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HEPIAHYH

H mopovoo Awdaxtopikn Atatpifn mapovstdalel TNV amopdvmaon, TNV QOGHUATOCKOMTIKN
avaALGON TNG HOPLOKNG OOUNG Kot TNV avTIPaKTnploky] a&loddynon OevTeEPOYEVAOV
petapoltdv amd tov xepoaio poknto Aspergillus ochraceopetaliformis kot tov -
EVOOQLTIKO TOV @oppokevtikod @utov Datura (Datura stramonium L.) - pnkvto
Myrothecium verrucaria. Kot ot 800 pkpoopyaviopuoi cuAAExONKay, amopovoonkoy
Kot Koddepynnkav otnv Afyvrto to 2015. O Aspergillus ochraceopetaliformis and
mv meprpépeto g ['kiCog, eved o Myrothecium verrucaria amd v TpocTatevUéVn
neployn Wadi El Assuity oty enapyio Assiut.

H ymun avéivon tov ekyvMopatog oEikov aBulestépa TG KAAMEPYEWS TOL
unikvta Aspergillus ochraceopetaliformis odfynoe oty amopdvoon Kot Sopkd
YopokPIopd 24 cuvolikd devteEPOoyEVMOVY HETAPOATMOV, 5 armd Tovg omoiovg givat véa
evokad mpoiovta. Ou véor petaPolriteg amd tov A. Ochraceopetaliformis — 6mmg
ovopdoTnkay ot mapovco epyacio — givor ot 8-OH-echinulin (38), Epoxy-echinulin
(39), Neoechinulin F (46), (12R) Dehydro-echinulin (49) kou Ochraceopyronide (52)
OV PEPEL KL P10 GTAVIO, OTTAVIMLEVT] GTO PUGIKE TPOTOVTO AVEOPOVPOVIKT) COKYOPIKT
povada. H ymukn avédivon tov ekyviicpartog oEuod alBvuAiestépa TG KOAMEPYELOG
Tov pnkvto M. verrucaria odnynce oty amopévmen Kot Sopko yopoktmpiopd 19
GUVOAKE OEVTEPOYEVAOV HETOPOAITAOV, 4 amtd TOVG 0moiovg eivarl vEa PLGIKA TPOIdVTO.
Ot véor petoPolriteg amd tov M. verrucaria — Ommg ovoudotnkay oTn mopovoa.
gpyaoio — ivar ou. Miophytocen E (60), Miophytocen F (64), Miophytocen G (65),
and Roridin G (67). TToAhoi amd TOVG ATOUOVOVEVOLG UETAPOAITEG GTNV TAPOLGO,
SwTpiPr| €EETACTNKAV Y10 TNV AVTILIKPOPLOKT] TOVS dpdioT).

Ot devtepoyeveic petafoAriteg mov Topovslalovial 6™, ATOROVOOINKAY HETE OO Lo
UEYAAN CEPA YPOUATOYPUPIKAOV SOYMPIGUAV, SPOP®V TOTMOV Kol 1 SO TOVG
kabopiomke péoa amd TNV AEMTOUEPT) OVAALON KOl GCLVOLOOTIKY UEAETN
(QOGLOTOCKOTIK®Y OEOOUEVOV TUPNVIKOD HOyVITIKOD GUVTIOVIGHOV HIdG Kot 600
dwotdoewv (NMR 1D kot 2D) kot pacpotopetpiog pdlog vyming avaivons (HR-
ESI-MS). H otepeoynueia (oxetikny Kot amdOAVTN) TOV HETAPOATOV TOV TPOTEIVETOL
oV gpyacia, Bacioctnke oy perém eacspdtov 1D kot 2D NOESY, oty avdivon
Marfey’s, otTig HETPNOEIS OMTIKAG OTPOPIKNG IKAVOTNTOS Kol GE OempnTikovg

vroAoylopovg (otnv mepintmon tov Ochraceopyronide (52).




ABSTRACT

This thesis describes the isolation, structure elucidation and biological activity
evaluation of secondary metabolites of the soil-derived fungus Aspergillus
ochraceopetaliformis which collected at Giza province, Egypt, as well as those
produced by the endophytic fungus Myrothecium verrucaria isolated from healthy
wild medicinal plant datura (Datura stramonium L.) which collected from Wadi El
Assuity, protective area, Assiut Governorate, Upper Egypt in 2015.

Chemical investigations of the soil-derived fungus  Aspergillus
ochraceopetaliformis led to the isolation and characterization of 24 compounds, five
of which were identified as new; 8-OH-echinulin (38), 27-28-epoxyechinulin (39),
neoechinulin F (46), (12R)dehydroechinulin (49) and ochraceopyronide (52) which
had a rare lyxofuranoside. On the other hand, 19 compounds were identified from the
endophytic fungus Myrothecium verrucaria amongst, four new compounds named
miophytocen E (60), miophytocen F (64), miophytocen G (65), and roridin G (67).
Many of the fungal metabolites encountered in this work have been tested for their

antimicrobial effects.

The compounds identified in this work were isolated using multiple
chromatographic techniques, and the structures were established based on detailed
analysis of 1D and 2D NMR data combined with HR-ESIMS. The study of the
stereochemistry of the isolated compounds was based on 1D and 2D NOESY
experiments, Marfey’s analysis, specific optical rotation measurements, thorough
comparison with literature data along with theoretical calculations in the case of

Ochraceopyronide.
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Introduction

1. Introduction

1.1 History of Natural Products

Since ancient times, Nature played a major role as the prime source of medicinal
extracts used, as well as the source of several natural products that led to the expansion of
assorted drugs currently used for the treatment of a vast range of diseases. However, the
science of isolation and elucidation of their active constituents is not older than 150 years.
Natural products are defined as chemical compounds, isolated/derived from living
organisms (e.g. plants, animals and microorganisms). Predominantly these compounds are
secondary metabolites!*], Hence, the chemistry of natural products is especially related to

the biosynthesis, isolation, and structure elucidation of products obtained from nature.

Medicinal plants were and are still in use as folk medicines, especially in developing
countries, for the treatment of different diseases. Depending on the evaluation of The World
Health Organization (WHO) there are about 80% of the earth inhabitants mainly lean on
traditional medicines for their health carel?. Plants have been the origin of the traditional

medicine that has survived for thousands of years starting from the first records.

The Egyptian pharmaceutical record named (The Ebers Papyrus (2900 B.C.),
documented over 700 plant-based drugs ranging from gargles, pills, infusions, to ointments.
The eldest records of natural products were painted on clay tablets in cuneiform from
Mesopotamia (2600 B.C.) which authenticated oils from Cupressus sempervirens (Cypress)
and Commiphora species (myrrh) that are used till today to treat coughs, colds and

inflammationf®!.

Furthermore, the Chinese Materia Medica (1100 B.C.) (Wu Shi Er Bing Fang,
contains 52 prescriptions), Shennong Herbal (~100 B.C., 365 drugs) and the Tang Herbal
(659 A.D., 850 drugs) are certified records of the uses of natural products. The Greek
physician, Dioscorides, (100 A.D.), recorded the collection, storage and the uses of
medicinal herbs, whilst the Greek philosopher and natural scientist, Theophrastus (~300

B.C.) sort out the medicinal herbsl*l.

Through the Dark and Middle Ages, the Arabs preserved the Greco-Roman
knowledge and expanded the uses of their own resources, together with Chinese and Indian
herbs unfamiliar to the Greco-Roman world. It was the Arabs who were the first to privately
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own pharmacies (8th century) with Avicenna, a pharmacist, physician, philosopher and
poet, contributing much to the sciences of pharmacy and medicine through works such as
the Canon Medicinael®.,

According to empirical knowledge, natural product extracts, mainly plant-derived,
have formed the basis of traditional medicine systems. The imperative need for new
therapeutic alternatives, mainly for the treatment of cancer and infectious diseases, as well
as the new chemical entities (NCE) decline in drug development pipelines, led to the
rekindling of interest in “rediscovering natural products” focusing on alternative sourcesf®l,
Therefore, there is worldwide attention to the search for new sources of bioactive
constituents, as most medicinal plants (~97%) have been totally investigated. So, many
other natural sources were being taken into consideration, especially those located in

terrestrial and marine habitats.

1.1.1 History of Antibiotics

Some of the most well-known classes of fungal metabolites are the penicillins and the
cephalosporins. Penicillin G (1), one of the first antibiotics from microorganisms, was
discovered and isolated from the filamentous fungus Penicillium notatum in 1928 by
Fleming, showing a bactericidal activity against the Staphylococcus sp. For this great

discovery, Fleming, Chian and Florey were honoured with the Nobel Prize in 194501,

Since the discovery of penicillin G (1) and mycophenolic acid (2) beforet®,
microorganisms, especially fungi and bacteria, played an essential role in the production of

antibiotics and other drugs for the treatment of current diseases!®.

wilx

The development of penicillin by Florey and his colleagues opened the door to the
“Golden Age of Antibiotics” that has dominated medical practice for several decades. It is
an active agent produced by Penicillium notatum and has an inhibitory effect against Gram-

positive bacteria, including the disease-causing species from the two genera Streptococcus
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and Staphylococcus. A post penicillin hunt for further antibiotics began in the 1940s and
resulted ultimately in the identification of thousands of microbial metabolites with a broad

array of biological properties.

Till the mid-eighties, almost all groups of important antibiotic were discovered: the
antibacterial cephalosporin C (3), streptomycin, tetracyclines, erythromycin A (4),
vancomycin, the antifungal amphotericin B, imidazoles, griseofulvin, strobilurins, the
antiviral acyclovir (5), vidarabine (6) and many other compounds that play a role in

therapeutics and agriculturell,
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The Greek-derived word antibiose had been coined to explain antagonistic effects
between microorganisms. In 1941 Waksman defined an antibiotic as a “secondary
metabolite, produced by microorganisms, which has the ability to inhibit the growth and
even to destroy bacteria and other microorganisms in a very low concentration”®l, Not all
the isolated secondary metabolites act as antibiotics, many of them assist as plant growth
factors and enzyme inhibitors™! and as self-regulating factors in some bacteria (e.g. A
Factor; y-butylrolactone)*?l. The virginiae butanolides induce the production of
virginiamycin in Streptomyces virginiae, others promote pigment*®l or spore formation and
some are cytotoxic or enzyme inhibitors. Zahner et al. proposed the existence of a
“playground” of secondary metabolism, which is closely connected to five distinct primary
cellular levels. These five levels are: intermediary metabolism, regulation, transport,

differentiation and morphogenesis!*4l.

As a result, the definition of secondary metabolites is not confined to antibiotics but
should be extended to all those metabolites, which regulate all physiological and
biochemical activities in the life cycle of organisms ', It is logically therefore to understand

secondary metabolites as ‘words' in a language, where chemo ecology is the grammar 1261,

1.2 Fungi as a Source of Natural Products.

According to the estimated number of species, Kingdom Fungi is second only to that
of Kingdom Animalia. Conservative estimates proposed that there are more than 1.5 million
fungal species, of which only approximately 5% have been identified by taxonomists (~72,
000 known species)*7]. Fungi are plentiful, biologically diverse, and play many different
roles. For example, they play pivotal roles in both the health and maintenance of ecosystems
through their ability to degrade organic waste such as forest leaf litter. Fungi can also act as
pathogens, predators, parasites, hosts, and/or symbionts of animals, plants, and other

microorganismst*el,

Perhaps more importantly, fungi have long been recognized as possessing the ability
to produce novel bioactive secondary metabolites, some of which have facilitated significant
advances in human health and agriculture, with vast impacts on societal and economic
growth!*®l. Although fungi have proven to be prolific producers of diverse bioactive
secondary metabolites, a great many fungi remain to be chemically explored. These factors
support strongly for continued exploration of fungal chemistry in order to help suffice the

increasing demand for new medicinally and agriculturally beneficial agents.




