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Abstract 
Since ancient times, nature has served as an inspiration for and source of therapies 

for many diseases of mankind. Despite the development of many modern synthetic 

therapeutics, there is an immense need for finding bioactive natural compounds which 

could serve as lead compounds for drug discovery and development. The marine 

environment represents one of the most important resources of bioactive secondary 

metabolites. In particular, marine fungi exemplify an underexplored treasure and are 

producers of many promising natural products that could contribute to the development 

of new pharmaceuticals. Aiming to expand the potential of marine-derived fungi, the 

OSMAC approach (One Strain Many Compounds) is implemented to activate silent 

biosynthetic gene clusters and eventually to expand the metabolic profile of fungi.  

This dissertation includes two major projects described in three publications. The 

first project deals with the investigation of a marine-derived strain of the fungus 

Metarhizium marquandii obtained from a seawater sample collected from the North 

Sea, Germany. The second project deals with the investigation of the marine-derived 

fungus Aspergillus falconensis isolated from marine sediment collected at a depth of 25 

m from the Canyon at Dahab, Red Sea, Egypt. In general, the work flow has focused 

on exploring the diverse cryptic fungal metabolites of these fungi in addition to some 

modifications in the culture conditions (OSMAC approach) with the purpose of 

diversifying the metabolic pattern of the fungi. For the isolation of the secondary 

metabolites from the aforementioned fungi, several chromatographic techniques have 

been utilized.  The structures of the isolated compounds were unambiguously 

elucidated by 1D/2D nuclear magnetic resonance spectroscopy (NMR) analyses 

together with mass spectrometry data, while their stereochemical configurations were 

deduced based on optical rotations (OR) measurements and comparison with the 

literature values, modified Mosher’s method (MMM), electronic circular dichroism 

(ECD) and vibrational circular dichroism (VCD) calculations or single-crystal X-ray 

diffraction analysis (XRD).  

The results described in this dissertation are included in two published manuscripts 

and one manuscript which is currently under revision. 
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First Project: Investigation of the marine-derived strain of the fungus Metarhizium 

marquandii.   

The results of the first project are published in the Journal of Natural Products in 

August, 2019, by Dina H. El-Kashef, Georgios Daletos, Malte Plenker, Rudolf 

Hartmann, Attila Mándi, Tibor Kurtán, Horst Weber, Wenhan Lin, Elena Ancheeva 

and Peter Proksch, and are included in chapter 2 (Polyketides and a Dihydroquinolone 

Alkaloid from a Marine-Derived Strain of the Fungus Metarhizium marquandii). 

“Three new natural products (1–3), including two butenolide derivatives (1 and 2) and 

one dihydroquinolone derivative (3), together with nine known natural products were 

isolated from a marine-derived strain of the fungus Metarhizium marquandii. The 

structures of the new compounds were unambiguously deduced by spectroscopic means 

including HRESIMS and 1D/2D NMR spectroscopy, ECD, VCD, OR measurements, 

and calculations. The absolute configuration of marqualide (1) was determined by a 

combination of modified Mosher’s method with TDDFT-ECD calculations at different 

levels, which revealed the importance of intramolecular hydrogen bonding in 

determining the ECD features. The (3R,4R) absolute configuration of aflaquinolone I 

(3), determined by OR, ECD, and VCD calculations, was found to be opposite of the 

(3S,4S) absolute configuration of the related aflaquinolones A–G, suggesting that the 

fungus M. marquandii produces aflaquinolone I with a different configuration (chiral 

switching). The absolute configuration of the known natural product terrestric acid 

hydrate (4) was likewise determined for the first time in this study. TDDFT-ECD 

calculations allowed determination of the absolute configuration of its chirality center 

remote from the stereogenic unsaturated γ-lactone chromophore. ECD calculations 

aided by solvent models revealed the importance of intramolecular hydrogen bond 

networks in stabilizing conformers and determining relationships between ECD 

transitions and absolute configurations.” (El-Kashef et al. 2019). 

Second Project: Investigation of the marine-derived fungus Aspergillus falconensis.  

The results of the second project are included in two major publications based on the 

metabolic pattern of isolated compounds and the conducted bioassays. The first part is 

published in Marine Drugs in April, 2020 by Dina H. El-Kashef, Fadia S. Youssef, 

Rudolf Hartmann, Tim-Oliver Knedel, Christoph Janiak, Wenhan Lin, Irene Reimche, 

Nicole Teusch, Zhen Liu and Peter Proksch while, the other part is submitted to 



Abstract 

3 

Bioorganic & Medicinal Chemistry, Dina H. El-Kashef, Fadia S. Youssef, Werner E.G. 

Müller, Wenhan Lin, Marian Frank, Zhen Liu and Peter Proksch and currently is under 

revision. The results are included in chapter 3 and 4, respectively. (Azaphilones from 

the Red Sea Fungus Aspergillus falconensis). “The marine-derived fungus Aspergillus 

falconensis, isolated from sediment collected from the Canyon at Dahab, Red Sea, 

yielded two new chlorinated azaphilones, falconensins O and P (1 and 2) in addition to 

four known azaphilone derivatives (3−6) following fermentation of the fungus on solid 

rice medium containing 3.5% NaCl. Replacing NaCl with 3.5% NaBr induced 

accumulation of three additional new azaphilones, falconensins Q−S (7−9) including 

two brominated derivatives (7 and 8) together with three known analogues (10−12). 

The structures of the new compounds were elucidated by 1D and 2D NMR 

spectroscopy and HRESIMS data as well as by comparison with the literature. The 

absolute configuration of the azaphilone derivatives was established based on single-

crystal X-ray diffraction analysis of 5, comparison of NMR data and optical rotations 

as well as on biogenetic considerations. Compounds 1, 3−9, and 11 showed NF-κB 

inhibitory activity against the triple negative breast cancer cell line MDA-MB-231 with 

IC50 values ranging from 11.9 to 72.0 μM.” (El-Kashef et al. 2020). 

(A new dibenzoxepin and a new natural isocoumarin from the marine-derived fungus 

Aspergillus falconensis). “Fermentation of the marine-derived fungus Aspergillus 

falconensis, isolated from sediment collected from the Red Sea, Egypt on solid rice 

medium containing 3.5% NaCl yielded a new dibenzoxepin derivative (1) and a new 

natural isocoumarin (2) along with six known compounds (3 - 8). Changes in the 

metabolic profile of the fungus were induced by replacing NaCl with 3.5% (NH4)2SO4 

that resulted in the accumulation of three further known compounds (9 – 11), which 

were not detected when the fungus was cultivated in the presence of NaCl. The 

structures of the new compounds were elucidated by HRESIMS and 1D/2D NMR as 

well as by comparison with the literature. Molecular docking was conducted for all 

isolated compounds on crucial enzymes involved in the formation, progression and 

metastasis of cancer which included human cyclin-dependent kinase 2 (CDK-2), human 

DNA topoisomerase II (TOP-2) and matrix metalloproteinase 13 (MMP-13). Diorcinol 

(7), sulochrin (9) and monochlorosulochrin (10) displayed notable stability within the 

active pocket of CDK-2 with free binding energy (∆G) equals to -25.72, -25.03 and -

25.37 Kcal/mol, respectively whereas sulochrin (9) exerted the highest fitting score 
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within MMP-13 active center (∆G = -33.83 Kcal/mol). In vitro cytotoxic assessment 

using MTT assay showed that sulochrin (9) exhibited cytotoxic activity versus L5178Y 

mouse lymphoma cells with an IC50 value of 5.1 μM.”, (abstract taken from the 

submitted draft). 
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Zusammenfassung 

Seit der Vorzeit dient die Natur als Ideengeber und Quelle für Arzneistoffe, die 

Menschen zur Behandlung von zahlreichen Krankheiten einsetzen. Wenngleich neue 

moderne, synthetische Arzneistoffe entwickelt werden, gibt es nach wie vor ein großes 

Bestreben bioaktive Naturstoffe zu entdecken, da diese als Leitstrukturen zur 

Entdeckung und Entwicklung neuer Therapeutika dienen können. Marine Habitate 

bilden eine der wichtigsten Quellen für die Suche nach bioaktiven Sekundärmetabolite. 

Marine Pilze stellen hierbei eine noch wenig erforschte Quelle für die 

Naturstoffforschung dar. Pilze sind u. a. Produzenten zahlreicher und 

vielversprechender Naturstoffe, die zur Entwicklung neuer Arzneistoffe beitragen 

können. Um das Potential mariner Pilze besser nutzen zu können, kann das OSMAC 

Prinzip (One Strain Many Compounds für Ein Stamm viele Verbindungen) 

angewendet werden. Hierbei können sog. „schlafende“ Biosynthese-Gencluster 

reaktiviert werden. Die Aktivierung von diesen Biosynthese-Genclustern kann u. a. 

wiederum zu einer Änderung des  metabolischen Profils führen. 

Diese Dissertation ist in zwei Hauptprojekte gegliedert, aus denen insgesamt drei 

Publikationen hervorgegangen sind. Das erste Projekt befasst sich mit der 

Untersuchung des marinen Pilzes Metarhizium marquandii, welcher aus einer 

deutschen Nordseemeerwasserprobe isoliert worden war Das zweite Projekt befasst 

sich mit der Untersuchung des marinen Pilzes Aspergillus falconensis. Dieser wurde 

aus einer Probe Meeressediment isoliert. Die Probe stammte aus 25 m Tiefe des roten 

Meeres an der Schlucht von Dahab in Ägypten. Das generelle Arbeitsschema legt 

hierbei den Fokus auf die Entdeckung kryptischer Pilzmetaboliten. Es wurden 

Modifikationen an den Kultivierungsbedingungen vorgenommen (OSMAC Ansatz) 

um eine Diversifizierung der pilzlichen Metabolitmuster zu erreichen. Um 

Sekundärmetaboliten aus den zuvor genannten Pilzen zu isolieren, wurden 

verschiedene chromatographische Verfahren angewendet.  Die planare Struktur der 

isolierten Verbindungen wurde durch das Zusammenspiel von ein- und 

zweidimensionaler Kernspinresonanzspektroskopie (NMR) und Massenspektrometrie 

eindeutig aufgeklärt. Die Stereochemie wurde durch Messungen und Literaturvergleich 

der optischen Aktivität (OR), modifizierter Mosher Methode (MMM), Messung und 

Berechnung von elektronischem Zirkulardichroismus (ECD) und Vibrations 
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Zirkulardichroismus (VCD), sowie der Interpretation von 

Röntgenkristallstrukturbeugungsmustern (XRD) abgeleitet. 

