of azaphilones. kamgle, daldinins C, E and F
(spiro-derivatives) only weakly suppress NO productAzaphilones with a lactone
ring in their molecule, such as multiformin D arassafrins A — C, possess stronger
inhibitory activity when compared to daldinins. Bndemin A and rubiginosins A
and B are all azaphilones with an orsellinic acidiety attached to the bicyclic
azaphilone backbone though an ester linkage. Hawewece only rubiginosin A
exhibits strong activity in this group, the locatiof the orsellinic acid moiety cannot
therefore affect the activity of the compounds. dlbeless, the presence of an acetyl
group (as is the case with rubiginosin A) is egaerior an increase in activity.
Azaphilones with a fatty acid side chain linkedatdicyclic azaphilone by an ester
bond (rubiginosin C, cohaerins A and B) exhibitedyoveak activity. The greatest
inhibitors of NO production are dimeric azaphiloneamely rutilins A and B. One
may infer that the inhibitory activities of azapnkes are considerably strengthened
by the number of orsellinic acid moieties in thelecale and the presence of
conjugated double bonds in dimeric compounds. Imclesion, the acetyl group is
necessary for inhibition, whereas the location rskbinic acid does not change their
activities (Quanget al 2006a).

Research conducted by the authors has identifieemaazaphilone present in the

fruit bodies ofB. inquinans.This azaphilone has been named bulgarialactone D
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(molecular formula: &H300;). In microbiological tests, bulgarialactone D éits

strong antimicrobial activity againSt aureugOsmanova, thesis in preparation).
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