Introduction

Fungi have garnered a widespread negative connotation since they were first reported
to cause disease in 1839. Especially, fungi are known to produce mycotoxins, which have
been linked to numerous types of human and animal diseases!?l. On the other hand, fungi
can also be used in a profitable manner. For example, some fungi (e.g., yeasts) are used in
fermentation processes in the preparation of several foods/drinks, while others are essential
in the industrial production of beneficial enzymes!?tl. Fungi are often categorized into
various ecological groups. Some of these groups include freshwater fungi (fungi isolated
from both flowing and still freshwater habitats), fungicolous/mycoparasitic fungi (fungi
isolated from tissues of other fungi), endophytic fungi (fungi living symbiotically with

plants), and plant pathogenic fungi (fungi that cause disease/damage to host plants)[?2,

Endophytic fungi are a further rich source of bioactive compounds.?*241 Endophytes are
microorganisms, which live in the intercellular spaces of host plants without causing any
visible signs of their presence.?® Some of these internal colonizing microorganisms have
an excellent potential to promote the plant growth[?8] other endophytes are sources of
anticancer, antidiabetic, insecticidal and immunosuppressive compounds?™. The hosts of

these microorganisms might be fungit, plantst?® and insects,% but also algae!®Y.

Endophytic fungi exhibited biological activity more often than those isolated from soil:
80% of the endophytic fungi from plants inhibited at least one of the test organisms, while
only 64% of those from soils did so®?. There are nearly 300,000 plant species and each
plant hosts one or more endophytel®3l. Although scientists claim the discovery of one-
hundred thousand fungal species to date, there could however even be over one million

species.

1.2.1 Mycotoxins as natural products from fungi
1.2.1.1 Definitions, Etymology, and General Principles

It is difficult to define mycotoxin in a few words. All mycotoxins are low-molecular-
weight natural products (i.e., small molecules) produced as secondary metabolites by
filamentous fungi. These metabolites constitute a toxigenically and chemically
heterogeneous assemblage that are grouped together only because the members can cause
disease and death in human beings and other vertebrates. Not surprisingly, many

mycotoxins display overlapping toxicities to invertebrates, plants, and microorganisms34,

The term mycotoxin was coined in 1962 in the aftermath of an unusual veterinary
crisis near London, England, during which approximately 100,000 turkey poults died. When
this mysterious turkey X disease was linked to a peanut (groundnut) meal contaminated with
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secondary metabolites from Aspergillus flavus (aflatoxins), it sensitized scientists to the
possibility that other occult mold metabolites might be deadly. The period between 1960
and 1975 has been termed the mycotoxin gold rush®! because many scientists joined the
well-funded search for these toxigenic agents. Depending on the definition used, and
recognizing that most fungal toxins occur in families of chemically related metabolites,
some 300 to 400 compounds are now recognized as mycotoxins, of which approximately a
dozen groups regularly receive attention as threats to human and animal health®],

Mycotoxicoses are animal diseases caused by mycotoxins; mycotoxicology is the
study of mycotoxinstl. While all mycotoxins are of fungal origin, not all toxic compounds
produced by fungi are called mycotoxins. The target and the concentration of the metabolite
are both important. Fungal products that are mainly toxic to bacteria (such as Penicillin G
(1)) are usually called antibiotics. Fungal products that are toxic to plants are called
phytotoxins by plant pathologists (confusingly, the term phytotoxin can also refer to toxins
made by plantst®l. Mycotoxins are made by fungi and are toxic to vertebrates and other
animal groups in low concentrations. Other low molecular weight fungal metabolites such
as ethanol that are toxic only in high concentrations are not considered mycotoxinst.
Finally, although mushroom poisons are definitely fungal metabolites that can cause disease
and death in humans and other animals, they are rather arbitrarily excluded from discussions
of mycotoxicology. Molds (i.e., microfungi) make mycotoxins; mushrooms and other
macroscopic fungi make mushroom poisons. The distinction between a mycotoxin and a
mushroom poison is based not only on the size of the producing fungus but also on human
intention. Mycotoxin exposure is almost always accidental. In contrast, with the exception
of the victims of a few mycologically accomplished murderers, mushroom poisons are
usually ingested by amateur mushroom hunters who have collected, cooked, and eaten what

was misidentified as a delectable species*?l.

Mycotoxins are not only hard to define, but they are also challenging to classify. Due
to their diverse chemical structures and biosynthetic origins, their myriad biological effects,
and their production by a wide number of different fungal species, classification schemes
tend to reflect the training of the person doing the categorizing. Clinicians often arrange
them by the organ they affect. Thus, mycotoxins can be classified as hepatotoxins,
nephrotoxins, neurotoxins, immunotoxins, and so forth. Cell biologists put them into
generic groups such as teratogens, mutagens, carcinogens, and allergens. Organic chemists

have attempted to classify them by their chemical structures (e.g., lactones, coumarins);
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biochemists according to their biosynthetic origins (polyketides, amino acid-derived, etc.);
physicians by the illnesses they cause (e.g., St. Anthony’s fire, stachybotryotoxicosis), and
mycologists by the fungi that produce them (e.g., Aspergillus toxins, Penicillium toxins)Fl.

1.2.1.2 Major Mycotoxins
Aflatoxins
Aflatoxins are a family of toxins produced by certain fungi that are found on
agricultural crops such as maize (corn), peanuts, cottonseed, and tree nuts. The main fungi
that produce aflatoxins are Aspergillus flavus and Aspergillus parasiticus, which are
abundant in warm and humid regions of the world. Aflatoxin-producing fungi can

contaminate crops in the field, at harvest, and during storage.

The four major aflatoxins are called B1, B2, G1, and G2 based on their fluorescence
under UV light (blue or green) and relative chromatographic mobility during thin-layer
chromatography. Aflatoxin B1 (7) is the most potent natural carcinogen known and is
usually the major aflatoxin produced by toxigenic strains. It is also the best-studied: in a
large percentage of the papers published*!l. Aflatoxins are difuranocoumarin derivatives
produced by a polyketide pathway by many strains of Aspergillus flavus and Aspergillus
parasiticus; in particular, Aspergillus flavus is a common contaminant in agriculture.
Aspergillus  bombycis*?l,  Aspergillus ochraceoroseust3, Aspergillus nomius, and
Aspergillus pseudotamari are also aflatoxin-producing species, but they are encountered

less frequentlyt4l.

Aflatoxins have oncogenic and immunosuppressive properties, inducing infections in
people contaminated with these substances. They contribute significantly to increasing the
risk of liver cancer in people chronically infected with hepatitis B (VHB)®! and are

considered a risk factor for the development of hepatocellular cancer in Africa and Asial*®],
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Aflatoxin is associated with both toxicity and carcinogenicity in human and animal
populationst”. The diseases caused by aflatoxin consumption are loosely called
aflatoxicosis. The liver is the primary target organ, with liver damage occurring when

poultry, fish, rodents, and nonhuman primates are fed aflatoxin B1.

Ochratoxin A

Ochratoxin A (8) was discovered in 1965 as a secondary metabolite from Aspergillus
ochraceus during studies aimed to identify new mycotoxin molecules“®l. Its chemical
structure has a similarity with those of aflatoxins, being represented by an isocoumarin

substitute bound to an L-phenylalanine group.

CH3

Cl

Not only Aspergillus ochraceus species are capable of producing ochratoxin A, but
also this species, Aspergillus alliaceust®, Aspergillus auricomust, Aspergillus
carbonarius®ll,  Aspergillus glaucus®?,  Aspergillus niger® and  Aspergillus
ochraceopetaliformist®! as well as Penicillium nordicum and Penicillium verrucosum!®,
are producers of ochratoxin A.

Ochratoxin A (8) has been found in oats, barley, wheat, coffee grains and other
products for human and animal consumption. There is also concern that this mycotoxin may
be present in wines if the vine fruits are infected by A. carbonarius®®. Ochratoxin A is
associated with nephropathy in all animals studied to date. In humans, it is commonly found
in serumP7 since this substance has a long half-life in relation to its elimination. Besides
being recognized as nephrotoxic, ochratoxin A also shows hepatoxic, immunosuppressive,
teratogenic and carcinogenic behaviour®®5°, Additionally, it has been found in the blood
and other tissues of animals and in milk, including human milk[®°!. The International Cancer

Research Agency has classified ochratoxin A as a possible human carcinogen (category
ZB)[Error! Bookmark not defined.].
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Ergot alkaloids
These compounds are among the most interesting secondary metabolites of fungi, and

their production occurs in the scleroids of several species of the genus Claviceps. They are
classified as indole alkaloids and are derived from a tetracyclic ergoline ring system.
Lysergic acid, a structure common to all ergot alkaloids, was first isolated in 1934. The
clavines have ergoline as a basic structure but lack peptide components; the lysergic acid
alkaloids include ergotamine (9) and ergometrine (10)1. These compounds are produced

as a toxic cocktail of alkaloids in the sclerotia of species of Claviceps, which are common

pathogens of various grass species.

The ingestion of these sclerotia, or ergots, has been associated with diseases since
antiquity. Accurately, the effects of these alkaloids on humans have been known since The
Middle Ages, a period in which some symptoms were called “Holy Fire” or “St Anthony’s
Fire”. In the year 994, in the south of France, thousands of people died after eating cereal

grains infected by Claviceps purpureal®?,

4

////////

Fumonisins
Fumonisins, one of the relevant secondary metabolites, were first described and

characterized in 19883, Fumonisins are produced by some Fusarium species, notably
Fusarium verticillioides (formerly Fusarium moniliforme = Gibberella fujikuroi), Fusarium

proliferatum, and Fusarium nygamai, as well as Alternaria alternata (¢4,
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Fumonisins are classified into three types, FB1, FB2, and FB3. They are thought to be
synthesized by condensation of the amino acid alanine into an acetate-derived precursor!®®,
FB1(11) is the most toxic of all fumonisins and the most predominant contaminant of small
grain cereals especially maize, and other grains such as (wheat, oats, rye. ...etc)-%°. Unlike
most known mycotoxins, which are soluble in organic solvents, fumonisins are hydrophilic

which makes hinders to their study.

Usually, they are extracted in aqueous methanol or aqueous acetonitrilel”. High-
performance liquid chromatography with fluorescent detection is the most widely used
analytic method!. The fumonisin story raises the spectre that there may be many other
occult but toxic products of fungal metabolism that have not yet been discovered because

of their hydrophilic nature.

o OH O

11
Citrinin
Citrinin (12) was first isolated as a secondary metabolite from Penicillium citrinum
prior to World War 1112, subsequently, it was produced in many species of Penicillium and
several species of Aspergillus (e.g., Aspergillus terreus and Aspergillus niveus)!®]
including certain strains of Penicillium camemberti (used to produce cheese) and

Aspergillus oryzae (used to produce sake, miso, and soy sauce)"l.

10
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Furthermore, citrinin found to be a nephrotoxin with various acute toxicity in
different species in all animal species tested[’l. Also, citrinin showed to have an association
with another mycotoxin which is also nephrotoxic, ochratoxin A to depress RNA synthesis

in murine kidneysL’®l,

Patulin

Patulin (13) is produced by many different molds but was first isolated as an
antimicrobial active compound in around 1940, from the fungus Penicillium patulum, later
called Penicillium urticae and currently known as Penicillium griseofulvum. Patulin was
also isolated later from other species and received the names clavacin, claviformin,
expansin, mycoinc, and penicidin’". It was used as a nose and throat spray in the treatment
of the common cold and as an ointment for the treatment of skin infections!®l. However,
during the 1960s it became clear that it was toxic to animals and plants. After these
revelations it was reclassified as a true mycotoxint”®. Chemically, patulin is known as 4-

hydroxy-4H-furo[3, 2-c]pyran-2(6H)-one.