Die in dieser Dissertation beschriebenen Ergebnisse sind Bestandteile von zwei 

Veröffentlichungen und einem bereits zur Veröffentlichung eingereichten Manuskript. 

Erstes Projekt: Untersuchungen am marinen Pilz Metarhizium marquandii.   

Die Ergebnisse des ersten Projektes wurden im August 2019 im Journal of Natural 

Products von Dina H. El-Kashef, Georgios Daletos, Malte Plenker, Rudolf Hartmann, 

Attila Mándi, Tibor Kurtán, Horst Weber, Wenhan Lin, Elena Ancheeva und Peter 

Proksch veröffentlicht. Sie sind im Original in Kapitel 2 (Polyketides and a 

Dihydroquinolone Alkaloid from a Marine-Derived Strain of the Fungus Metarhizium 

marquandii) zu finden. “Drei neue Naturstoffe (1–3), inklusive zweier Butenolid 

Derivative (1 und 2) und einem Dihydrochinolon Derivativ (3), wurden zusammen mit 

neun bekannten Naturstoffen aus dem marinen Pilz Metarhizium marquandii isoliert. 

Die Struktur der neuen Verbindungen wurde durch den Einsatz spektroskopischer 

Methoden wie HRESIMS, 1D/2D NMR sowie Messungen und Berechnungen von 

ECD, VCD und OR eindeutig aufgeklärt.  Die absolute Konfiguration von Marqualid 

(1) wurde durch eine Kombination aus modifizierter Mosher Methode und 

mehrstufigen TDDFT-ECD Berechnungen bestimmt. Hierbei wurde die 

intramolekulare Wasserstoffbrücke als das Strukturmerkmal identifiziert, welches das 

ECD bestimmt. Die absolute (3R,4R) Konfiguration von Aflachinolon I (3), bestimmt 

durch OR, ECD und VCD Berechnungen, stellte sich als chirales Gegenstück zur 

absoluten (3S,4S) Konfiguration der verwandten Aflachinolone A–G heraus. Dies legt 

nah, dass das vom Pilz M. marquandii produzierte Aflachinolon I einem chiralen 

Switch unterliegt. Außerdem wurde die absolute Konfiguration des bekannten 

Naturstoffs Terresticsäurehydrat (4) in dieser Studie zum ersten Mal beschrieben. 

TDDFT-ECD Berechnungen erlaubten die Bestimmung der absoluten Konfiguration 

des Chiralitätszentrums, welches sich entfernt von der stereogenen Einheit des 

ungesättigten γ-Lacton Chromophors befindet. ECD Berechnungen halfen hierbei im 

Lösemittelmodell dabei die Wichtigkeit des intramolekularen 

Wasserstoffbrückennetzwerks aufzuzeigen. Dieses stabilisiert Konformere und ist 

damit maßgeblich am der Beziehung zwischen ECD Übergängen und der absoluten 

Konfiguration beteiligt.” (El-Kashef et al. 2019). 
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Zweites Projekt: Untersuchungen am marinen Pilz Aspergillus falconensis.  

Die Ergebnisse des zweiten Projekts bilden den Inhalt von zwei Publikationen und 

beschäftigen sich mit der Einordnung der isolierten Verbindungen in ein metabolisches 

Muster und mit den damit durchgeführten Bioassays. Der erste Teil wurde im April 

2019 in Marine Drugs von Dina H. El-Kashef, Fadia S. Youssef, Rudolf Hartmann, 

Tim-Oliver Knedel, Christoph Janiak, Wenhan Lin, Irene Reimche, Nicole Teusch, 

Zhen Liu und Peter Proksch veröffentlicht, während der zweite Teil zurzeit in Revision 

bei Bioorganic & Medicinal Chemistry ist. Das Manuskript wurde von Dina H. El-

Kashef, Fadia S. Youssef, Werner E.G. Müller, Wenhan Lin, Marian Frank, Zhen Liu 

und Peter Proksch eingereicht. Die Ergebnisse befinden sich im Original in Kapitel 3 

und 4. (Azaphilones from the Red Sea Fungus Aspergillus falconensis). “Der marine 

Pilz Aspergillus falconensis, der aus einer Sedimentprobe des roten Meers bei der 

Schlucht von Dahab isoliert worden war, produzierte bei einer Fermentation auf festem 

Reismedium unter Zusatz von 3.5 % NaCl, zwei neue chlorierte Azaphilone: 

Falconensine O und P (1 und 2) und außerdem vier bekannte Azaphilonderivate (3−6). 

Die Substitution von NaCl mit 3.5 % NaBr führte zur Akkumulation von drei 

zusätzlichen neuen Azaphilonen: Falconensine Q-S (7-9), und außerdem von drei 

bekannten Analoga (10-12). Unter den Verbindungen befanden sich zwei bromierte 

Derivative (7 und 8). Die neuen Strukturen wurden durch den Einsatz von 1D und 2D 

NMR, hochauflösender Massenspektrometrie, sowie den Vergleich mit Literaturdaten 

aufgeklärt . Die absolute Konfiguration der Azaphilonderivate wurde durch die 

Auswertung der Röntgenkristallstrukturanalye von 5, sowie den Vergleich von NMR 

Daten und optischer Aktivät unter Berücksichtigung der Aspekte der Biosynthese 

bestimmt. Verbindungen 1, 3−9, und 11 zeigten NF-κB Inhibitionsaktivität gegen die 

tripelnegative Brustkrebszelllinie MDA-MB-231 mit IC50 Werten im Bereich von 11.9 

bis 72.0 μM.” (El-Kashef et al. 2020). 

(A new dibenzoxepin and a new natural isocoumarin from the marine-derived fungus 

Aspergillus falconensis). “Die Fermentation des marinen Pilzes Aspergillus 

falconensis, welcher aus einer Sedimentprobe des roten Meers in Ägypten isoliert 

wurde, auf festem Reismedium unter Zusatz von 3.5% NaCl produzierte ein neues 

Dibenzoxepinderivat (1) und ein neues natürlich vorkommendes Isocumarin (2), neben 

sechs weiteren bekannten Verbindungen (3 - 8). Der Austausch des zugesetzten NaCl 

durch 3.5% (NH4)2SO4 führte zu Veränderungen im metabolischen Profil und zur 
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Isolation von drei weiteren Verbindungen (9 – 11), welche in Anwesenheit von NaCl 

nicht detektiert wurden. Die Struktur der neuen Verbindungen wurden durch den 

Einsatz von HRESIMS und 1D/2D NMR, sowie durch den Vergleich mit Literaturdaten 

aufgeklärt. Mit allen Substanzen wurde molekulares Docking in Bindetaschen der 

Enzyme humane cyclin-abhängige Kinase 2 (CDK-2), humane DNA Topoisomerase II 

(TOP-2) und Matrix Metalloproteinase 13 (MMP-13) durchgeführt. Hierbei handelt es 

sich um für die Bildung, das Fortschreiten und die Metastasierung von 

Krebserkrankungen essentielle Enzyme. Diorcinol (7), Sulochrin (9) und 

Monochlorosulochrin (10) zeigten hierbei bemerkenswerte Stabilität in der aktiven 

Bindetasche von CDK-2 mit freien Bindungsenergien (∆G) von jeweils -25.72, -25.03 

und -25.37 Kcal/mol. Außerdem zeigte Sulochrin (9) einen hohen Fittingscore im 

aktiven Zentrum von MMP-13  (∆G = -33.83 Kcal/mol). In der in vitro 

Zytotoxizitätsbestimmung durch MTT-Assay gegen Mauslymphomazelllinie 

L5178Yzeigte Sulochrin (9) Aktivität mit einem IC50 Wert von 5.1 μM.”, (Der 

übersetzte Abstract stammt aus dem eingereichten Manuskript). 
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Chapter 1 - General Introduction 
Natural products continue to be a prolific source of a wide array of molecular 

entities which exert a variety of biological activities and serve as lead compounds for 

drug discovery and development. The majority of natural product-derived drugs 

originate from terrestrial plants and microorganisms, particularly fungi (Newman et al. 

2016).  Nevertheless, marine-derived natural products have also many success stories 

(Jiménez 2018). Since the oceans cover around 70% of the earth’s surface, it is not 

surprising that the marine environment contributes significantly to the discovery of new 

drugs and drug leads. Being an underexplored habitat, the marine environment harbours 

diverse microbes, many of which are untouched and the studied ones are proven to be 

producers of many interesting bioactive compounds (Cheung et al. 2015, Wiese et al. 

2019).     

1.1 Marine Natural Products: Bioprospecting the Future of Drug Discovery  

The marine environment offers diverse organisms including invertebrates (sponges, 

tunicates, corals, etc.), algae and marine microorganisms (including phytoplankton), 

which are considered as an excellent source of fascinating new natural products with 

potential therapeutic effects (Hu et al. 2011). Strikingly, a growing interest towards 

marine natural products chemistry has started since the early 1950s, with the isolation 

of the unusual nucleosides, spongouridine and spongothymidine from the sponge 

Cryptotethya crypta by Bergmann and Feeny (Bergmann et al. 1951, Bergmann et al. 

1955, Hu et al. 2011), which later served as lead structures for the antiviral and 

anticancer marine-derived drugs, Ara-A (vidarabine, Vira-A®) and Ara-C (cytarabine, 

Cytosar-U®), respectively (Mayer et al. 2010). However, after the approval of 

vidarabine by FDA (Food and Drug Administration of US) for the treatment of Herpes 

simplex virus in 1976, there was a decline in the clinical development of marine-derived 

drugs (Dyshlovoy et al. 2019). Few decades later, marine natural products chemistry 

got a more prominent status and entered a time of renaissance with the emergence of 

new techniques for sample collection and advances in analytical and spectroscopic 

(mainly NMR) methods (Gerwick et al. 2012, Jiménez 2018). More than 28,600 marine 

natural products have been reported till 2019 (Pereira et al. 2019). To acclimatize to the 

harsh marine conditions, marine organisms produce different unique molecules with 

different structural features including peptides, terpenes, alkaloids, polyketides, 
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diketopiperazines and many metabolites of mixed biosynthesis, which possess a variety 

of pharmacological properties such as antibacterial, antimalarial, antiviral, antifungal, 

anticancer activities etc. (Blunt et al. 2018, Jiménez 2018). Many marine natural 

products have success stories in reaching the pharmaceutical market and others have 

reached clinical trials exemplifying that marine natural products are potential 

candidates for drug discovery and development (Mayer et al. 2010, Ebada et al. 2015).  