13

The “blue mold” disease, which is common in apple, cherry, pear and other fruits,

is caused by the fungus Penicillium expansum, currently considered the most efficient
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producer of patulin in nature along with the species Aspergillus clavatus, Aspergillus
giganteus and Aspergillus terreus which also producers of patulin®!, Patulin is commonly
found in non-fermented apple juice, but it is not resistant to fermentation in products derived

from cider, where it is efficiently metabolized by yeasts®,

Zearalenone

Zearalenone (6-[10-hydroxy-6-oxo-trans-1-undecenyl]-B-resorcyclic acid lactone)
(14)2 previously known as F-2 toxins, is the group of toxins produced by all toxigenic
and pathogenic species of Fusarium, mainly Fusarium graminearum, Fusarium
crookwellemse, Fusarium culmorum, and Fusarium semitectum(®. It was given the trivial
name zearalenone as a combination of G. zeae, resorcylic acid lactone, -ene (for the presence
of the C-1' to C-2 double bond), and -one, for the C-6' ketonel®. Most probably
simultaneously, a second group isolated and studied the metabolic properties of the same
compound and named it F-2. The classification of zearalenone as a toxin is considered
inappropriate since, although biologically potent, it is rarely toxic. Its structure resembles
7b-estradiol, the main hormone produced in the human female ovary. Zearalenone would
better fit the classification of a non-steroidal estrogen or a mycoestrogen. Different
derivatives of zearalenone, including a-zearalenol, p-zearalenol, monohydroxylated,
dihydroxylated and formylated zearalenone, have been isolated from cultures of

Fusarium. 83!

OH o) CHj

HO

14
Zearalenone is less toxic than trichothecenes. It has an LDso value of 1-10 g/kg body
weight of micel®l. The estimated safe intake of zearalenone for humans has been reported
to be 0.05 pg/kg of body weight/day™8l. Nevertheless, because of its genuine biological
potency and regular dietary cooccurrence with true mycotoxins such as the fumonisins and
trichothecenes, it would not be prudent to ignore the potential of zearalenone to cause

adverse health effects.
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1.2.1.3 Trichothecenes

Trichothecenes are mycotoxins, named in the year 1948 after the discovery of the
antifungal compound ‘trichothecin’ from the fungus Trichothecium roseum(®788l They
produced by several fungal genera, including Myrothecium, Fusarium, Trichoderma,
Trichothecium Phomopsis, Stachybotrys and otherst®l. Many plant species such as
Baccharis coridiofolia and Baccharis artemisioides also produce macrocyclic
trichothecenes®. Trichothecenes are secondary metabolites produced from the isoprenoid

metabolism and have a tricyclic nucleus with an epoxide function[®3l,

More than 200 molecules are classified as trichothecenes®. They are cyclic
terpenoids with a common tricyclic 12,13-epoxytrichothec-9-ene, the core structure
characterized by the presence of a double-bound between carbons 9 and 10 as well as, an
epoxide group between carbons 12 and 13 (Figure 1), both being essential for their activity.
Although all trichothecenes share this common core structure, they also possess unique
substitution groups at carbons 3, 4, 7, 8 and 15, allowing their classification as type A, B, C
or D. Types A, B and C differ in the substitution present at carbon 8 (Figure 1, Table 1).

In type A trichothecenes (e.g. T-2 toxin (15), HT-2 toxin (16), neosolaniol, and
diacetoxyscirpenol (DAS) (17)) substitution groups of carbon 8 are either hydroxyl group,

an ester group or no substitution.

In type B trichothecenes, a substituent group corresponds to the carbonyl function
(Figure 1). This subtype of trichothecenes includes five structurally related congeners:
nivalenol (NIV) (21), deoxynivalenol (DON) (22) DON, 3-acetyldeoxynivalenol (3-
ADON) (23), 15-acetydeoxynivalenol (15-ADON) (24) and fusarenon-x (25). Some
transformations produce mycotoxin derivatives, also called “masked/modified mycotoxins”
that are undetectable by conventional analytical techniques. These derivatives result from
changes in the “native mycotoxin” structure after transformation by process, bacteria or
plants®*°4. Some plants also have the ability to transform mycotoxins. For example, DON-
3-b-glucoside (D3G) results from enzymatic conjugation of glucose to DON by plant!®®],

Generally, this biotransformation results in a decrease in toxicity[®l.

Type B group are the most common trichothecenes contaminating wheat, and
therefore, the trichothecenes of most concernl®”l. Type C trichothecenes including crotocin
(26) are characterized by the presence of a second epoxide group between carbon 7 and 8
(Figure 2). Finally, type D trichothecenes (e.g. satratoxins (27), roridins, and verrucarins)

possess an additional ring between carbon 4 and carbon 15, which is why they are also
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called “macrocyclic” trichothecenes, whereas types A, B and C trichothecenes are called

“simple” trichothecenes.
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Figure 1: Chemical structures of type A and B trichothecenes.

Table 1: Substituent patterns of different Type A and B trichothecenes.

Trichothecene R1 R2 R3 R4 R5
TYPE A
T-2 toxin (15) -OH -OAc -OAc - -Olsoval
HT-2 toxin (16) -OH -OH -OAc -H -Olsoval
DAS (17) -OH -OAC -OAC -H -H
NX-2 toxin (18) -OAc H -OH -OH -H
NX-3 toxin (19) -OH H -OH -OH -H
TYPEB
Trichothecene (20) -H -Olsoval -H -H =0
NIV (21) -OH -OH -OH -OH =0
DON (22) -OH -H -OH -OH =0
3-ADON (23) -OAc -H -OH -OH =0
15-ADON (24) -OH -H -OAC -OH =0
Fusarenon-X (25) -OH -OAcC -OH -OH =0

OAc = O-acetyl, Olsoval = O-isovalerate.
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Type C Type D

25 26
Figure 2: Chemical structures of type C and D trichothecenes.

Toxicity of trichothecenes

Trichothecenes are toxic to all tested animal species, but the sensitivity varies
considerably between species and also between the different trichothecenes. The
trichothecenes are extremely potent inhibitors of eukaryotic protein synthesis; different
trichothecenes interfere with initiation, elongation, and termination stages!®®.

Other cellular impacts have been detected on nucleic acid biosynthesis®, mitosis
and membrane/organelle integrity™®, but these are likely all secondary effects of protein
synthesis inhibition and ribotoxic stress, and direct interaction between the trichothecenes
and cellular components has only been reported for the ribosomel*°1,

The interaction of trichothecenes with 60S ribosomal subunit through non-covalent
hydrogen bonds leads to the so-called ribotoxic stress effect resulting in:

- inhibition of protein synthesis,

- rRNA cleavage

- activation of different cellular signalling pathways, leading to modulation of gene
expression and to post-translational protein modifications['°21031,

In parallel to the ribotoxic stress effect, trichothecenes are known to target
mitochondria and to cause mitochondrial stress leading to the generation of Radical Oxygen
Species (ROS), lipid peroxidation, and oxidative stress that can also cause apoptosis®4.

Trichodermin was the first trichothecene shown to inhibit peptidyl transferase
activity®l. The first reported NIV-mediated inhibition of protein synthesis in rabbit

reticulocyte whole cells and cell-free lysates in 1968. Numerous studies on the effect of
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various trichothecenes on ribosome activity in mammalian cell extracts followed in the
1970s, with considerable attention on identifying the mode of inhibition[196.207],

The offering produced by various trichothecenes include effects on almost every
major system of the vertebrate body; many of these effects are due to secondary processes
that are initiated by often poorly understood metabolic mechanisms related to the inhibition
of protein synthesis. A greet attempt to compile and interpret the data for different
trichothecenes, studied in different organisms, administered by different routes, at different
doses, at dissimilar intervals, is given by Beasley!%l. Among the naturally occurring
trichothecenes, T-2 and diacetoxyscirpenol appear to be the most effective in animal studies.
Besides their cytotoxic activity, they have an immunosuppressive effect that results in
decreased resistance to infectious microbes!%l. They cause a wide range of gastrointestinal,

dermatological, and neurologic symptoms.

Structure-Activity Relationship

To understand how trichothecenes interact with cells, we must first have an
advanced understanding of their structure and dynamics. Early studies showed that the
structural features of trichothecenes that most affect their biological activities are the 12,13-
epoxide ring, the double bond at C-9-C-10, the five variable R groups (Table 1), the
structure and position of a side chain, the presence of a second epoxy ring (type C), and the
presence of a macrocycle (type D).

The 12, 13 epoxide group is known to be essential for trichothecene toxicity[**°l,
Despite, epoxides are highly reactive groups, they are remarkably stable in the trichothecene
structure. It was surprising that in the trichothecene bound ribosome crystal structure, no
direct interaction was detected between the epoxide ring and ribosomal components®®.
Foroud and coworkers approach that the epoxide ring is required for structural stability to
the trichothecene skeleton, herewith rendering it essential for toxicity**t. A water molecule
is always present when the structure of trichothecenes investigated in various hydroscopic
solvents!**?. The water is bound to a suc formed between the B- and C-rings and this pocket
are fairly rigid with limited torsional flexibility as a result of tension imparted by the epoxide
ring, which pulls C12 down to form the base of the suct**3l,

The substitution type at the C3, C4, and C15 is deemed to affect the nature of the
interaction with water. For example, modifications at C3 may affect the susceptibility of
water binding in DON(22). Several modifications of C3, such as acetylation[*!415] or
glucosylation!*él have been found to minimize or disrupt cytotoxicity. These modifications

have also been shown to decrease or prevent the inhibition of protein translationl*],
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Interestingly, there are instances where C3 acetylation does not appear to reduce
phytotoxicity.

Type A trichothecenes, having a functional group other than carbonyl in the C-8
position, are generally more toxic than type B trichothecenes with a carbonyl in this
position. The toxicity of type A trichothecenes decreases in the order of isovaleryl >
hydrogen > hydroxyl groups in the C-8 position. The toxicity of type B trichothecenes is
influenced by the substitutions in the C-4 position. In lymphocytes, the toxicity of the type
B trichothecenes decreases in the order from acetyl > hydroxyl > hydrogen in the C-4
position. Loss of side chains in the C-4, C-8 or C-15 positions decreases the toxicity and the
loss of more than one side chain in these positions further decreases the toxicity™8l,

The presence and position of a second epoxide on type C trichothecenes have a
particularly marked effect on the bioactivities of these molecules. When an epoxy ring was
introduced in trichothecene between C-7 and C-8, its ability to inhibit protein synthesis in
rabbit reticulocytes dropped. However, the second epoxide at C-9-C-10 in some
macrocyclic trichothecenes (e.g., baccharinoids) increases their anti-leukemic activity™°],
Moreover, esterification at C-4, C-8, or C-15 generally increases the toxicity of
trichothecenes in an Arabidopsis thaliana detached leaf assay[*?"l.

In 2015, Appell and Bosma performed a Quantitative Structure Activity
Relationship (QSAR) study on 35 trichothecenes using density functional theory. There
were distinct quantum-based differences between the type A and type B trichothecenes,
including in their frontier molecular orbital and natural bond orbital properties. The type B
trichothecenes had significantly larger electrophilicity indices than the type A
trichothecenes that were studied. Certain hydroxyl groups of T-2 toxin (15), NIV(21) and
DON (22) exhibited considerable rotation during the molecular dynamics simulations. The
models suggested that electronegativity and several 2-D topological descriptors
significantly affect trichothecene cytotoxicity, phytotoxicity, immunochemical detection,
and cross-reactivity™?%, In recent years, in silico analysis has turned out to be an effective
tool for analyzing the interactions between mycotoxins and their biological targets,

including the interaction between trichothecenes and ribosomes(®!.
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Biosynthesis of trichothecenes

Trichothecene biosynthesis and regulatory genes (TRI genes), can be found in
clusters on the genome; this is the case for Fusarium species as well as other trichothecene
producing genera?21238_ The core cluster in Fusarium includes the majority of the TRI
genest*?4 while four remaining genes are located at three different loci: the TRI1-TRI16
two gene cluster*? and two independent loci for TRI1101[%26] and TRI15127,

The initial step in the biosynthesis of type B trichothecenes is the sesquiterpene
cyclization of farnesyl diphosphate to trichodiene. This reaction is catalyzed by the enzyme
trichodiene synthase, which is encoded by the TRI5 genel® 1281, Next, trichodiene undergoes
four oxygenation reactions catalyzed by the multifunctional cytochrome P450
monooxygenase encoded by TRI4. This enzyme adds three oxygens at C-2, C-3, C-11, and
the epoxidation at C-12/C-13 to form isotrichotriol™?°1. Isotrichotriol is non-enzymatically
converted to isotrichodermol. During this step, the oxygen at the C-2 position becomes the
pyran ring oxygen and the hydroxyl group at C- 11 is lost™*% (Scheme 1). Isotrichodermol
undergoes acetylation on the C-3-hydroxyl by the acetyltransferase encoded by TRI101 to
produce isotrichodermin(®Y,

The next step is the addition of another hydroxyl group to C-15 by a cytochrome
P450 encoded by TRI11. This hydroxyl group is then acetylated by an acetyltransferase
encoded by TRI3 to form calonectrin®. Calonectrin is later modified by the addition of
hydroxyl groups at the C-7 and C-8 positions by the product of TRI1. Subsequently, the
hydroxyl group at the C-8 position is converted to the keto form, producing 3,15-
acetyldeoxynivalenol (3,15ADON) (Scheme 2). From here, the pathway branches and NI1V-
producing strains hydroxylate the C-4 position by a reaction catalyzed by the cytochrome
P450 monooxygenase encoded by TRI13. Conversely, DON-producing strains lack a
functional TRI13 and are unable to add a hydroxyl group at C-4.

The last step in the biosynthesis of type B trichothecenes is the selective removal of
an acetyl group, either on C-3 or C-15, depending on the activity of the esterase encoded by
TRI8. Alexander and coworkers notified that the TRI8 gene from 3-ADON (23) producer
22 strains encode a C-15 deacetylase, whereas the TR18 gene from 15-ADON (24) producers

encodes a C-3 deacetylase.
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Scheme 1: The proposed biosynthetic pathway for trichothecene, a: First steps
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1.2.1.3.1 Macrocyclic trichothecenes (type D)
Type D trichothecenes were first reported in 1946 when the antifungal antibiotic

glutinosin was isolated from a fungus identified as Metarrhizium glutinosum™3 which later
recognized as Myrothecium verrucaria®®. They have a cyclic diester or triester linking
between C-4 and C-15 and are regarded as one of the most toxic trichothecenes. The
macrocyclic derivatives possess besides a large fourth ring, formed by esterification of the
hydroxyls at positions 4 and 15 of verrucarol (27) with long-chain dicarboxylic acids. The
macrocyclic trichothecenes are classified as roridins with C29-skeleton or verrucarins with
a C27-skeleton[*33], The unusual structural features of macrocyclic trichothecenes result in

increased biological activities relative to the other trichothecenes!*34l,

20



Introduction

Because of their potent biological activities, macrocyclic trichothecenes became the
focus of many studies throughout the 1970s and 1980s*3>136],

.

27

Both verrucarins and roridins comprise the sesquiterpene alcohol verrucarol (27)
and a dicarboxylic acid forming a macrocyclic dilactone. While verrucarins are C27
compounds, roridins are C29-metabolites and many roridins are homologues of verrucarins
differing by a C2-side chain at C6'".

Sources of macrocyclic trichothecene

The first macrocyclic trichothecene was discovered from Myrothecium
verrucarial®l, Since then several related verrucarins have been described often occurring
together in some fungal species including species of Podostromal*3! and Stachybotrys!*3°],
Roridins which have a side chain at C6' were described from Myrothecium[**%l, Podostroma,
Stachybotrys!*41, Calcarisporium™421, Cercophoral**®l, Cylindrocarpon#41,
Dendrodochium™#! and Phomopsis!**¢! species.

Besides, the Asteraceae plant Baccharis megapotamica Spreng which causes severe
poisoning of cattle in South America produced active compounds that were macrocyclic
trichothecenes hitherto only known from this source (471,

The baccharinoids B4 (28), B5 (29), B6 (30), B8 (31) and B25 (32) are potent
antileukemic trichothecenes from Baccharis megapotamica. Baccharinoid B4 (28) and
baccharinoid B25 (32) were shown to be esters of 84-hydroxyverrucarol. Baccharinoid B6
(30) and baccharinoid B8 (31) are the C-13' epimers of baccharinoid B4 (28) and
baccharinoid B5 (29), respectively™*®l. Additionally, all of the investigated Brazilian B.
coridifolia plants produced only roridins®%. Especially the group of Bruce Jarvis isolated

many baccharinoids and elucidated their structures, later they observed that perhaps the
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Brazilian strain acquiring roridins from fungal source and then oxygenating to the

baccharinoids49:150],

28:R1=0H,R2=R3=0H,R4=H 29:R1=pH,R2 = OH
30: R1=pH,R2=R3=0H,R4=H 31: R1=aH, R2 = OH

32
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Toxicological effects of type D trichothecenes

Macrocyclic trichothecenes (e.g., roridins, verrucarins and satratoxins) are
considered to be some of the most toxic trichothecenes and are generally more toxic than
simple trichothecenes™®*, Datum has confirmed the capability of type D trichothecenes to
inhibit protein synthesis through ribotoxic effects [*5215% causing the activation of Mitogen-
Activated Protein (MAP) kinases, inflammation and cell toxicity/apoptosis.

Exposure to type D trichothecenes happens mostly through inhalation and is
associated with the so-called damp building-related illnesses that produce respiratory,
immunological, and neurological symptoms™>4. Although part of the inhaled type D
trichothecenes can reach the blood flow and activate circulating immune cells such as
macrophages and trigger the production of anorectic cytokines*®®, these toxins are rapidly
cleared from the systemic circulation, suggesting rather a local effect on nasal/airway
tissuest*S¢l. Type D trichothecenes cause neurotoxic, inflammatory and local mucosecretory
responses in the airways of animals exposed to these toxins*>1,

Several studies mentioned on effects of macrocyclic trichothecenes on immune
functions by using a mitogen-induced blastogenesis assay. Both verrucarins and roridins
were able to inhibit B- and T-cell subsets after induction with leukoagglutinin, concanavalin
A, or pokeweed mitogen™®. In 2003, evaluation of some macrocyclic trichothecenes
against cancer cell lines was done by Wolf-Rainer Abraham and coworkers*3+15€],

There are also some reports on other antimicrobial and phytotoxic effects of
macrocyclic trichothecenes. Roridins and verrucarins inhibited the hemorrhagic fever
causing arenavirus Junin while not affecting cell viability. 1Cso (concentration causing 50
% inhibition) values were in the range 1.2 - 4.9 ng mlX. The trichothecenes lacked virucidal
effects on the virions and it could be concluded that a late stage in the replication cycle was
inhibited™5°],
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2.Aim of the investigation

At the beginning of the era of antibiotics, it seemed that all diseases could be
medicated soon, whilst, extended use of antibiotics made them insensitive, due to drug
resistance phenomena. For this reason, there is a worldwide urgent need now for new
medicinal sources. Fungi as aforesaid, are believed to be a treasure fund of bioactive natural
products and are expected to provide novel chemical structures for drug discovery for
combating emerging diseases.

Accordingly, the main objective of the present investigation is concerned with the
isolation and structure elucidation of new and preferably biologically active secondary
metabolites from fungi out of different environmental habitats. To achieve this aim,
chemical and biological screenings should be applied in such a way, which is in a minimum
of time a maximum of results is obtained. For this reason, a 'horizontal screening' should be
applied: With a few biological tests using Gram-positive and Gram-negative bacteria, fungi,
the antibacterial, antifungal, and cytotoxic activities are covered, and results can be used as
a lead for further detailed investigations. The established chemical screening should be
applied additionally, extended by using an LC-MS screening (Figure 3).

The individual steps can be summarized as follows:

» Microbiological part: Collection of strains by carefully selected Habitats, preferably
in cooperation with microbiologists. Optimization of fermentation conditions and
small scale cultivations.

» Pre-screening: Fermentation in a 1 L-scale and horizontal screening. Selection of
suitable strains for in-depth explorations

» Up-scaling: A large-scale fermentation of selected strains is usually required to
obtain sufficient amounts of metabolites; for strains with low productivity, an
optimization (pH, fermentation time, medium type) may be needed.

» Isolation: The fermentation broths are subjected to exhaustive extraction using either
liquid-liquid (solvents) or liquid-solid (Amberlite-XAD) extraction techniques.

Chromatographic methods are used to deliver the pure constituents.
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> Dereplication: Chemical tests (colour reactions), *H NMR and mass spectra are used
to gain preliminary structural information for a dereplication of known compounds
with databases.

» Structure Elucidation: Novel compounds will be elucidated preferably by using
spectroscopic techniques and — if possible — crystal structure analysis.

» Biological Activity: Depending on the results of our horizontal screening, new and
promising known compounds will be investigated in cooperation with industrial

partners for potential use in medicine or agriculture

Microbiology
Isolation of species
Phylogenetic screening

Chemistry
Activity screening
Chemical screening
Isolation of compounds

Medicine Biotechnology
(Tumour cell line inhibition) (Scale up, Media variation)

Figure 3: Integrated approach to explore the metabolic capabilities of selected strains for
the production of bioactive compounds.
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3.General Techniques

3.1 Collection of strains

In this study, the search for bioactive constituents from fungi was continued. For this
purpose, the microbial strains were obtained in cooperation with the following
microbiological institutions:

e The terrestrial fungus Aspergillus ochraceopetaliformis ASAI was obtained from a
soil sample collected from Giza, Egypt by Dr. Ahmed S. Abdel-Razek, Microbial
Chemistry Department, National Research Centre, Egypt.

e The endophytic fungus Myrothecium verrucaria was collected from Wady Al-
Asuity, Assiut, Egypt by Dr. Ismail R. Abdel-Rahim, microbiology department,
Assiut University, Egypt.

The isolated strains will be described at the material and method part, based on colour,

morphological characteristics, etc. The taxonomy was fully determined on the RNA level.

3.2  Work-up Procedure for Selected Fungal Strains

The selection of promising fungal strains producing biologically active and new
secondary metabolites depends on two different types of assays: the biological and the

chemical screening, which are combined in the so-called pre-screening.

3.3 Pre-screening

Initially, the strains were sub-cultured on agar plates for 3-7 days and microscopically
examined for contaminations. Small pieces of the agar culture were then used to inoculate
1 L Erlenmeyer flasks, each containing ~250 ml of medium, for small-scale cultivation,
followed by incubation on a rotary shaker at 28 °C. The culture broth was then lyophilised,
and the dried residue was extracted with ethyl acetate. The obtained crude extract was used
for the biological and chemical pre-screening (Figure 4). Promising strains are selected for

chemical in-depth investigation.
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Isolated strains

|
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[ 1L shaker culture ] [ Storage ]
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l NMR, data bases
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Figure 4: General screening and working up of the selected strains.

3.3.1 Chemical Screening

The isolation of pure bioactive compounds from microbial strains is a multiple-stage
procedure and an expensive task. For this reason, it is important to avoid the re-isolation of
known metabolites from the crude extract or a partially purified fraction. Chemical
screening is one of the economical methods, which allows reaching this aim at an early stage

of separation.
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The Thin Layer Chromatography (TLC) is one of the simplest and cheapest methods
for such a screening. In comparison with other methods (like HPLC-MS), TLC is easier,
quicker, and simpler to perform, and is sufficiently reproducible. A spot of the crude extract
is developed on a TLC with a suitable solvent system. The developed TLC plate is
visualized under UV light, and interesting zones are further localized by exposure to spray
reagents. Several spraying reagents are available for the detection, some specific, other
universal. In our research group, the following reagents are used intermittently:

» Anisaldehyde/sulphuric acid spray reagent gives different colour reactions with

many structural elements and is a universal reagent.