1.1.1 Marine Pharmaceuticals: FDA-Approved Drugs and Clinical 

Pipeline 

By the beginning of 2020, the total number of FDA-approved marine-derived 

pharmaceuticals was 12 in addition to one drug approved in Australia in December 

2018 (figure 1). Based on the report of marine pharmaceuticals, the marine clinical 

pipeline of Midwestern University (table 1), almost 24 marine natural compounds were 

in clinical development till June 2020 (4 in Phase III, 13 in Phase II and 7 in Phase I). 

Additionally, around 1,000 marine natural products are under pre-clinical trials with 

various pharmacological activities 

(https://www.midwestern.edu/departments/marinepharmacology/clinical-

pipeline.xml). However, drug development is a dynamic field; a new drug candidate 

could enter pre-clinical trial or Phase I of clinical trials while others could drop out of 

the clinical pipeline after failing in one of the consecutive clinical trials (Dyshlovoy et 

al. 2019). 

Clinical 
Status 

Compound 
Name 

Trademark 
isolated/ 

FDA 
Approved 

(Year) 

Marine 
Organism 

Chemical 
Class 

Molecular 
Target 

Disease 
Area 

FDA-
Approved 

Lurbinectedin ZepzelcaTM 
(2020) 

Tunicate Alkaloid RNA 
Polymerase II 

Cancer 

 Enfortumab 
Vedotin-ejfv 

PADCEVTM 
(2019) 

Mollusk/ 
cyanobacterium 

ADC 
(MMAE)a 

Nectin-4 Cancer 

 Polatuzumab 
vedotin (DCDS-

4501A) 

PolivyTM 
(2019) 

Mollusk/ 
cyanobacterium 

ADC 
(MMAE)a 

CD76b & 
microtubules 

Cancer 

 Trabectedin 
(ET-743) 

Yondelis® 
(2015) 

Tunicate Alkaloid Minor groove 
of DNA 

Cancer 

 Omega-3- 
carboxylic acid 

Epanova® 

(2014) 
Fish Omega-3 

fatty acids 
Trygliceride-
synthesizing 

enzymes 

Hyper- 
triglyceridemia 

 Eicosapenta- 
enoic acid 
ethyl ester 

Vascepa® 

(2012) 
Fish Omega-3 

fatty acids 
Trygliceride-
synthesizing 

enzymes 

Hyper- 
triglyceridemia 

 Brentuximab 
vedotin 

(SGN-35) 

Adcetris® 
(2011) 

Mollusk/ 
cyanobacterium 

ADC 
(MMAE)a 

CD30 & 
microtubules 

Cancer 

 Eribulin Mesylate 
(E7389) 

Halaven® 
(2010) 

Sponge Macrolide Microtubules Cancer 
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 Omega-3-acid 
ethyl esters 

Lovaza® 
(2004) 

Fish Omega-3 
fatty acids 

Trygliceride-
synthesizing 

enzymes 

Hyper- 
triglyceridemia 

 Ziconotide Prialt® 
(2004) 

Cone snail Peptide N-Type Ca+2 
channel 

Chronic Pain 

 Vidarabine 
(Ara-A) 

Vira-A® 
(1976) 

Sponge Nucleoside Viral DNA 
polymerase 

Antiviral 

 Cytarabine 
(Ara-C) 

Cytosar-U® 
(1969) 

Sponge Nucleoside DNA 
polymerase 

Cancer  

Australia 
Dec 2018 
Approved 

Plitidepsin Aplidin® 

(2018) 
Tunicate Depsipeptide eEF1A2 Cancer 

Phase III Plinabulin 
(NPI-2358) 

NA Fungus Diketo- 
piperazine 

Microtubules Cancer 

 Tetrodotoxin HalneuronTM Pufferfish Guanidinium 
alkaloid 

Sodium 
Channel 

Chronic Pain 

 Lurbinectedin 
(PM01183) 

Zepsyre® Tunicate Alkaloid RNA 
Polymerase II 

Cancer 

 Marizomib 
(Salinosporamide 

A; NPI-0052) 

NA Bacterium Beta-lactone-
gamma 
lactam 

20S 
proteasome 

Cancer 

Phase II GTS-21 
(DMXBA) 

NA Worm Alkaloid α7 nicotinic 
acetylcholine 

receptor 

Schizophrenia, 
Alzheimer 

Disease, Attention 
Deficit 

Hyperactivity 
Disorder, 

Endotoxemia, 
Sepsis, Vagal 

Activity 
 AGS-16C3F NA Mollusk/ 

cyanobacterium 
ADC 

(MMAF)b 
ENPP3 & 

microtubules 
Cancer 

 Plocabulin 
(PM184) 

NA Sponge Polyketide Minor groove 
of DNA 

Cancer 

 Tisotumab 
Vedotin 

HuMax®-
TF-ADC 

Mollusk/ 
cyanobacterium 

ADC 
(MMAE)a 

Tissue Factor 
& 

microtubules 

Cancer 

 GSK2857916 NA Mollusk/ 
cyanobacterium 

ADC 
(MMAF)b 

BCMA Cancer 

 Ladiratuzumab 
vedotin 

(SGN-LIV1A) 

NA Mollusk/ 
cyanobacterium 

ADC 
(MMAE)a 

LIV-1 & 
microtubules 

Cancer 

 Bryostatin NA Bryozoan Macrolide 
Iactone 

Protein kinase 
C 

Alzheimer's 
Disease 

 Telisotuzumab 
vedotin 

(ABBV-399) 

NA Mollusk/ 
cyanobacterium 

ADC 
(MMAE)a 

c-Met Cancer 

 Enapotamab 
vedotin  

(HuMax-AXL) 

NA Mollusk/ 
cyanobacterium 

ADC 
(MMAE)a 

Axl RTK Cancer 

 RC-48 NA Mollusk/ 
cyanobacterium 

ADC 
(MMAE)a 

HER2 Cancer 

 CAB-ROR2  
(BA-3021) 

NA Mollusk/ 
cyanobacterium 

ADC 
(MMAE)a 

ROR2 Cancer 

 CX-2029 
(ABBV-2029) 

NA Mollusk/ 
cyanobacterium 

ADC 
(MMAE)a 

CD71 Cancer 

 W0101 NA Mollusk/ 
cyanobacterium 

ADC 
(MMAE)a 

IGF-1R Cancer 

Phase I ARX-788 NA Mollusk/ 
cyanobacterium 

ADC 
(MMAE)a 

HER2 & 
microtubules 

Cancer 

 XMT-1536 NA Mollusk/ 
cyanobacterium 

ADC 
(Dolaflexin) 

NaPi2b & 
microtubules 

Cancer 

 ALT-P7 NA Mollusk/ 
cyanobacterium 

ADC 
(MMAE)a 

HER2 & 
microtubules 

Cancer 

 MORAb-202 NA Sponge ADC 
(Macrolide) 

Microtubules Cancer 

 PF-06804103 NA Mollusk/ 
cyanobacterium 

ADC 
(Auristatin 

variant) 

HER2 Cancer 

 Griffithsin NA Red alga Lectin Carbohydrate-
binding 

HIV prevention 
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 ZW-49 NA Mollusk/ 
cyanobacterium 

ADC 
(Auristatin 

variant) 

HER2 Cancer 

aADC (MMAE) Antibody-Drug Conjugate (Monomethyl auristatin E) 

bADC (MMAF) Antibody-Drug Conjugate (Monomethyl auristatin F) 

Table 1: Marine derived drugs, FDA approved, in pre-clinical and clinical trials. Table 

is modified after (A.M.S. Mayer, Marine pharmaceuticals: the clinical pipeline, 

Midwestern University, Last Rev. June, 2020) 
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Figure 1: Structures of US FDA-approved marine-derived drugs (excluding Omega-3 

fatty acids) 
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1.1.2 Marine Fungi as Producers of Interesting Natural Products  

Marine fungi represent a relatively untapped source of structurally interesting 

secondary metabolites with significant biological activities including, antibacterial, 

antiviral, and cytotoxic activities (Shin 2020). Marine fungi are found in nearly every 

possible marine habitat including soil and sediment, driftwood, sessile and mobile 

invertebrates, marine vertebrates and algae. In addition, they are distributed from 

surface waters to kilometres below (deep sea) (Amend et al. 2019). It is important to 

mention that marine fungi play a significant role in aquatic ecosystems as they are 

involved in decomposition of woody and herbaceous substrates and degradation of dead 

animals. Some marine fungi are pathogenic to marine plants and animals, while others 

form symbiotic relationships with other organisms (Hyde et al. 1998). 

 During the last few decades, great attention from natural products’ chemists was 

given to marine-derived fungi with respect to compounds isolated and activities exerted 

(Ebada et al. 2015). Remarkably, the reported new marine-derived fungal natural 

products in 2018 have increased by 38% compared to 2017. Additionally, compared to 

the average number of natural products reported for the previous three years, the new 

marine-derived fungal natural products have increased by 85%, resulting in a total 

cumulative number of 4,708 new metabolites reported so far from marine fungi (Carroll 

et al. 2020). Some marine-derived fungi have offered promising drug leads for drug 

discovery. For instance, the antibiotic cephalosporin C, was the first isolated bioactive 

compound from a marine-derived fungus, Cephalosporium sp., obtained off the 

Sardinian coast (Florey 1955, Newton et al. 1955). Currently, the only candidate that 

showed remarkable activities during in vitro and in vivo studies and successfully 

reached phase III of clinical trials is plinabulin. Plinabulin (NPI 2358) is a synthetic 

analogue of the fungal marine natural product halimide, a diketopiperazine alkaloid, 

obtained from the marine-derived fungus Aspergillus sp. It acts as a microtubule-

disturbing agent and has a direct pro-apoptotic effect. It is in phase III of clinical 

pipeline in a combination therapy with docetaxel for the treatment of non-small-cell 

lung cancer (NSCLC) in addition to prevention of chemotherapy-induced neutropenia 

(CIN) (Nicholson et al. 2006, Ebada et al. 2015, Jiménez 2018). 

Although the majority of the reported marine natural products are produced by 

marine invertebrates, marine fungi are estimated to hold the key for development of 
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many new pharmaceuticals and drug leads from marine environment in the future due 

to the diversity of fungal metabolites and the relative ease of collection and cultivation 

of marine fungi (Jiménez 2018). Marine fungi will overcome the problem of limited 

yields associated with other marine organisms by mass production of desired bioactive 

compounds through mass fermentation. Hence, marine fungi will be able to provide 

bioactive secondary metabolites in huge amounts in order to supply different clinical 

phases in addition to supplying future production of marine-derived pharmaceuticals to 

face market needs (Ebada et al. 2015, Jiménez 2018). 

1.2 Activation of Silent Gene Clusters- Strategies 

Nowadays, the rate of discovery of new microbial secondary metabolites is 

suffering a decline whereas, the rate of re-isolation of already known compounds is 

increasing (Daletos et al. 2017). This can be attributed to the silencing of many 

biosynthetic gene clusters under standard laboratory conditions as proven by genome 

sequencing of microorganisms. Genome sequencing revealed the difference between 

the high number of natural product gene clusters and the observed lower number of 

isolated secondary metabolites under standard cultivation conditions (Arora et al. 

2020). Thus, in order to activate silent biogenetic gene clusters, many strategies have 

been developed and successfully aided in isolating new microbial secondary 

metabolites or increasing the yield of a desired metabolite. These strategies among 

others include, OSMAC approach (One Strain Many Compounds), co –cultivation, and 

epigenetic modification (Romano et al. 2018).  

1.2.1 OSMAC 

OSMAC approach is recognized as an important and a powerful tool in inducing 

many silent biosynthetic gene clusters. This term was first introduced by Zeeck and co-

workers in 1997 (Fuchser et al. 1997). The OSMAC approach reveals how fungi could 

produce many secondary metabolites from a single strain by simple changes in the 

cultivation conditions and parameters such as media composition, cultivation vessels 

and other physical or chemical factors (Bode et al. 2002). Many examples demonstrated 

how these changes in the cultivation conditions have a great impact in activating silent 

gene clusters and changing the metabolic profile of fungi resulting in the production of 

interesting new secondary metabolites (Pan et al. 2019).  
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1.2.1.1 Variations of Medium 

Alteration of medium composition including nitrogen and carbon sources, the main 

components of a culture medium, is verified to have a significant impact on fungal 

secondary metabolism (Pan et al. 2019). From a marine sediment-derived strain of the 

fungus Aspergillus niger, a new cytotoxic ester furan derivative was obtained when the 

fungus was cultivated on MPDB medium (malt peptone dextrose broth), whereas the 

fungus failed to produce the same metabolite when it was cultivated on PDB (potato 

dextrose broth) and PDYB (potato dextrose yeast broth) (Uchoa et al. 2017).  

In marine microbes, salinity plays an important role in activating enzymes involved 

in the expression of marine secondary metabolites. Therefore, natural product scientists 

tried to mimic marine conditions in cultivating marine microbes in order to enhance the 

secondary metabolite production. (Romano et al. 2018). When the marine-derived 

fungus Aspergillus terreus PT06-2 isolated from sediment of the Putian Sea Saltern, 

Fujian, China, was cultured at 0%, 3% and 10% salinity, the biomass production and 

the chemical diversity of the secondary metabolites of the 10% salinity culture was the 

highest followed by the 3% and the least was for the 0% salinity demonstrating the 

effect of salinity on secondary metabolites production in marine microbes. 

Interestingly, the two compounds methyl 3,4,5-trimethoxy-2-(2-(nicotinamido) 

benzamido) benzoate, and (+)-terrein were only isolated from the 10% salinity culture 

(Wang et al. 2011).  

Incorporation of trace elements and inorganic salts such as halides in the culture 

media of microorganisms also triggers activation of hidden biogenetic gene clusters and 

influences secondary metabolites production (Romano et al. 2018). When the marine-

derived fungus Aspergillus unguis CRI282-03 isolated from an unidentified marine 

sponge CRI282, collected from the Royal Navy Base at Tub-La-Mu bay, Pang-nga 

Province, Thailand, was cultured in potato dextrose broth (PDB) prepared in seawater 

instead of preparing in distilled H2O, chlorinated depsidones were obtained. 

Furthermore, cultivating the fungus in media containing other halogens such as KBR 

and KI, led to the isolation of brominated unnatural natural depsidones and non-

halogenated depsidone, unguinol, respectively (Sureram et al. 2013). 
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1.2.1.2 Cultivation Conditions 

Microorganisms can only grow under appropriate cultivation conditions which 

have a direct impact on enzyme activity and hence play a major role in secondary 

metabolites production. These conditions include, temperature, pH, oxygen supply and 

even the shape of the culture vessel which affects biofilm formation (Romano et al. 

2018). Nevertheless, under standard cultivation conditions, some secondary gene 

clusters are not expressed (cryptic) and remain silent. Thus, OSMAC approach with 

changing these cultivation conditions aids in diversifying the secondary metabolites 

production through activation of the silent clusters (Bode et al. 2002).  

1.2.1.3 Cultivation Status 

Cultivation status has a great impact on the secondary metabolites production in 

fungi. Some fungi favour growing under static (non-shaking) conditions with the 

formation of a mycelium cake while others favour the cultivation under dynamic 

(shaking conditions) that ensures a better aeration and oxygen supply for the culture. In 

addition, changing from solid medium to liquid medium and vice versa is also 

considered as an OSMAC approach that affects the metabolic production of fungi 

(Bode et al. 2002, Romano et al. 2018).  

When the marine-derived fungus Aspergillus terreus was cultured on 11 different 

culture conditions utilizing solid agar, broth cultures and grain based media in a 

comparative metabolomic study, it was found that the static agar condition was the best 

for the production of the antifungal compounds lovastatin and lovastatin mevinolinic 

acid methyl ester, whereas both compounds were detected only in minor amounts in the 

shaking cultures (Adpressa et al. 2016).  Contrastingly, with changing from static to 

agitated fermentation with shakers in PYG (peptone yeast glucose broth) medium, five 

new nitrogen containing sorbicillinoids, namely sorbicillamines A−E and the known 

compounds sorbicillinoids bisvertinolone and rezishanone C, were isolated from the 

deep-sea-derived fungus Penicillium sp. F23−2 (Guo et al. 2013). 

1.2.2 Co-cultivation 

Contrary to OSMAC approach which involves axenic cultivation of a fungus with 

varying the media, cultivation conditions and status, co-cultivation involves the 
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cultivation of two or more microorganisms within the same culture (Marmann et al. 

2014). These organisms could be different fungi, different bacteria or fungi with 

bacteria (Netzker et al. 2015). The principle behind co–cultivation (mixed 

fermentation) relies on mimicking the ecological conditions where different 

microorganisms co-exist in a microbial ecosystem communicating and competing for 

nutritional sources and space (Marmann et al. 2014). Hence, microorganisms are 

subjected to stress conditions which provoke activation of hidden biosynthetic gene 

clusters that remained silent under luxurious cultivation conditions. Eventually, this 

competition leads to accumulation of cryptic metabolites which were not detected in 

the axenic culture of the organism and/or upregulation of constitutively present 

compounds (Daletos et al. 2017). In 1982, Watanabe et al. demonstrated the ability of 

the antibiotic producing bacterium Gluconobacter Sp. W-315 to produce antibacterial 

compounds against gram-positive and gram-negative bacteria only when co-cultivated 

with fungi Aspergillus oryzae or Neurospora crassa (Watanabe et al. 1982). Since then, 

many studies have demonstrated the power of co-cultivation in diversifying secondary 

metabolite production in microorganisms (Marmann et al. 2014, Pan et al. 2019).  

1.2.3 Epigenetic Modification 

Another strategy for triggering transcription of silent biogenetic clusters without 

altering DNA is epigenetic modification or chromatin remodelling (Bertrand et al. 

2014). Basically, inhibition of the fungal enzymes histone deacetylases (HDAC), or 

DNA methyl transferase (DNMT) represents a target for unlocking silent gene clusters 

which in turn leads to isolating new and/or previously unexpressed (cryptic) secondary 

metabolites (Cichewicz 2010, Marmann et al. 2014). Enzyme inhibitors which act as 

epigenetic modulators include, suberoylanilide hydroxamic acid (SAHA), suberoyl 

bishydroxamic acid (SBHA), and nicotinamide for HDAC inhibition as well as, 5-

Azacytidine (5-AC) for DNMT inhibition (Pan et al. 2019).  

1.3 Absolute Configuration Determination 

Natural products have served as productive source of drug leads for drug discovery 

and development. A major challenge that natural product chemists face after elucidation 

of the planar structures of compounds lies in the assignment of the absolute 

configuration of the respective compounds (Li et al. 2010). In drug development, the 
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correct assignment of the stereochemistry of drugs has an indispensable importance 

since binding of drugs to receptors is dependent on their stereochemistry. All human 

receptors are chiral thus, two enantiomers of a chiral drug would have different 

interactions with the receptors and consequently have different pharmacological effects 

(Pescitelli et al. 2009). Many examples in the literature demonstrate the different 

therapeutic usage of the enantiomers of the same drug. For instance, from the Cinchona 

alkaloids, quinine is used as antimalarial and muscle relaxant drug while, its isomer 

quinidine is used as an antiarrhythmic drug (Song 2009).  

In 1992, the FDA released a policy statement for the development of new 

stereoisomeric drugs (chiral drugs) stating that the isomeric composition of a drug 

bearing chiral centres should be specified and for the enantiomeric mixtures, both 

enantiomers should be clinically evaluated. When both enantiomers are 

pharmacologically active but differ in potency, specificity, or have different 

pharmacokinetics then development of a single isomer is a must before being released 

to the market (FDA 1992). As a consequence, for a complete structural characterization 

of new or novel natural product, determination of relative configuration (RC) and 

absolute configuration (AC) is crucial for drug development (Kong et al. 2013). 

Many methods are available for (AC) assignment of chiral centres of natural 

products. Some are relative (indirect) including NMR based methods and the use of 

chiral derivatizing agents, analytical methods and optical rotation (OR) measurement, 

while others are absolute (direct) methods such as X-ray crystallography, chemical 

synthesis and chiroptical methods (Li et al. 2010, Ling-Yi et al. 2013).  

The relative methods for assigning the absolute configuration are based on the 

existence of a reference with a known AC either contained in the compound itself (if 

previously characterized), a chemically related compound with a known and 

characterized AC or the use of a chiral derivatizing agent with known AC. NMR-based 

methods including scalar J-couplings and NOE effects are well known relative methods 

for AC determination. In addition, measurement of optical rotation (OR, or [α]D) and 

comparison with the reported literature values of pure compounds is also considered as 

a relative method for AC assignment. In contrary to those relative methods, absolute 

methods for determining the AC have a wider scope and application being independent 

from the existence of any reference compound. The most reliable techniques belonging 
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to this method are X-ray analysis and chiroptical spectroscopic techniques (Pescitelli et 

al. 2009).  