» Dragendorff's reagent is a colour reagent to detect alkaloids in a test sample.
Alkaloids, if present in the solution of the sample, will react with Dragendorff's

reagent and produce an orange or orange-red precipitate.

» Concentrated sulphuric acid is especially used for polyenes. Short conjugated chains

are showing a brown or black colour, carotenoids develop a blue or green colour.

» Ehrlich’s reagent is a specific reagent used to determine indoles and some other
nitrogen-containing compounds; indoles turn pink, blue or violet, pyrroles and

furans become brown, anthranilic acid derivatives change to yellow.
» Ninhydrin is used to detect terminal amino groups of amino acids and peptides.

» NaOH is used for the detection of peri-hydroxy-quinones, which turn red, blue or

violet. The deep red prodigiosins are showing the colour of the yellow in a free base.

» Vaniline/sulphuric acid gives different colour reactions with many structural

elements.

3.3.2 Pharmacological and Biological Assays

As there is still no general way to derive the biological activity of metabolites reliably
solely from their structures, a multitude of pharmacological test systems has been
developed. They can be subdivided into defined and complex systems: The defined systems
are often using highly sophisticated receptor tests; they are often expensive, sometimes
highly specific and therefore are giving low response rates, sometimes as low as 1: 20.000
and even 1: 80.000 (as in the case of platensimycin). Receptor tests are therefore less
suitable for use in universities, where a quick, sensitive affordable test is required. The
selectivity should be low so that broad ranges of activities can be covered; a response rate
of 10-20 % is suitable.

28



General Techniques

The resulting 'horizontal screening' can be realized best with microorganisms, i.e. by
the use of complex systems. Based on the agar diffusion method, the crude extracts are
tested in this work against different microorganisms, the test bacterial pathogens were Gram
positive bacteria Bacillus subtilis and Bacillus cereus, Gram negative bacteria Pseudomonas
areuginosa and Escherichia coli, while the pathogenic yeasts were Candida albicans,
Saccharomyces cerevisiae and Trichosporon Jirovecii. On the other hand, the plant fungal
pathogens were Botrytis cinerea and Alternaria porri.

Moreover, evaluation of tyrosinase inhibitory potential and acetylcholinesterase
inhibitory activity were performed using mushroom tyrosinase and L-DOPA and

acetylcholinesterase enzyme solution respectively.

3.4 Large Scale Cultivation and Extraction

Generally, there is a minimum amount needed for the structure elucidation of a new
compound, which is with our equipment near 1-5 mg, depending on the complexity of the
structure. As additional quantities are needed for biological tests, 5-10 mg are desirable. As
most strains are producing only metabolite concentrations of 0.1 — 1 mg/L, fermentation in
a 10~40 L scale is necessary.

According to the pre-screening, the interesting strains were scaled up for further
investigation. In some cases, in order to improve the microbial production of the interesting
compounds, the optimisation of the culture conditions may be done. Well-grown agar sub-
cultures were monitored and finally selected for performing the subsequent inoculation. A
number of usually 100 Erlenmeyer flasks (1 L) each containing 250 ml culture medium (pH
7.5) were used for the inoculation and propagation of the bacteria on a linear shaker (28 °C).
After four to five days, the culture broths were harvested, mixed with Celite (diatomaceous
earth as filter aid) and filtered under pressure (filter press). The latter step is necessary to
separate the water phase, which was successively adsorbed on Amberlite adsorption resin
XAD-16 and the latter finally extracted with methanol. The biomass remaining after
filtration was exhaustively extracted with ethyl acetate and acetone. Finally, the organic
phases are evaporated to dryness, giving the desired residue for further separations. Storing
extracts in the moist ethyl acetate at room temperature could result in decomposition
products due to the formation of acetic acid. So, solutions should be evaporated as soon as
possible, and it is strongly recommended to store the residues at low temperature to

minimize degradation reactions.
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3.5 Isolation methods

According to the amount of the obtained crude extracts, a suitable isolation method will
be determined, with respect to the polarity of the compounds of interest. Extracts from the
water phase and cell mass are combined if the composition is similar; otherwise, they are
separated independently. For separation of accompanying fats, the crude extract is firstly
defatted by cyclohexane, and then two preliminary separation systems are commonly used
in our group:

e Centerfuginal Partition Chromatography (CPC) or flash silica gel chromatography
by using a gradient of increasing polarity of various solvent systems. However, the
contact with silica gel may rearrange, oxidise, cleave or even destroy the adsorbed
metabolites.

e Size-exclusion chromatography (Sephadex LH-20), where the compounds are
separated depending on molecular size differentiation. This technique offers the
advantage of a higher recovery rate than silica gel and minimizes the destruction of
compounds. It is used preferentially when the amount of the crude component is less
than 3 mg.

Fractions which obtained from CPC or flash silica gel chromatography are monitored
by TLC to decide the next isolation steps. The next stages of isolation could be achieved
using Prep.TLC, silica gel column chromatography, Sephadex LH-20. Further purification
can be done with the aid of HPLC loaded with Normal Phase (NP) or Reverse Phase (RP)

columns.

3.6 Dereplication Concept and Partial Identification

The development of screening steps for the discovery of biologically active compounds
has resulted in a need to prioritise those samples, which are deemed ‘active’. When these
samples are derived from different natural product sources, it is estimated that it takes
$50.000 and 3 months of work to isolate, identify and elucidate such an active compound
and there will be a distinct sense of ‘wasted’ effort if the isolate is a well-known compound
[160] So the term dereplication is commonly used in the natural products community to
define the complementary processes of rapid identification of natural compounds.

This might be carried out by comparing the UV or MS data and HPLC retention
times with appropriate reference data collections. This method needs only negligible sample
amounts and affords reliable results if authentic samples had been available to measure the
reference data. UV data and MS fragmentation patterns are also useful to identify unknown
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metabolites if these show similar chromophores or fragmentation patterns as known
analogues. As it will never be possible to collect a complete sample set and to measure all
experimental data under identical conditions, reference values from the literature have to be
used. If NMR data are selected, results from 1D measurements can be translated into
substructures, which then will be used for a database search. In this case, normally
sufficiently pure samples are required. Databases with the NMR or UV data and a variety
of other molecular descriptors can be searched using computersi’62. The most
comprehensive data collection of natural compounds is the Dictionary of Natural Products
(DNP), which compiles metabolites from all natural sources, including plants.

As most compounds of interest are thermally labile, HPLC-ESI MS/MS would be the
method of choice to identify known molecules from multi-component mixtures with high
selectivity and sensitivity. The absolute configuration of the pure components can be
confirmed by application of circular dichroism (CD) spectroscopy!3l and — if possible —

crystal structure analysis.
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4. Materials and Methods

4.1 Materials

4.1.1 General laboratory equipments

Autoclave

Balances

Centrifuge

Clean Bench

Digital pH meter

Freeze dryer (Lyophilizer)
Hot plate
Laminar-Flow-Box

Petri dishes

Rotary evaporator

Sonicator

Sterile filters
Syringes
Ultra-Pure Water
UV Lamp

Vortex

Varioklav, H&P

ADAM Equipment

Biofuge pico, Heraeus

Virkus Labco

420Aplus, Orion

Zirbus Technology, Germany

Camag, Thermo Scientific, USA

Kojar KR-125, GmbH, Germany

94 mm diameter, 16 mm height

Buchi R-120 (BUCHI Labortechnik AG, Flawil,
Switzerland

Elmasonic S100H, Germany

Rephile, 0.2 um, (PTFE, PES, NYLON and PVDF)
Hamilton

Evoqua LaboStar®, Pittsburgh, USA

Camag (254 and 366), Switzerland

Medline scientific, UK
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4.1.2 Recipes

All cultures were autoclaved at 1.2 bar and 120 °C. Sterilisation time for 1 L shaker
culture: 33 min, 2 L concentrated medium for fermentor: 50 min and fermentor containing
16 | water: 82 min.

Artificial Seawater

Iron citrate 2.0 g (powder)
NaCl 389¢

MgClz - 6H20 176 g

Na2SO4 68.8 g

CaCl» 36.09g
NazHPO4 0.16 g

SiO» 0.30g

trace element stock soln. 20 mL

stock soln. 200 mL

tap water ad 20 L

Trace element stock solution

H3BO3 0.611 g
MnCl; 0.389 ¢
CuSOy4 0.056 g
ZnS04.7 H20 0.056 g
Al2(SO4)s.18 H20 0.056 g
NiSO4.6 H20 0.056 g
CO(NO3)s.6 H20 0.056 g
TiO: 0.056 g
(NH4)sM07024.4 H20 0.056 g
LiCl 0.028 g
SnCl; 0.028 g
Kl 0.028 g
tap water adlL
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Stock solution

KClI 110 g

NaHCOs 32¢

KBr 169

SrCl,. 6H,0 6.8 g (dissolved separately)
HsBO: 449

NaF 0.48 g

NHsNO; 0.32 g

tap water ad2 L

4.1.3 Media

Composition of malt agar (MA) medium
MA medium was used for short term storage of fungal cultures or fresh seeding for

the preparation of liquid cultures.

Agar-agar 15¢

Malt extract 159
Distilled water to 1000 mi
pH 74-738

Composition of potato dextrose agar (PDA) medium

Potato infusion 2 200 g
Dextrose 209
Agar 20g
Artificial seawater 500 ml
Distilled water 500 ml
pH 7.2

2 Potato infusion: The potatoes (200 g) were first washed and cut into small pieces, then

boiled in 1000 mL distilled water for 1 hour and filtered to get the potato infusion.
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Composition of International Streptomyces Project-2 (ISP2) medium

Malt extract
Glucose

Yeast extract
Artificial seawater
Tap water

pH

10¢
49
49
500 ml
500 ml
7.8

Composition of rice medium for solid cultures

Rice
Distilled water

Artificial seawater

100 g
75 ml
75 ml

Water was added to the rice and kept overnight before autoclaving.

Composition of Medium Test Agar (for test organisms Escherichia coli, Bacillus

subtilis, Staphylococcus aureus)

Malt extract
Yeast extract
Glucose

Bacto agar
Malt extract

Demineralised water

109
49
44
49
209
1000 ml

The pH was adjusted to 7.8 using 2N NaOH.

Composition of Sabouraud-Agar (for test organism Candida albicans)

Glucose
Bacto peptone
Bacto agar

Demineralised water

4049
109
209
1000 ml

The pH was adjusted to 7.8 using 2N NaOH.
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4.1.4 Chemicals

4141

41.4.2

General laboratory chemicals
(-)-2-Butanol
Acetic anhydride

Anisaldehyde (4-methoxybenzaldehyde)

Concentrated ammonia solution
Concentrated sulphuric acid
Dimethylsulfoxide
Formaldehyde
Hydrochloric acid
L-(+)-Ascorbic acid
Potassium hydroxide
Pyridine

Sodium hydroxide
Trifloroacetic acid (TFA)
Vanillin

Chemicals for culture media

Acetylthiocholine iodide (ATCI)
Acetylcholinesterase (AChE)
Agar-agar

Galanthamine hydrobromide
Glucose

L-DOPA

Malt extract

NaCl

Peptone

Streptomycin

Yeast extract

5,5'-dithio-bis(2-nitrobenzoic acid)

Merck KGaA (Darmstadt, Germany

Merck KGaA (Darmstadt, Germany
Merck KGaA (Darmstadt, Germany

Sigma-Aldrich
Sigma-Aldrich
Galke
Sigma-Aldrich
Caelo
Sigma-Aldrich
Merck

Merck

BD

Sigma

Sigma

Sigma-Aldrich
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4.1.5 Chromatography

Pre-coated TLC plates, Silica Gel 60 F254, layer thickness 0.2 mm Merck
Silica Gel 60, 0.04 - 0.063 mm mesh size Merck
Pre-coated TLC plates, RP-18, F254 S, layer thickness 0.25 mm Merck
RP-18, 0.04 - 0.063 mm mesh size Merck
Sephadex LH 20, 0.25 - 0.1 mm mesh size Merck

4.1.6 Spray reagents

The reagents were stored in amber-coloured bottles and kept refrigerated until use.
TLC was used to monitor the identity of each of the fractions and the qualitative purity of
the isolated compounds. It was also utilized to optimize the solvent system that would be

applied for column chromatography.