1.3.1 Nuclear Magnetic Resonance (NMR)-Based Methods  

1.3.1.1  Nuclear Overhauser Effect, Rotating-Frame Nuclear Overhauser 

Effect and J Coupling (1H–1H) 

Generally, nuclear magnetic resonance spectroscopy (NMR) is the most important 

tool for a planar structure elucidation of natural products. However, determining the 

three-dimensional structure of bioactive natural products is crucial for the study of 

structure activity relationships (Matsumori et al. 1995, Molinski et al. 2012). 1D and 

2D nuclear Overhauser effect spectroscopy (NOESY) and rotating-frame nuclear 

Overhauser effect correlation spectroscopy (ROESY) experiments together with the 

analysis of NMR (J) coupling constants (1H–1H), are widely utilized for characterizing 

the conformation and RC of small molecules (Molinski et al. 2012). It is noteworthy to 

mention that for flexible compounds such as acyclic or macrocyclic compounds in 

which minor conformations can influence NOE intensities, it is difficult to determine 

the dominant conformation from NOE assignment (Matsumori et al. 1995). 

1.3.1.2 Murata’s Method: J-Based Configurational Analysis 

This method involves the analysis of the 1H-1H and 1H-13C J couplings with the 

purpose of designating the relationships of vicinally substituted chains.  The 

interproton/homonuclear (3JH-H) and heteronuclear (2,3JH-C) coupling constants are 

measured through a combination of NMR experiments as a weighted average derived 

from each conformer of the compound thus, the dihedral angels obtained from these 

coupling data together with NOE are more reliable for flexible molecules unlike NOE 

measurements alone. This method is commonly used for RC assignment of acyclic 

molecules with contiguous or 1,3-skipped stereogenic centers (with 1,2 or 1,3 relative 

positions) based on measuring 3JH-H
 and 2,3JH-C around the bond(s) which connect the 

stereocenters (Matsumori et al. 1995, Molinski et al. 2012, Menna et al. 2019). 

However, for molecules with isolated stereocenters this method is not applicable for 

RC assignment due to lacking of NMR correlations (Molinski et al. 2012).  
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1.3.1.3 Comparative Studies Using Databases (Universal NMR Database) 

Another NMR-based method for assignment of RC is the use of databases which 

allow comparison of NMR parameters of molecules with unknown RC of stereocenters 

with libraries of model compounds with already known and characterized configuration 

of the stereocenters.  This idea was introduced by the work group of Kishi during 

structure elucidation and stereochemical assignment of complex polyketides prepared 

by synthesis which came to be the first database for NMR (Universal NMR Database 

or UDB). UDB is useful for RC assignment of acyclic molecules with many 

stereocenters including contiguous polyols (Molinski et al. 2012, Menna et al. 2019). 

1.3.1.4 Mosher’s Method: Utilizing Chiral Derivatizing Agents  

Mosher’s method is an NMR-based method for determination of AC of natural 

products. This   well-known indirect method of determining the AC, which is known 

as Mosher ester (amide) analysis, was originally introduced by Dale and Mosher in 

1973 (Dale et al. 1973). Later in the late 1980’s, Ohtani et al. refined and developed 

the previous method into the modified (or advanced) Mosher’s method (MMM) (Ohtani 

et al. 1989). This method is the most widely used method for AC deduction of 

stereogenic secondary alcohols R1R2CHOH or the analogous stereogenic amines 

R1R2CHNH2 (where R1 ≠ R2 in both cases) (Hoye et al. 2007).  

Since enantiomers have identical NMR spectra, NMR cannot distinguish between 

them. Therefore, the basic principle for this method relies on transforming a chiral 

substrate into two diastereomers with different and distinct NMR spectra using chiral 

derivatizing agents (CDAs). Afterwards, the 1H NMR chemical shift differences (∆δRS) 

of the substituents (L1 and L2) attached to the stereogenic center of the substrate are 

analysed and the AC of the original secondary alcohol or amine is then deduced from 

the signs (+ or -) of the difference in chemical shifts of the analogous pairs of protons 

(Hoye et al. 2007, Kong et al. 2013).  

The most widely used chiral derivatizing agents (CDAs), which are known as 

Mosher’s regents, are enantiometrically pure MTPA (α-methoxy-α-

trifluoromethylphenylacetic acid), its acid chloride MTPA-Cl or methoxyphenylacetic 

acid (MPA) which is considered as a more reliable CDA (Molinski et al. 2012). The 

CDA incorporates: (1) a functional group (e.g. carboxyl) for covalent attachment with 
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the chiral substrate and formation of ester, (2) a bulky or polar group which fixes a 

particular conformation and (3) a group which produces space-oriented anisotropic 

effect that affects the different substituents L1 and L2 of the substrate (e.g. aromatic, 

carbonyl moiety). The overall resultant of this shielding or deshielding ensures 

chemical shift differences of L1 and L2 in the two diastereomers which is then used for 

AC determination (Seco et al. 2004). 

Attention should be paid to the absolute configuration of the used reagent in 

Mosher ester analysis as (R)-MTPA reagent produces the (R)-MTPA ester, while its 

acid chloride (R)-MTPA-Cl produces the (S)-MTPA ester (Kong et al. 2013) as shown 

in figure 2. 

This method works perfectly with assigning the AC of monofunctional compounds 

such as alcohols, amine or carboxylic acids while, for polyfunctional molecules the 

process is much more complex and could be performed only with two possibilities; 

either by using appropriate protection/deprotection steps for a selective derivatization 

of each hydroxyl group or derivatizing the two hydroxyl groups in a single reaction 

(Seco et al. 2004). 

 

 

Figure 2: R and S Mosher esters produced from the generic secondary alcohol, the green 

arrow indicates the phenyl group shielding effect.  Figure is modified after (Hoye et al. 

2007). 

After the relative configuration of the sesquiterpene eutyperemophilane F, isolated 

from the deep-sea fungus Eutypella sp., was established by NOE correlations, the AC 

at the stereocenter C-9 was assigned by the modified Mosher’s method utilizing MPA 

as the CDA. After esterification with (R)- and (S)-MPA and obtaining the 

corresponding (R)- and (S)-MPA esters, the differences in the chemical shifts in 1H 
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NMR raised from (R)- and (S)-MPA esters (∆δRS = δR-δS) assigned the AC at C-9 to be 

9S configuration as shown in figure 3 (Niu et al. 2018). 

 

Figure 3: (A) Some NOE correlations for eutyperemophilane F, (B) ∆δH (∆δRS = δR-δS) 

data of MPA esters of eutyperemophilane F. Figure is modified after (Niu et al. 2018). 

1.3.2 Single Crystal X-ray Diffraction Analysis (XRD)  

Single X-ray diffraction analysis using anomalous dispersion is considered to be 

the most reliable and powerful absolute method for determining AC of crystalline 

natural products. Moreover, it provides a solid state confirmation of the measured 

compound. Nevertheless, the requirement of a good quality crystal with certain 

dimensions at low temperature represents a severe limitation for the application of this 

method in AC determination of many natural products (Mándi et al. 2019). As long as 

X-ray crystallography in AC assignment is not always applicable, many alternative 

versatile methods have been developed for stereochemical analysis of chiral natural 

products including chiroptical methods (Pescitelli et al. 2009). The X-ray diffraction 

analysis can be used in combination with ECD analyses for AC determination where 

they strengthen each other (Mándi et al. 2019). 

The absolute configurations of pimarane diterpenes, isolated from the marine 

fungus Cryptosphaeria eunomia var. eunomia, obtained by recrystallization 

experiments using chloroform, were unambiguously determined by X-ray 

crystallography utilizing anomalous scattering (Yoshida et al. 2007). 

1.3.3 Chiroptical Methods 

Chiroptical spectroscopic methods are very powerful absolute methods for 

configurational assignment of chiral non-racemic natural products. These methods are 
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based on the interaction between the chiral compound and the left- and right-circularly 

polarized light (Mándi et al. 2019). They include several different techniques, the 

selection of which is dependent on the chemical structure of the chiral substrate together 

with the limitations and scope of each technique (Petrovic et al. 2010). Fortunately, 

chiroptical methods are non-destructive and can be applied for compounds in solution 

without the need of crystallization as in the case of X-ray analysis, which makes these 

methods more applicable and widely used for AC assignment of many natural products 

(Menna et al. 2019).  

1.3.3.1 Optical Rotation (OR) or Specific Optical Rotation (SOR) 

Optical rotation or specific optical rotation [α]D is a physical constant which is 

commonly used for characterization of optically active molecules and determination of 

optical purity of compounds (Molinski et al. 2012, Kong et al. 2013). It is based on 

measuring the difference in refractive indices of left and right polarized light, which is 

measured at a specific single wavelength, usually at 589.3 nm (the yellow sodium D 

line). Historically, this method was the first used method for distinguishing enantiomers 

of chiral compounds and dates back to the early 19th century (Mándi et al. 2019). SOR 

measurement could be easily used for AC assignment of a natural product only by 

having a reference SOR literature data of one of the enantiomers with the specified 

wavelength, solvent, temperature and concentration (Mándi et al. 2019). Unfortunately, 

due to the absence of independent measurement of the OR of natural products, this 

method relies completely on trusting the reported literature values and that the 

conducted measurements were conducted with pure samples (Molinski et al. 2012). 

1.3.3.2 Optical Rotatory Dispersion (ORD) 

ORD is the change in the optical rotation angle as a function of wavelength. The 

successive measurement of OR at multiple wavelengths gives ORD spectrum (Mándi 

et al. 2019). ORD measurement can be applied for AC assignment of natural products 

with no UV/Vis active chromophores, an advantage over ECD measurements (Li et al. 

2010). However, for flexible compounds, ORD is only applicable under certain 

conditions (Petrovic et al. 2010).    
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1.3.3.3 UV-Vis and Electronic Circular Dichroism (ECD) 

ECD represents the most widely used chiroptical method over the past decade for 

stereochemical and conformational analysis of chiral natural products. It is derived 

from the differential absorption of the left- and right-circularly polarized light 

components in the UV-Vis region (180-800 nm) during electronic excitation (Mándi et 

al. 2019).  

Among other chiroptical methods such as SOR and VCD, ECD has the advantage 

of the higher sensitivity which allows recording a high quality ECD spectra for samples 

of 50-100 μg (Mándi et al. 2019). In addition, running online HPLC-ECD analysis of 

stereoisomeric mixtures, which have a weak or baseline ECD spectrum, is applicable 

by coupling ECD as a detector with chiral HPLC (Mándi et al. 2019).  

On the other hand, the main limitation of ECD is that it requires the presence of at 

least one UV/Vis active chromophore such as aromatic, carbonyl, diene or a conjugated 

system. Nevertheless, since most biologically active natural products have one or more 

degree of unsaturation, the solid-state ECD method is the most useful method for 

assigning AC of natural products (Pescitelli et al. 2009, Li et al. 2010). Another 

limitation is that flexible compounds would have difficulties in conformational analysis 

and in ab initio calculations due to the presence of many conformers with different 

populations. Other limitations include the required long computational time which 

results in high costs in computation (Petrovic et al. 2010, Kong et al. 2013). Therefore, 

rigid molecules and molecules with distinct chromophores or with a single stereogenic 

center afford more reliable and easily predicted ECD spectra (Li et al. 2010, Menna et 

al. 2019). 

The absolute configuration of the xanthone derivative, (1R,2R)-AGI-B4, isolated 

from the marine-derived fungus Scopulariopsis sp. obtained from the Red Sea hard 

coral Stylophora sp., was unambiguously determined as 1R, 2R using TDDFT-ECD 

calculations (Elnaggar et al. 2016). 

1.3.3.4 The Exciton Chirality CD Method (ECCD) 

The exciton chirality CD method is considered to be a non-empirical chiroptical 

method in assigning the AC of chiral molecules (Kong et al. 2013). It applies only to 

molecules with at least two or more separate UV/Vis chromophores which are located 
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close to each other in space and form a chiral system. As a result, there will be an 

exciton coupling between the transitions on the two chromophores giving rise to an 

interpretable bisignate exciton couplet in the ECD spectrum (Pescitelli et al. 2009, 

Petrovic et al. 2010, Mándi et al. 2019). ECCD method represents a successful widely 

used approach for establishing the AC of bis-and muti-chromophoric compounds 

because of its high sensitivity, reliability and simplicity. The limitation of this method 

are the interferences that could result from other chromophores that reside in the 

compound (Pescitelli et al. 2009, Mándi et al. 2019). 

ECCD method aided in an unambiguous assignment of the (R) configuration of 

the long-chain polyacetylenic diol, faulkneryne A, isolated from the sponge, 

Diplastrella sp., collected from the surface of coral in the Bahamas (Ko et al. 2011). 

1.3.3.5 Vibrational Circular Dichroism (VCD) 

Vibrational Circular Dichroism (VCD) arises from differential absorption of left- 

and right- circularly polarized infrared radiation (IR) (mid-infrared; 4000-650 cm-1) 

during vibrational excitation. VCD has a shorter history than ECD, and it was 

introduced in the late 1990s with the manufacture of the first instrument (Mándi et al. 

2019).  

VCD has many advantages over ECD in AC determination of natural products. 

Although both methods are based on the same phenomenon of the difference in 

absorption, VCD relies on the vibrational transitions of chemical bonds unlike ECD 

which relies on excitation of electrons. Therefore, VCD does not require the presence 

of a UV-Vis chromophore in the molecule and even fully saturated chiral natural 

products can be studied. As a consequence, it has a larger scope of assigning AC than 

ECD. Moreover, VCD requires calculations performed within the electronic ground 

state. Therefore, it is easier to model in normal Density functional theory (DFT) 

computations and there is no need for Time-dependent Density functional theory 

(TDDFT) calculations which results in less computational resources (Petrovic et al. 

2010, Mándi et al. 2019). Furthermore, being related to IR, VCD spectra show a larger 

number of transitions than ECD which is reflected in higher resolution, easier ab initio 

calculations of VCD spectra and hence a higher reliability (Kong et al. 2013).  

Nevertheless, a wider spread application of VCD in AC analysis of natural products 

may be hindered because of its low sensitivity.  Thus, for experimental measurements 
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at least 5-15 mg of the compound are needed and hours of acquisition time are required 

(Mándi et al. 2019). 

The AC of C-2′ and C-3′ of the azaphilone derivative pleosporalone D, isolated 

from the modified potato dextrose broth (PDB) culture medium of the marine-derived 

fungus Pleosporales sp. CF09-1, was assigned to be (2′S,3′R) by implementing VCD 

method. The calculated VCD signals of (2′S,3′R)-pleosporalone D had better agreement 

with the experimental VCD signals of the compound, indicating the (2′S,3′R) 

configuration for pleosporalone D (Cao et al. 2019). 

1.3.4 Analytical Methods (GLC/ HPLC analysis) 

For determination of the AC of certain classes of natural products, some analytical 

chemistry-based methods can be used including GLC and HPLC analyses. These 

analytical methods are remarkably useful in assigning the AC of sugar units of 

glycosides and amino acid constituents of peptides (Li et al. 2010). 

1.3.4.1 The Use of Marfey’s Reagent 

After hydrolysis of peptides followed by derivatization of the resulting amino acids 

with the pre-column derivatizing reagent, Marfey’s reagent (1-fluoro-2,4-

dinitrophenyl-5-L-alanine amide, FDAA), the amino acids are converted into UV active 

diastereomers. Thus, the separation of D- and L-amino acids on a non-chiral HPLC 

column is possible. This method has many advantages as an analytical method for AC 

determination of amino acid constituents of peptides such as, the simplicity and 

effectiveness (B'Hymer et al. 2003, Bhushan et al. 2004). 

1.3.4.2 GLC and HPLC Analysis for Sugar Residues of Polysaccharides 

For the determination of absolute configuration of small amounts of sugar residues 

(D or L), gas-liquid chromatography (GLC) or high-performance liquid 

chromatography (HPLC) could be employed. GLC separation of sugar enantiomers on 

an OV-17 capillary column could be achieved after converting the sugars to the chiral 

derivatives, trimethylsilyl (TMS) ethers of methyl 2-(polyhydroxyalkyl)-thiazolidine-

4(R)-carboxylates, obtained by the reaction of aldoses with L-cysteine methyl ester 

(Hara et al. 1987). Moreover, as a modification of the previous method utilizing GLC, 

one-pot reactions of aldoses with L-cysteine methyl ester and o-tolyl isothiocyanate 
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yielding methyl 2-(polyhydroxyalkyl)-3-(o-tolylthiocarbamoyl)-thiazolidine-4(R)-

carboxylates followed by direct analysis using C18-reversed phase HPLC equipped with 

a UV detector, represent a widely used analytical method in determining AC of 

monosaccharides (Tanaka et al. 2007). 

1.3.5 Chemical Synthesis 

Total synthesis of all the possible stereoisomers represents an ultimate solution to 

a stereochemical problem followed by comparison of their spectroscopic data to the 

compound with unknown AC. Nevertheless, this approach has many challenges. Thus, 

it is usually sufficient and more favourable to synthesize the ‘key’ fragments for 

comparative studies with the databases (Kong et al. 2013, Menna et al. 2019). 

It is worth to mention that there is no general method for determining the absolute 

configuration of all chiral natural products even for those compounds with only one 

chiral centre. Each method has its particular limitations with regard to the different 

structural features of compounds. Thus, the absolute configuration has to be determined 

on a case-by-case basis and sometimes this require a combination of two or more 

methods as shown in figure 4 (Li et al. 2010, Molinski et al. 2012). 
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OR/SOR: Optical Rotation/ Specific Optical Rotation. 

XRD: X-ray Diffraction Analysis 

GC/HPLC: Gas-liquid chromatography/ High-performance liquid chromatography. 

MMM: Modified Mosher’s method. 

ECD: Electronic Circular Dichroism. 

ECCD: Exciton Chirality Circular Dichroism. 

VCD: Vibrational Circular Dichroism. 

 

Figure 4: Strategies of absolute configuration determination of chiral natural products. 

Figure is modified after (Kong et al. 2013). 
 

1.4 NF- κB Inhibition and Anti-inflammatory Activity  

The term inflammation comes from the Latin word inflammare and means “to set 

on fire”, a term which would describe the four cardinal signs of inflammation including 

redness and swelling accompanied with heat and pain. These signs would fit with what 

we would today recognise as acute inflammation which is beneficial and has therapeutic 

importance. However, on the other hand, chronic inflammation is considered as a 

causative factor for many chronic diseases including cancer, arthritis, diabetes and 

obesity (Scott et al. 2004, Gupta et al. 2018) and is known to be implicated in various 

aspects of cancer initiation and development starting from cellular transformation, 
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proliferation, invasion, metastasis, angiogenesis and drug resistance (Gupta et al. 2018, 

Rajagopal et al. 2018). 150 years ago, the link between cancer and inflammation was 

recognized after Virchow noted the presence of leucocytes in neoplastic tissues 

reflecting that the sites of chronic inflammation are origins of cancer (Balkwill et al. 

2001). The molecular link between inflammation and chronic diseases such as cancer 

lies within the inflammatory molecules and transcription factors such as cytokines, NF-

κB, COX-2, STAT3, and vascular endothelial growth factor (VEGF) (Gupta et al. 

2018). The nuclear factor kappa B (NF-κB), a pro-inflammatory transcription factor, 

has been shown to be a crucial regulator in inflammatory diseases and is also linked to 

cancer development (Rajagopal et al. 2018). Moreover, it has been reported to be 

involved in regulation of expression of more than 500 cancer related genes that are 

involved in cellular transformation, proliferation, invasion, angiogenesis, metastasis, 

and inflammation (Gupta et al. 2010).  