Anisaldehyde/sulphuric acid: 1 ml anisaldehyde was added to 100 ml of a stock solution

containing 85 ml methanol, 14 ml acetic acid and 1 ml sulphuric acid.

Dragendorff's reagent: is a solution of potassium bismuth iodide composing of basic
bismuth nitrate (Bi(NO3)3), tartaric acid, and potassium iodide (K1), and when contact with

alkaloids it produces an orange or orange red precipitate.

Ehrlich’s reagent: 1.0 gm (4-dimethylaminobenzaldehyde) was dissolved in a mixture of
25 ml hydrochloric acid (37%) and 75 ml methanol, give red colouration with indol and

yellow for other N-heterocycles.

Ninhydrin: 0.3 g ninhydrin (2,2- dihydroxyindan-1,3-dione) was dissolved in 95 ml
isopropanol. The mixture was added to 5 ml collidin (2,4,6-trimethylpyridin) and 5 ml acetic
acid (96%). This re- agent gave a blue to a violet colouration with amino acids, peptides and

polypeptides with free amino groups. Ninhydrin in ethanol (0.1 %) was also directly used.

NaOH or KOH: 2 N NaOH or KOH solutions are used to identify peri- hydroxyquinones
by deepening the colour from orange to violet or blue.

Vanillin/ sulphuric acid: stock a: Vanillic acid (5.0 g) was dissolved in100 ml of methanol.
Stock b: 5 ml concentrated sulfuric acid added slowly to 95 ml of methanol. When used,

equal quantities are added and mixed well.
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4.1.7 Solvents

General solvents

Acetone, acetonitrile, dichloromethane, ethanol, ethyl acetate, n-hexane, n-butanol
and methanol were used. The solvents were purchased from Fisher Scientific,

Loughborough, UK. They were distilled before using and special grades were used for

spectroscopic measurements.

Solvents for HPLC

Acetonitrile Fisher Scientific, Loughborough, UK

Cyclohexane CARLO ERBA, France

Chloroform Fisher, UK

Ethyl acetate CARLO ERBA, France

Isopropanol Fisher, UK

Methanol Fisher, UK

Nano pure water Distilled and heavy metals free water obtained by

passing distilled water through nano- and ion
exchange filter cells (Barnstead, France)
Solvents for LC-MS

MeOH LC-MS grade LiChrosolv® Fisher Scientific, Loughborough, UK
ACN LC-MS grade LiChrosolv® Fisher Scientific, Loughborough, UK
Formic acid (FA) Fisher Scientific, Loughborough, UK
Trifluoroacetic acid (TFA) Fisher Scientific, Loughborough, UK
Solvents for NMR

Acetone-d6 Merck, Darmstadt, Germany

Chloroform-d Merck, Darmstadt, Germany

DMSO-d6 Merck, Darmstadt, Germany

Methanol-d4 Merck, Darmstadt, Germany

Pyridine-d5 Merck, Darmstadt, Germany
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4.2 Methods

4.2.1 lIsolation, Purification and cultivation of fungal strains

Aspergillus ochraceopetaliformis

The fungal strain was obtained from a soil sample collected at Giza province, Egypt,
in 2015. The sediment sample was suspended in sterile water and incubated into a reciprocal
water bath at 30 °C for 30 min, and then the samples have been serially diluted under aseptic
conditions. 100 pl from each dilution have been plated on PDA medium (Figure 5). The
plates were then incubated at 35 °C for 6-8 weeks, then the strain was isolated, transferred
onto freshly prepared solid media and. deposited in a refrigerator at 4°C at Microbial
Chemistry Department, National Research Centre (NRC), Egypt until use.

The spore suspension of the selected strain ASAI was inoculated into 100 mL of
ISP2 medium and incubated at 30 °C for 3 days as seed culture. 5 mL of previously prepared
seed culture were used to inoculate 5x 1L sterilized Erlenmeyer flasks (each 5 flasks)
containing rice. The flasks were incubated for 14 days at 35 °C[64],

Figure 5: A: colony after 7 days on PDA medium; B: scanning electron micrograph photo of conidia

Myrothecium verrucaria

Ten samples of healthy wild medicinal plant datura (Datura stramonium L.) were
collected from Wadi EIl Assuity, protective area, Assiut Governorate, Upper Egypt in 2015.
The collected samples were packed into sterilized polyethylene bags and directly transferred
to the mycological laboratory at Botany and Microbiology Department, Assiut University,
Egypt. Plant leaves were thoroughly washed with running tap water to remove dust and
spores deposited from the air, washed several times with sterilized distilled water and then

dried thoroughly using a sterilized paper towel.
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Endophytic fungi were isolated through surface sterilization technique. Datura leaves
were sterilized using 75% ethanol for 1 min, followed by immersion in 1% sodium
hypochlorite for 5 min and again in 75% ethanol for 30s. Leaves were washed by sterilized
distilled water, dried thoroughly between the sterilized paper towel and cut into segments
(1 cm?) in a laminar airflow chamber. For each sample, twenty leaf segments were placed
on the surface of the PDA medium and then they were incubated at 25°C for 3 days. The
count of endophytic fungi was calculated as colony-forming units (CFU) per 200 leaf
segments (Table 2). Fungi emerging out of the plant tissues were purified using a hyphal
tip technique.

Preliminary, the purified fungi were identified according to their macroscopic and
microscopic characteristics described in different mycological keys (Figure 6). The fungus
was cultivated on Erlenmeyer flasks (250 mL) containing 100 mL of potato dextrose broth
and then incubated for 30 days at 25 °C with agitation (150 rpm/min). The fungal pellets
were discarded, while the culture broth was filtered through Seitz filter 0.20 pum.

Table 2: Endophytic fungi associated with leaves of Datura stramonium using PDA
medium at 25 + 1 °C,

Fungal species TC %TC %F
Alternaria alternata (Fr.) Keissler 23 11.92 30
Aspergillus niger Tiegh. 17 8.81 20
Chaetomium globosum Kunze 16 8.29 20
Cladosporium sphaerospermum Penzig 25 1295 30
Fusarium oxysporum Schlecht 16 8.29 20
Gliocladium roseum Bainier 5 2.59 10
Myrothecium verrucaria (Alb. & Schwein.) Ditmar 39 20.21 50
Nigrospora sphaerica (Sacc.) Mason 16 8.29 20
Penicillium duclauxii Delacroix 5 2.59 10
Stemphylium vesicarium (Wallr.) Simmons 18 9.33 30
Torula graminis Desmazieres 3 1.55 10
Trichoderma harzianum Rifali 10 5.8 20
TC (CFU /200 leaf segments) 193

Number of genera 12

Number of species 12

TC: total fungal count (CFU / 200 leaf segments); %TC: percentage of total fungal count; %F: % frequency

of fungi per 10 collected samples.
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Figure 6: A: The colony was 4.5 cm after 7 days on PDA medium at 25 C and whitish with black
sporodochia. B: Conidiophores were repeatedly branched and compacted. C: Phialides were
lanceolate or cylindrical, compacted and closely packed in a parallel layer forming sporodochia.

D: Conidia were broadly fusiform with the pointed apical end and bulged basal end.

4.2.2 ldentification of fungal strains and their taxonomy
4.2.2.1 Fungal identification

Fungal strains were identified using a molecular biological protocol by DNA

amplification and sequencing of the internal transcribed spacer (ITS) region.

Aspergillus ochraceopetaliformis

The DNA concentration was 100 ng/ul, Volume 20 pl. The PCR product was
detected by agarose gel and visualized by (UV) fluorescence after ethidium bromide
staining[*®®l. The results of 18S rRNA sequence were compared to the available database at
GenBank using BLAST software (blastn) on National Centre Biotechnology Information

(NCBI). Based on the morphological, 18S rRNA gene sequence and phylogenetic data the
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fungus ASAI was taxonomically characterized Aspergillus ochraceopetaliformis (accession
no. MN611443).

Myrothecium verrucaria

For DNA extraction, the fungus was grown on PDA media and incubated at 25 °C
for 3 days and then fungal growth was scraped and suspended in 100ul of distilled water
and boiled at 100 °C for 15 minutes and stored at -80 °C. DNA was extracted from fungal
cultures using the genomic DNA Prep kit (SolGent, Daejeon, Korea) according to
SDS/CTAB lysis and phenol/chloroform extraction method[™6el,

The ribosomal rRNA gene was amplified via the polymerase chain reaction (PCR)
using primer pair ITS1 (5-CTTGGTCATTTAGAGGAAGTAA-3) and ITS4 (5-
TCCTCCGCTTATTGATATGC-3)*67], Fungal DNA (1 pl) was amplified in a 25 pl
reaction mixture with Solgent EF-Taq as follows: 10X EF-Taq buffer 2.5 pl, 10 mM dNTP
(T) 0.5 pl, primer (Forward-10 picomol) 1.0 pl, primer (Reverse -10 picomol) 1.0 pl,
E(2.5U) 0.25ul, Distilled Water (to 25ul). The thermocycling conditions included an initial
denaturation for 15 s at 95 °C, followed by 30 cycles of denaturation for 20 s at 95 °C,
annealing for 30 s at 55 °C and extension for 60 s at 72 °C, and a final extension of 10 min
at 72 °C. The PCR product was separated by gel electrophoresis on 1% agarose gel run for
75 min in buffer TAE (40 mM Tris, 20 mM sodium acetate, 1 mM EDTA, pH 7.2) and
visualized using a UV illuminator. The PCR product corresponding to ribosomal ITS,
according to electrophoretic migration, was eluted from the gel and then purified using a
SolGent PCR purification kit (SolGent, Daecjeon, South Korea) according to the
manufacturer's instructions.

The amplified ribosomal ITS region was sequenced in the sense and antisense
directions using ITS1 and ITS4 primers and dideoxynucleotides (dd NTPs) in the reaction
mixture. Sequences were analyzed using the BLAST search program at National Center for
Biotechnology Information (at the NCBI website: http://blast.ncbi.nlm.nih.gov/Blast.cqi).

Multiple sequence alignment and molecular phylogeny were performed using CLUSTALW

program (http://clustalw.ddbj.nig.ac.jp/top-ehtml). The phylogenetic tree was constructed
with referential strains from GenBank using MegAlign software (DNAStar 5.01).
Successively, the amplified and sequenced fragment of the 18S ribosomal DNA gene (536
base pair) confirmed that M. verrucaria strain ASU7 has a 99.7% similarity to M. verrucaria
strain 1-5 (KT305924). Next, the obtained sequence of M. verrucaria strain ASU7 was
deposited in the GenBank nucleotide sequence database under accession number
KX611156.
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4.2.2.2 Taxonomy

Aspergillus ochraceopetaliformis
The fungal strain was isolated from a soil sample collected at Giza province, Egypt.
Taxonomically, the strain was identified as Aspergillus ochraceopetaliformis on the bases

of phenotypic and genotypic characterizations

Taxonomy
Domain: Eukaryota
Kingdom: Fungi
Phylum: Ascomycota

Subphylum: Pezizomycotina

Class: Eurotiomycetes

Subclass: Eurotiomycetidae

Order: Eurotiales

Genus: Aspergillus

Species: Aspergillus ochraceopetaliformis

Myrothecium verrucaria

The fungus Myrothecium verrucaria was isolated from fresh leaves of healthy wild
medicinal plant datura (Datura stramonium L.) which collected from Wadi El Assuity,
protective area, Assiut Governorate, Upper Egypt at 2015.