1.5 Aims and Significance of the Study 

Fungi from unusual sources (e.g. marine habitat) have proven themselves as a 

reservoir for many interesting metabolites with respect to structural novelty together 

with new modes of bioactivities (Sashidhara et al. 2009). The aim of this study was to 

explore fungi from such sources as producers of diverse secondary metabolites with 

potential different biological activities. Two different marine-derived fungi were 

chosen for study in this doctoral thesis; Metarhizium marquandii and Aspergillus 

falconensis. In addition, in order to diversify the conditions affecting fungi, these two 

marine fungi were collected from two different locations. One was collected from the 

North Sea, Germany and the other was collected from the Red Sea, Egypt. Both fungi 

succeeded to produce various secondary metabolites with new structural features from 

the initial cultivation and isolation procedures. Moreover, aiming to diversify the 

metabolic pattern, different OSMAC experiments were conducted and eventually aided 

in activating silent biosynthetic gene clusters as proven with the additional isolation of 

diverse new secondary metabolites. All the isolated compounds were structurally 

elucidated by 1D/2D NMR spectroscopy, mass-spectrometry, modified Mosher’s 

method, ECD, VCD, optical rotation measurements and calculations and single-crystal 

X-ray diffraction analysis. The isolated compounds were also evaluated for their 

cytotoxic and anti-inflammatory activity. Additionally, molecular docking helped in 
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predicting the binding of compounds to possible targets. The distinguished results 

obtained in this study are either published or submitted as shown in chapters 2-4.   
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Chapter 2 - Polyketides and a Dihydroquinolone Alkaloid from a Marine-

Derived Strain of the Fungus Metarhizium marquandii 

 

 

Reprint from “Dina H. El-Kashef, Georgios Daletos, Malte Plenker, Rudolf Hartmann, 

Attila Mándi, Tibor Kurtán, Horst Weber, Wenhan Lin, Elena Ancheeva, and Peter Proksch 

(2019). Polyketides and a dihydroquinolone alkaloid from a marine-derived strain of the 

fungus Metarhizium marquandii. Journal of natural products, 82 (9), 2460-2469.”, by the 

permission of American Chemical Society (ACS) publications (https://pubs.acs.org/) 
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2.2 Supporting Information  
(Excluding the tables of Cartesian coordinates. Full version is available online under 

https://pubs.acs.org/doi/abs/10.1021/acs.jnatprod.9b00125). 
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1. Introduction 

The marine environment has gained considerable attention in 
the last decades with regard to bioprospecting as exemplified by 
12 clinically approved marine-derived drugs that mostly originate 
from marine microbes or from marine invertebrates whereas 
numerous further compounds are under clinical investigation or in 
preclinical status.1 Marine-derived fungi which have come into the 
focus of bioprospecting only within the last two decades or so 2-5 
have yielded a plethora of structurally unique bioactive 
metabolites as exemplified by the discovery of halimide. Halimide 
has served as a lead structure for plinabulin that is currently in 
clinical phase III for the treatment of non-small cell lung cancer.6, 

7 

In continuation of our ongoing research on marine-derived 
fungi,5, 8, 9 the fungal strain Aspergillus falconensis, isolated from 
marine sediment collected at a depth of 25 m from the Canyon at 

Dahab, Red Sea, Egypt, was found to be a prolific producer of 
structurally diverse secondary metabolites including halogenated 
azaphilones.10 

In the present study, a new dibenzoxepin derivative (1) and a 
new natural isocoumarin (2) together with six known compounds 
(3 - 8) were isolated from A. falconensis following fermentation of 
the fungus on solid rice medium containing 3.5% NaCl. Replacing 
NaCl by 3.5% (NH4)2SO4 was performed as an  OSMAC (One 
Strain Many Compounds) approach aiming to trigger the 
expression of  silent genes with concomitant production of 
compounds that  were undetected in the fungal culture under 
normal conditions 11. This led to three further known compounds 
(9 – 11), which were undetected in the fungal culture containing 
3.5% NaCl. In silico virtual studies were conducted on critical 
enzymes involved in the formation, progression and metastasis of 
cancer which are human cyclin-dependent kinase 2 (CDK-2), 
human DNA topoisomerase II (TOP-2) and matrix 
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Fermentation of the marine-derived fungus Aspergillus falconensis, isolated from sediment 
collected from the Red Sea, Egypt on solid rice medium containing 3.5% NaCl yielded a new 
dibenzoxepin derivative (1) and a new natural isocoumarin (2) along with six known compounds 
(3 - 8). Changes in the metabolic profile of the fungus were induced by replacing NaCl with 3.5% 
(NH4)2SO4 that resulted in the accumulation of three further known compounds (9 – 11), which 
were not detected when the fungus was cultivated in the presence of NaCl. The structures of the 
new compounds were elucidated by HRESIMS and 1D/2D NMR as well as by comparison with 
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displayed notable stability within the active pocket of CDK-2 with free binding energy (∆G) 
equals to -25.72, -25.03 and -25.37 Kcal/mol, respectively whereas sulochrin (9) exerted the 
highest fitting score within MMP-13 active center (∆G = -33.83 Kcal/mol). In vitro cytotoxic 
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2009 Elsevier Ltd. All rights reserved. 

 

Keywords: 
Aspergillus falconensis 
OSMAC 
Molecular docking 
Cytotoxicity 
Polyketides 
 



Chapter 4 

115 

metalloproteinase 13 (MMP-13) in an effort to find new entities 
combating cancer and to interpret their probable mode of action. 
This was paralleled by an in vitro cytotoxicity assessment using 
MTT assay against mouse lymphoma cells which were used as an 
experimental model in addition to the molecular docking 
approach. 

2. Results and discussion 

Our previous chemical exploration of the marine-derived 
fungus Aspergillus falconensis yielded a group of azaphilone 
derivatives.10 During our ongoing chemical investigation of the 
fungus, a new dibenzoxepin derivative (1), a new natural 
isocoumarin (2) in addition to six known compounds (3 - 8) 
including arugosin C (3),12 dichlorodiaportin (4),13 
desmethyldiaportinol (5),14 questin (6),15 diorcinol (7),16 and 4- 
hydroxybenzaldehyde (8)17 were isolated after cultivating the 
fungus on solid rice medium containing 3.5% NaCl. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Structures of compounds isolated from Aspergillus falconensis. 
 

Compound 1 was isolated as yellow crystalline needles. Its 
molecular formula was established as C25H28O5 by HRESIMS, 
which requires 12 degrees of unsaturation. The 1H NMR spectrum 
showed the signals of five methyl groups resonating at δH 1.72 (s, 
H3-5''), 1.75 (s, H3-5'), 1.76 (s, H3-4'), 1.81 (s, H3-4''), and 2.46 (s, 
H3-1), three methylene groups at δH 3.39 (d, J = 7.5 Hz, H2- 1'), 
4.45 (d, J = 7.2 Hz, H2- 1''), and 5.09 (s, H2-5), two olefinic protons 
at δH 5.33 (m, H-2'), and 5.62 (m, H-2''), three aromatic protons at 
δH 6.85 (d, J = 8.5 Hz, H-7), 7.28 (s, H-15), and 7.48 (d, J = 8.5 
Hz, H-8) in addition to a chelated hydroxyl group resonating at δH 
12.93 (s, 10-OH). The 13C NMR chemical shifts (Table 1) 
assigned from HSQC and HMBC cross peaks indicated the 
presence of 12 aromatic carbon resonances C-2 (δC 142.6), C-3 (δC 
152.5), C-4 (δC 134.3, C), C-6 (δC 154.0), C-7 (δC 105.7), C-8 (δC 
137.0), C-9 (δC 123.1), C-10 (δC 158.9), C-11 (δC 108.5), C-13 (δC 

117.9), C-14 (δC 154.1), and C-15 (δC 119.4), one carbonyl group 
C-12 (δC 206.0), and 12 further oxygenated or non-oxygenated 
aliphatic carbon signals. Analysis of the HMBC and COSY 
correlations (Figure 2) revealed four distinct subunits of the carbon 
scaffold. Two isoprenyl residues were established based on their 

distinctive pattern of deshielded methyl signals H3-4'/ H3-5' and 
H3-4''/ H3-5'' that show HMBC correlations to their respective 
olefinic carbons C-2' and C-2'' which are in turn connected to 
methylene units H2-1' and H2-1'' as revealed by COSY correlation 
from H-2' and H-2'' respectively. Furthermore, the methylene unit 
C-1'' (δC 72.2) was strongly deshielded relative to C-1' (δC 27.1), 
suggesting a connection to an oxygen at C-1'' rather than to a 
carbon as found for C-1'. This was confirmed by HMBC 
correlation of H2-1'' to an oxygenated aromatic carbon C-3 (δC 
152.5), establishing it as an isoprenylphenylether, while the 
HMBC correlation of H2-1' revealed the connection of C-1' to the 
aromatic carbon C-9 (δC 123.1). The substitution patterns of the 
aromatic systems were established based on the HMBC and COSY 
correlations of signals of H-7, H-8 and H-15, as well as of the 
methylene H2-5, the aromatic methyl H3-1 and the phenol OH-10. 
Protons H-7 and H-8 are situated in an ortho position as shown by 
their J-coupling (8.5 Hz). Thus, their combined J3-HMBC 
correlations reveal oxygenated aromatic carbons C-10 (δC 158.9) 
and C-6 (δC 154.0) as well as aromatic quaternary carbons C-9 (δC 

123.1) and C-11 (δC 108.5) and confirm the position of C-1'. The 
distinct 1H-NMR signal of OH-10 allowed detection of HMBC 
correlations to C-9, C-10 and C-11 which pinpointed this hydroxyl 
group to position 10 and indicated the presence of a chelating 
carbonyl C-12 (δC 206.0) connected to C-11 that is necessary for a 
hydrogen bond formation. The second aromatic system was 
revealed to be pentasubstituted due to the presence of only one 
more aromatic proton which was detected at H-15. The strong J3 
HMBC correlation of H-15 to C-13 (δC 117.9) and C-3 (δC 152.5) 
matched those of the methylene H2-5, establishing a para position 
for these signals. The deshielded chemical shift of C-5 (δC 57.1) 
and the remaining HMBC correlations of H2-5 to C-6 (δC 154.0) 
and C-4 (δC 134.3) indicated a connection of the two aromatic 
systems between C-4 and C-6 via an oxygen at C-6. The remaining 
aromatic methyl H3-1 is positioned between C-15 and the 
isoprenylether carrying C-3 as indicated by HMBC correlations of 
H3-1 to C-2 (δC 142.6), C-3 and C-15. Finally, carbon C-14 (δC 
154.1) was assigned based on the weaker J2 HMBC correlation of 
H-15 and identified as a hydroxyl moiety based on its chemical 
shift and the molecular formula. The connection between C-12 and 
C-13 accounted for the last missing degree of unsaturation. Thus, 
compound 1 was elucidated as shown. These findings were in 
agreement with the presence of a (6-7-6) tricyclic system of the 
dibenzo[b,e]oxepin-11(6H)-one skeleton with isoprenyl subunits18 
corresponding to the required 12 degrees of unsaturation. 
Moreover, similar prenylated polyketides, arugosins G and H, had 
previously been isolated from the marine-derived fungus 
Aspergillus nidulans (syn. Emericella nidulans var. acristata)19. 
Since the new compound (1) is a derivative of the co-isolated 
known compound (3), arugosin C, we propose the name arugosin 
O for compound (1). 