Taxonomy

Domain: Eukaryota
Kingdom: Fungi
Phylum: Ascomycota
Subphylum: Pezizomycotina
Class: Sordariomycetes
Subclass: Hypocreomycetidae
Order: Hypocreales
Genus: Myrothecium

Species: Myrothecium verrucaria
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4.2.3 Extraction of fungal liquid cultures

After harvesting, the culture broth was mixed with methanol and filtered under
vacuum. The filtered aqueous methanol was concentrated in vacuo, and the remaining water
residue was re-extracted by an equal volume of ethyl acetate using a separation funnel. Then
the organic layers were combined, dried through anhydrous sodium sulfate and filtered. The

solvent was evaporated under vacum.

Figure 7: Extraction of fungal liquid cultures using ethyl acetate separation funnel.
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4.2.4  lsolation and purification of secondary metabolites
4.2.4.1 Isolation of the secondary metabolites from A. ochraceopetaliformis
EtOAC extract
6.5¢
Defatting by C-Hexane
| |
Riddish brown crude C-Hexane fraction
extract 5.5 g 109
Silica coloumn (C-Hexane:DCM:MeOH)
[Fralcaion ﬂ ﬁ:rgggon 2} Fra<1:t|1c® Frgggo; 4 Fraction 6 Fraction 7 Fraction 8
19 mg =9 g 132 mg 500 mg 360 mg

washing with C-hex

Physcion
20 mg

Neoechinulin A
20 mg, tR: 12.0
Echinulin
60.0 mg, tR= 15.0

NPh. HPLC Semiprep. method 1

Fraction 5
105.0 mg

Cryptoechinulin B | PTLC 1
31.2mg

2-hydroxydiplopterol
75.0 mg

Cryptoechinulin D |__|

19.2 mg

Fraction 7-1
36.7 mg

Silica coloumn (C-Hexane:EtOAc)

(0-50%)

Silica coloumn (DCM:MeOH)( 0-20%)

Fraction 8-1

Fraction 8-2
36.7 mg

Fraction 8-3

Silica coloumn (C-Hexane:EtOAc)( 0-40%)

Fraction 8-3-1
12.2 mg

C8-Semiprep.
method 2

Questin

2.2 mg, tR= 22.1

Neoechinulin

N
o
©
3
Q

5.1 mg

Neoechinulin F
2.3mg, t =13.65

(12R)dehydroechinulin

2.2 mg, t =517

Fraction 8-3-3

]_

18.0 mg 14.0 mg
g
C8-Semiprep. s
method 3 ‘€
<5
(%]
o
—
§)
Cristatumin D
1.5 mg, tR= 25.3

method 4

Fraction 8-3-4

Fraction 8-3-5
26 mg

Neoechinulin D
7.6 mg, tR= 32.15
8-OH-echinulin
2.2 mg, t = 42.65

Compound 40
0.5 mg, tR: 58.6

i

C18-Semiprep.method 5

Figure 8: Work-up procedure of Aspergillus ochraceopetaliformis, part one
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EtOAC extract
6.5¢

Riddish brown crude C-Hexane fraction
extract 5.5 g 109

Silica coloumn (C-Hexane:DCM:MeOH)

Fralcgon 9 Ochraceopyronide washing with C-Hex. \Fraction 10 Fraction 11
Y9 27.5mg | 258 mg 410 mg

Silica coloumn (DCM:MeQH) 0-20%

Fraction 9-4
57.0 mg

Fraction 9-5
19.0 mg

Fraction 9-1 Fraction 9-2 Fraction 9-3
29.0 mg 23.0 mg 24.5 mg

—— - Cyclo[Trp-Val] C8-Semiprep.
|_[Tardioxopiperazin A 3.2mg,t =16.1 method 8
0.5mg, t_ =38.9 R

Eurocristatine
| | Tardioxopiperazin B
1.7 mg, t =409
Fraction 9-4-1 Fraction 9-4-2 Cyclo[Ala-Trp]
|_[Epoxyechinulin 18.5mg 11.0 mg 14mg,t =76
1.3 mg, tR =445

PTLC 2

15.0mg, t_=20.1

Preechinulin :
2.7mg, t =28.6 | |

Sephadex LH20, MeOH

C18-Semiprep. method 6
C18-Semiprep. method 7
C18-Semiprep. method 9

Isotorachrysone-6-O-a-D-ribofuranoside
3.7 mg

Figure 9: Work-up procedure of Aspergillus ochraceopetaliformis, part two.
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Table 3: Characteristics of HPLC methods used for the isolation of Aspergillus

No

ochraceopetaliformis metabolites

Column

Silica, semiprep.

C8 semiprep.

C8 semiprep.

C-18, semiprep.

C-8, semiprep.

C-18, semiprep.

C-18, semiprep.

C-8, semiprep.

C-18, semiprep.

Method

isocratic

Gradient

Gradient

Gradient

Gradient

Gradient

Gradient

Gradient

Gradient

Solvent System

(EtOAC/CHClIs/Isopropanol) (30/65/5)
H,O/MeOH

(65/35), (25/75), (20/80) (5/95) and
(65/35)

H.O/MeOH

(65/35), (25/75), (20/80) (5/95) and
(65/35)

H.O/MeOH

(65/35), (25/75), (20/80) (5/95) and
(65/35)

H.O/MeOH

(60/40), (25/75), (20/80) (5/95) and
(65/35)

H,O/MeOH
(60/40), (20/80), (10/90), and (60/40),
H,O/MeOH

(50/50), (30/70), (20/80) (2/98), and
(50/50)

H,O/MeOH

(50/50), (35/65), (25/75) (5/95), and
(50/50)

H,O/MeOH

(50/50), (30/70), (20/80) (2/98), and
(50/50)

PTLC 1: The eluent was (DCM/MeQOH 7%)

PTLC 2: The eluent was (DCM/MeQOH 7%)

Flow rate

(ml/min)
3.0

1.5

15

1.5

1.5

2.0

2.0

1.8

2.5

Time

(min)
25

55

70

55

70

55

60

55

55
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4.2.4.2 lsolation of the secondary metabolites from Myrothecium verrucaria

EtOAcC extract
7.0gm

Defatting by C-Hexane

Dark brown crude

C-Hexane fraction

Fraction 1
30 mg

Fraction.2.1]
10.6 mg
Roridin J
4.8 mg, tR = 951
8-Acetoxyroridin H Verrucarine A
2.9mg, t.=9.40 1.6mg, t =11.82

T-2 poylaw
[eonkjeuy O1dH "UdN

D T poyrow “diadiwas O1dH "UdN

Fraction 2.2
4.4 mg

MF6_Z2 P2
0.4 mg, t.= 12.08
MF6_Z2 P4
1.0 mg, tR =13.62
Roridin G
0.8 mg, tR =15.18

extract 5.5 gm 15gm
CPC
Frzgtion 2 Fraction 3
m 342 mg
NPh. HPLC Semiprep.[method 2
Fraction 2.3
4.4 mg

RPh. HPLC Semiprep.
C18, method 3

T-€ poyauwl
“JAusyd ‘1eonAjeuy O1dH

8-Hydroxyroridin H
1.2 mg, i = 27.52
Isororidin A
19.1 mg, t_ = 30.46
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Figure 10: Work-up procedure of Myrothecium verrucaria, part one.
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1.7 mg, tR = 25.06
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Miophytocen D
1.2mg, t =28.77

Miophytocen G
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74 mg
|
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27.7 mg
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914 m
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Figure 11: Work-up procedure of Myrothecium verrucaria, part two.
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Table 4: Characteristics of HPLC methods used for the isolation of Myrothecium
verrucaria metabolites

No

3-1

4-1

4-1-1

4-2

4-3-1

Column

Silica, semiprep.

Silica, semiprep.

Silica, semiprep.

C18 semiprep.

Phenyl, Analytic.

C-18, semiprep.

C-18, semiprep.

C-8, Analytic.

C-18, semiprep.

C-8, semiprep.

C-8, semiprep.

C-8, Analytic

Method

isocratic

isocratic

isocratic

Isocratic &
Gradient

Gradient

Isocratic &

Gradient

Gradient

Gradient

Gradient

isocratic

Gradient

Gradient

Solvent System

(C-Hex/EtOACc/CHCls/Isopropanol)
(60/28/9/3)

(C-Hex/EtOACc/CHCls/Isopropanol)
(50/30/15/5)

(C-Hex/EtOAC/CHCls) (72/23/5)
H,0/MeOH

(50/50), (5/95) and (95/5)
H,0/MeOH/ACN

(70/15/15), (5/50/45), and (70/15/15)
H,O/MeOH

(60/40), (5/95) and (60/40)
H,0/MeOH

(98/2), (35/65), (2/98), and (98/2)
H,O/ACN

(98/2), (35/65), (2/98), and (98/2)
H,0/MeOH

(70/30), (50/50), (30/70), and (70/30)
H,0/MeOH (55/45)

H,O/ACN

(98/2), (35/65), (2/98), and (98/2)
H,O/ACN

(98/2), (35/65), (2/98), and (98/2)

Flow rate

(ml/min)

3.0

2.0

1.2

4.0

1.0

3.0

2.0

2.0

4.0

Time

(min)

25

30

20

30

20

60

55

50

37

50

50

50
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4.2.5 Chromatographic methods
4.2.5.1 Centrifugal Partition Chromatography (CPC)

General aspects and principles

Centrifugal Partition Chromatography (CPC) is one of the embodiments of Counter-
Current Chromatography (CCC) introduced by Wataru Murayama and co-workers in
198211681 and refers to a particular type of support-free liquid-liquid chromatographic
techniquel*®17%, The separation mechanism in CPC is based on differences in distribution
coefficients (KD) of analytes between two immiscible solvent systems. While one liquid
remains in the column as the stationary phase by conforming to the application of a
centrifugal field, the other is pumped through as the mobile phase. A CPC column consists
of a series of partition cells connected together by narrow ducts. These partition cells and
ducts are engraved in polymeric or stainless steel partition disks connected and stacked to
form the chromatographic column also called the rotorf*7%,

Due to the liquid nature of the stationary phase and the absence of any solid support,
this technique provides many advantages over conventional liquid chromatographic
techniques such as high selectivity attained by the skilled design of a solvent system, high
loading capacity, low solvent consumption, high sample recovery, no adsorption onto a
solid support, and relatively easy scale-up*’>173l. Therefore, CPC serves as an efficient
alternative liquid chromatographic technique for preparative separations and purifications
at a laboratory scale. In addition to the advantages of the CPC technique, with the wide
variety of solvent combinations available to form a biphasic solvent system and skilled
design of such systems, high selectivity for the targeted compounds can be obtained. Once
the solvent combination for a freely soluble analyte has been determined in both organic
and aqueous phases, it is important to adjust the solvent ratio to obtain a KD of the target
analyte between 0.5 and 2.011741,

The industrialization of CPC or CCC processes involves four main aspects: the
development of production-scale equipment, separation process intensification, scale-up
rules knowledge, and environmental and regulatory aspects. As mentioned above, industrial
devices are available on the market for both CCC and CPC devices. The information
collected from CPC or CCC users of pilot or production apparatus and various published
results” show that the scaling up is quite straightforward when the process is well
developed at the lab-scale, with even sometimes a positive effect on the quality of

separation. Concerning the last point, whereas the environmental impact of the technology
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IS positive, due to reduced consumption of the solvents, the regulatory constraints have not

yet been delineated, as no industrial process, using CPC or CCC, has yet been implemented.

Figure 12: CPC instrument used in our group.

The crucial point concerns the intensification of the process at a laboratory scale
because this step conditions the economic viability of the process as well as the optimal
capacity of the column. In this optimization process, some aspects are specific to the
support-free chromatographic techniques insomuch as they are based on the use of two
liquid phases in thermodynamic equilibrium. The introduction of a sample in the biphasic
solvent system necessarily disturbs this equilibrium, especially when amass overload is
applied, resulting often in a partial or total loss of stationary phase. This aspect has been
studied for the purification of 5-n-alkylresorcinols for which the construction of the “mobile
phase/stationary phase/sample” ternary diagram allowed characterization of the effect of the
injected solution on both mobile and stationary phases!*7¢l,

The position of the binodal curve maximum of the pseudo ternary diagram indicates
whether the biphasic system is “robust” toward a large injection or not, and this simple tool
can be used for the determination of both the maximum mass concentration and the optimal
(mobile phase)/ (stationary phase) ratio in the injection volume. Moreover, it is necessary
to check the impact of the sample on the physicochemical properties (mainly density and
viscosity) of the phases. For instance, increasing the concentration of the sample in the
biphasic system can increase the density of the upper phase and thus reduce or even reverse

the density difference between the two phases.

52



Materials and Methods

Solvent selection strategy

The solvent system plays a critical role in the selectivity of compounds separated in CPC
The selection of a solvent system for CPC is similar to the selection of a column and mobile
phase for HPLCIYl. Each of the solvents used must fully dissolve the sample without
compromising its stability. Additional criteria for the selection of appropriate CPC solvents
include volatility, toxicity, availability, environmental friendliness, and cost. Hoppman et
al. discussed the selection of “good solvents” for a target analyte isolated using
CCcC/Cpcl7el,

Once good solvents with high solvent solubility and capacity have been selected, options
for the biphasic liquid solvent system (i.e. the liquid mobile phase and stationary phase) can
be considered. Then, solvent optimization is performed by adjusting the solvent
composition to ensure the distribution ratio of the solutes falls into a useful range of values;
this generally centers KD near 1, in contrast to more conventional chromatographic methods
(1771 The most commonly used biphasic solvent systems in CCC and CPC experiments are
made of three solvents (ternary solvent systems). A large choice of ternary solvent systems
is available in the literature, and sometimes several systems can be suitable for the same
application*”, The solvent systems composed of an organic phase and an aqueous phase
are the most popular in conventional CCC or CPC processes. Three types of ternary solvent
systems can be distinguished according to their phase diagrams Type 0 solvent systems are
composed of three solvents fully miscible by pairs but for which a zone exists in the ternary
diagram where a biphasic system occurs. This is the case of the solvent system composed
of tetrahydrofuran (THF), dimethylsulfoxide (DMSO) and waterf*&l,

Most solvent systems are conformed to type 1 (for instance
chloroform/methanol/water), composed of one solvent miscible to the two other immiscible
solvents. In the corresponding ternary diagrams (Figure 13). The binodal is the borderline
separating the monophasic and the biphasic zones. Along the tie-line, any point corresponds
to the same composition of the left and right phases, but with different volume ratios. The
plait point indicates that the compositions of the left and right phases become identical and
partition coefficients converge to 1. A few systems composed of three solvents result in type
2 ternary diagram. This is the case for instance of ethyl acetate/n-butanol/water for which

the binodal is in two parts without plait point.
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Solvent 2 Solvent 2 Solvent 2

Plait point

Binodal

oo
..

. o
....... . Tie line

"o,

Solvent 1 Solvent3 Solvent 1 Solvent 3 Solvent1 Solvent 3

Figure 13: Phase diagrams for ternary solvent systems: equilateral triangle representation.

The most widely applied biphasic solvent systems for CPC include: the “Arizona”
system (also referred to as HEMW at, rep-resenting heptane (or hexane), ethyl acetate,
methanol and water)[*8%: the Oka scale (as named after Oka et al.) which is composed of
hexane, ethyl acetate, n-butanol, methanol, and water!*¥?l; and the acetone scale which is
composed of heptane, toluene, acetone, and water!*83l, The biphasic liquid solvent systems
for CPC often contain a mixture of three or four solvents, and the number of options for
implementing biphasic systems is vast. This makes CPC a versatile and powerful method
for the separation of a wide variety of compounds; however, the development of a small set
of useful phases to fit with a given application remains challenging. The development of a
biphasic CPC solvent system is similar to the selection of an HPLC column and eluents.

In our work, we used this technique with the crude extract of Myrothecium
verrucaria. The biphasic solvent systems were detected after many trials with the solvent
systems and the best was a gradient system. The selected solvent system of heptane/ethyl
acetate/ n-butanol/ methanol/ water was used at ratios as in (Table 5) and prepared by
mixing the solvents in a separatory funnel. After that, the solvent mixture was vigorously
shaken, and allowed to settle at room temperature for at least 1 h or until both phases became
transparent. The solvent system was freshly prepared immediately before use.

Fast Centrifugal Partition Chromatography (FCPC) was performed on a Rousselet-
Robatel Kromaton FCPC system (Annonay, France), equipped with 1 L column, a Lab
Alliance pump and a Buchi C-660 fraction collector (Figure 12).
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Table 5: Gradient system used for CPC of Myrothecium verrucaria crude extract.

Heptane Ethyl acetate n-butanol Methanol Water
4 2 0 2.5 3.5
2 4 0 2.5 3.5
1 4.5 0.5 2.5 3.5
0.5 3 2.5 2.5 3.5
0.5 2 35 2.5 3.5

Table 6: Characteristic of the used method

Mode Ascending

Mobile Phase Organic Phase (UP)

Stationary Phase Aqueous Phase (LP)

Sample weight 1.0gm in 15 mL UP 13mL LP

VcoLumn 200 mL

Vm 75 mL

Vs 200-75 = 125 mL = 65 % SP retention

Flow rate 25 mL/ min for loading SP; 10 mL/min for
equilibration and elution; 25 mL for extrusion

RPM 500 rpm for loading SP; 1500 rpm for
equilibration, elution and extrusion

4.2.5.2 Thin Layer Chromatography (TLC)

Chromatography refers to any separation method in which the components are
distributed between the stationary phase and mobile phase. The separation occurs because
sample components have different affinities for the stationary and mobile phases and
therefore move at different rates along the TLC plates and the column. TLC was performed
on pre-coated TLC plates with silica gel 60 F254 (layer thickness 0.2 mm, E. Merck,
Darmstadt, Germany) with the following eluents:

For polar compounds EtOAc:MeOH:H20 (30:5:4, 30:6:5 and 30:7:6)
For semi-polar compounds DCM:MeOH (95:5, 90:10, 85:15, 80:20 and 70:30)
DCM:MeOH:EtOAc (90:10:5 and 80:20:10)

CHCI3z:EtOAc:Isopropanol (55:40:5)
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For non-polar compounds n-Hexane:EtOAc (95:5, 90:10, 85:15, 80:20 and 70:30)
n-Hexane:MeOH (95:5 and 90:10)

TLC on reversed-phase RP18 Fas4 (layer thickness 0.25 mm, Merck, Darmstadt,
Germany) was used for polar substances and using the different solvent systems of
MeOH:H20 (90:10, 80:20, 70:30 and 60:40). The band separation on TLC was detected
under UV lamp at 254 and 366 nm, followed by spraying the TLC plates with
anisaldehyde/H>SO4 or vaniline/H2SO4 reagent and subsequent heating at 110 °C.

4.25.3 Column chromatography

The crude extract of Aspergillus ochraceopetaliformis was subjected to open column
chromatography on silica gel (100 x 5 cm, 150 gm of silica) and gradually eluted with
cyclohexane(C-Hex)-CH2Cl>-MeOH. According to TLC monitoring, eleven fractions were
obtained and then subjected to repeated separation through column chromatography using
appropriate stationary and mobile phase solvent systems previously determined by TLC.
The following separation systems were used:

l Normal phase chromatography using a polar stationary phase, typically silica
gel, in conjunction with a non-polar mobile phase (e.g. n-hexane, DCM) with
gradually increasing amounts of a polar solvent (e.g. EtOAc or MeOH). Thus
hydrophobic compounds elute more quickly than do hydrophilic compounds.

Il.  Sizeexclusion chromatography involves separations based on the molecular size
of compounds being analyzed. The stationary phase consists of porous beads
(Sephadex LH-20). The larger compounds will be excluded from the interior of
the bead and thus will elute first. The smaller compounds will be allowed to
enter the beads and elute according to their ability to exit from the small-sized
pores they were internalized through. Elution was performed using MeOH or
MeOH: DCM (1:1).

4.2.5.4 High Pressure Liquid Chromatography (HPLC)

HPLC system consisting of an ECOM ECP2010 Pump coupled with an
ECB2004 gradient box with degasser (ECOM, Prague, Czech Republic), a MISTRAL oven
(Spark Holland, Emmen, Holland), an ALIAS autosampler (Spark Holland, Emmen,
Holland), an ECOM ECDAZ2800 Diode Array Detector (DAD) and ECF 200 fraction
collector (Prague, Czech Republic) and a SOFTA Model 300S ELSD (Teledyne Isco,
Nebraska, USA).
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Semi-Preparative High Pressure Liquid Chromatography

This process was used for the isolation and purification of compounds from fractions
previously separated using column chromatographic separation. The most appropriate
solvent systems were determined before running the HPLC separation. The mobile phase
combination was MeOH or acetonitrile and nanopure H>O pumped in gradient or isocratic
manner depending on the compounds retention time. Each injection consisted of 5-10 mg
of the fraction dissolved in 1 mL of the solvent system. The solvent system was pumped
through the column at a rate of 2-4 mL/min. The eluted peaks were detected by the online

UV detector and collected separately in Erlenmeyer flasks.
The separation columns: associated with a sample loop 500 ml
Normal Phase: 100 Si (250 x 10 mmx 5um), MZ Analasentichnik, Germany.
Reverse Phase: C18, (250 mm x 10 mm x 5um), Dr. Maisch GmbH, Germany.
C8 (250 x 10 mm x 5um), Dr. Maisch GmbH, Germany.
Phenyl (250 x 10 mm x 5um), Dr. Maisch GmbH, Germany
Diphenyl (250 x 10 mm x 5um), Fortis Technologies Ltd., UK

Analytical High Pressure Liquid Chromatography

Analytical HPLC was used to identify the distribution of peaks either from extracts
or fractions, as well as to evaluate the purity of isolated compounds. The solvent gradient
used started with MeOH:nanopure H20 (10:90) and reached to (95:5). The autosampler
injected 25 pL sample. All peaks were detected by UV-VIS photodiode array detector.
HPLC instrument consists of the pump, the detector, the injector, the separation column and
the reservoir of mobile phase.

The separation columns: associated with a sample loop 100 mi

Normal Phase: 100 Si 5um (250 x 4.6 mm), MZ Analasentichnik, Germany

Reverse Phase: C18 (250 x 4.6 mm x 5um), Supelco Analytical, USA
C8 (250 x 4.6 mm x 5um), Fortis Technologies Ltd., UK
Phenyl (250 x 4.6 mm x 5um), Fortis Technologies Ltd., UK
Cyano (250 x 4.6 mm x 5um), Fortis Technologies Ltd., UK
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4.2.6 Structure elucidation methods
4.2.6.1 Infrared Spectrometer (IR)

Infrared (IR) Spectroscopy is the analysis of infrared light interacting with a
molecule. IR spectroscopy is useful for finding out what kinds of bonds are present in a
molecule, and knowing what kinds of bonds are present is a good start towards knowing
what the structure could be. It measures the vibrations of atoms, and based on this it is
possible to determine the functional groups. Generally, stronger bonds and light atoms will
vibrate at 