Table 1. 1H and 13C NMR data of compound 1a 
No. δC, type b δH (J in Hz) 
1 17.7, CH3 2.46, s 
2 142.6, C  
3 152.5, C  
4 134.3, C  
5 57.1, CH2 5.09, s 
6 154.0, C  
7 105.7, CH 6.85, d, J = 8.5  
8 137.0, CH 7.48, d, J = 8.5  
9 123.1, C  
10 158.9, C  
11 108.5, C  
12 206.0, C  
13 117.9, C  
14 154.1, C  
15 119.4, CH 7.28, s 
1' 27.1, CH2 3.39, d, J = 7.5  
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2' 121.8, CH 5.33, m 
3' 133.4, C  
4' 25.8, CH3 1.76, s 
5' 17.8, CH3 1.75, s 
1'' 72.2, CH2 4.45, d, J = 7.2  
2'' 119.6, CH 5.62, m 
3'' 139.1, C  
4'' 25.9, CH3 1.81, s 
5'' 18.1, CH3 1.72, s 
10-OH  12.93, s 

a Measured in CDCl3 (1H at 600 MHz and 13C at 150 MHz). 
b Data are extracted from the HSQC and HMBC spectra. 

 

 

 

 

 

 

 

 

 
Figure 2. COSY (blue lines) and key HMBC (arrows) correlations of 1 

 
Compound 2 2-(8-Hydroxy-6-methoxyisochromen-3'-yl) 

acetic acid is reported here for the first time from nature and was 
hitherto only known from synthesis.20 

In an OSMAC approach, NaCl was replaced by 3.5% 
(NH4)2SO4 that was added to solid rice medium. Interestingly, this 
induced the production of three further known metabolites (9 – 11) 
including sulochrin (9),21 monochlorosulochrin (10),21 
dihydrogeodin (11).21 

In an effort to find new entities combating cancer and to 
identify their probable mode of action, molecular docking was 
performed on human cyclin-dependent kinase 2 (CDK-2), human 
DNA topoisomerase II (TOP-2) and matrix metalloproteinase 13 
(MMP-13) that are implicated in cancer formation. 

Human cyclin-dependent kinases represent a group of enzymes 
that effectively control the progression and transcription of the cell 
cycle. CDK2 is a serine-threonine kinase that strictly binds to two 
regulatory cyclins namely, A and E. CDK2- cyclin E complex is 
incorporated in the G1 to S-phase transition. Its complex with 
cyclin A leads to cell cycle progression through the S to M-phase. 
Thus, inhibition of CDK2 significantly arrests cell proliferation at 
G2/M-phase.22 All docked compounds revealed a certain degree of 
stability in the active sites of CDK-2 as illustrated in Table 2 
except for compound (1) that showed unfavorable interaction 
manifested by the positive value of (∆G). Diorcinol (7), sulochrin 
(9) and monochlorosulochrin (10) displayed notable stability 
within the active pocket of CDK-2 with free binding energy (∆G) 
equal to -25.72, -25.03 and -25.37 Kcal/mol, respectively 
compared to doxorubicin (∆G = - 40.79 Kcal/mol) and CK8(N-[4-
(2,4-dimethyl-thiazol-5-yl)-pyrimidin-2-yl]-N',N'-dimethyl-
benzene-1,4-diamine), a potent CDK-2 inhibitor that had been co-
crystalized with CDK-2, which revealed a ∆G value of -39.34 
Kcal/mol. Diorcinol (7) exhibited the highest fitting score which 
is mainly attributed to the formation of several bonds with the 
amino acid residues at the active site. These bonds are represented 
by the formation of three conventional H- bonds with Glu 81, Phe 
82 and Leu 83 in addition to the formation of four π-bonds between 

the Ile 10, Val 18, Ala 31 and Leu 134 and the phenolic OH 
moieties present in the molecule. Furthermore, four hydrophobic 
alkyl interactions between the CH3 groups in the molecule and Lys 
89, Ala 31, Val 18 and Phe 80 exist (Figure 3A). Doxorubicin in 
comparison forms four H- bonds with Leu 83, Gln 85, His 84 and 
Lys 89 in addition to multiple π-bonds with Ala 144, Val 18, Leu 
13, Ile 10, Asp 26 and van der Waals interactions with Gln 131 
and Asp 145 (Figure 3B). CK8 on the other hand forms one 
hydrogen bond with Leu 83, a van der Waals interaction with His 
84 and eight π-bonds with Val 18, Ile 10 and Leu 134 (Figure 3C). 
Thus, Leu 83 is a fundamental amino acid residue that is crucial 
for enzyme inhibition. Sulochrin (9) forms five conventional H-
bonds with Lys 9, Lys 89, Asp 86, His 84, π-alkyl and alkyl- alkyl 
interactions with Ala 31, Leu 134, Ile 10 in addition to C-H bond 
with Glu 8 with multiple van der Waals interactions. Meanwhile, 
monochlorosulochrin (10) forms four conventional H-bonds with 
Ile 10, Lys 89, Lys 9 in addition to C-H bond with Glu 12 and Gly 
11 together with van der Waals interactions (Figure S13).  

Table 2. Free binding energies (∆G) of compounds isolated 
from Aspergillus falconensis within the active sites human 
cyclin-dependent kinase 2 (CDK-2), DNA topoisomerase II 
(TOP-2) and Matrix metalloproteinase 13 (MMP-13) 
employing in silico virtual screening expressed using kcal/mol 
 

Compound CDK-2 TOP-2 MMP-13 
Arugosin O (1) 8.72 32.626 6.81 
Compound (2) - 22.30 -8.99 -23.08 
Arugosin C (3)  -7.61 13.57 4.66 
Dichlorodiaportin (4)  -20.32 -4.64 -23.75 
Desmethyldiaportinol 
(5)  

-20.46 -4.75 -22.12 

Questin (6)  -9.12 6.36 -10.22 
Diorcinol (7)  - 25.72 -13.91 -31.10 
4- 
Hydroxybenzaldehyde 
(8)  

- 17.74 -14.28 -19.64 

Sulochrin (9) - 25.03 -12.11 -33.83 
Monochlorosulochrin 
(10)  

- 25.37 -9.31 -33.31 

Dihydrogeodin (11) - 21.68 -6.48 FD 
Doxorubicin (TOP-2 
inhibitor)  

- 40.79 -16.28 -16.31 

CK8 (CDK-2 
inhibitor) 

-39.34 ND ND 

PB4 (MMP-13 
inhibitor)  

ND ND -72.51 

Positive values indicate unfavorable interaction 
FD: fail to dock 
ND: Not done 
CK8: N-[4-(2,4-dimethyl-thiazol-5-yl)-pyrimidin-2-yl]-N',N'-dimethyl- 
benzene-1,4-diamine 
PB4: N,N'-bis (4-fluoro-3-methylbenzyl) pyrimidine-4,6-dicarboxamid 
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Figure 3: 2D and 3D binding modes of the (A) Diorcinol (7), (B) Doxorubicin 
and (C) CK8 (CDK-2 inhibitor) within the active pockets of CDK-2. 

Human DNA topoisomerase II controls the vital cellular 
functions via triggering significant alterations regarding the 
topology of chromosomal DNA. It forms transient double-
stranded breaks in the DNA molecule that enables the strands to 
cross each other to unwind DNA thus constituting an important 
role for cell survival. Multiple efficient antitumor drugs inhibit this 
enzyme.23 Regarding human DNA topoisomerase II, mild 
interaction exists between the active centers of the enzyme and the 
docked compounds except for compounds (1) and (3) that revealed 
unfavorable interaction. On the contrary, diorcinol (7), 4- 
hydroxybenzaldehyde (8) and sulochrin (9) displayed a certain 
stability within the active sites with free binding energy of -13.91 
-14.28 and -12.11 Kcal/mol, respectively similar to that exerted by 
doxorubicin (∆G = - 16.28). Doxorubicin was previously reported 
to exhibit its antitumor potential via its notable inhibition of DNA 
topoisomerase II.24 Hydroxybenzaldehyde (8) exerted the highest 
fitting score as evident by the formation of two H- bonds, one of 
which between the carbonyl moiety of the compound and Arg 503 
while the other exists between its phenolic OH and Lys 505 in 
addition to the formation of one van der Waals interaction with 
Gly 504 and one π- bond with Arg 503 (Figure 4A). Doxorubicin 
forms four conventional H- bonds with Arg 503, Lys 505, Asn 520 

and Glu 522 in addition to two van der Waals interactions with Ile 
506 and Gly 504 together with hydrophobic interaction with Gln 
778 and Lys 505. This in turn reflects the necessity of hydrogen 
bond formation with Arg 503 and Lys 505 for the inhibitory 
activity (Figure 4B). Sulochrin (9) forms two H-bonds with Arg 
503 and Lys 505, C-H bond with Glu 522 in addition to the 
formation of π- anion bond between Glu 522 and aromatic ring and 
some van der Waals interactions. However, monochlorosulochrin 
(10) forms one H-bond and one π-alkyl bond with Arg 503 in 
addition to C-H bond with Arg 503, Glu 522 and Gly 504 and van 
der Waals interactions (Figure S14).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4: 2D and 3D binding modes of the (A) 4- Hydroxybenzaldehyde (8) 
and (B) Doxorubicin within the active pockets of TOP-2 
 

Matrix metalloproteinases (MMPs) are capable of 
degrading extracellular matrix of vital components that is 
considered as a crucial factor for the growth of malignant tumor 
and is mainly associated with their invasive character, metastasis 
and angiogenesis as well. Matrix metalloproteinase inhibitors 
represent a completely different new therapeutic approach for 
counteracting tumor growth relative to other anti-cancer drugs.25 
Concerning matrix metalloproteinase 13, one enzyme of the MMP 
family, sulochrin (9) showed considerable interaction with MMP-
13 with ∆G equal to -33.83 Kcal/mol superior to that exerted by 
doxorubicin that revealed free binding energy of -16.31 Kcal/mol. 
However, PB4, a MMP-13 inhibitor that had been co-crystalized 
with MMP-13, showed a ∆G value of -72.51 Kcal/mol. The fitting 
of sulochrin (9) to MMP-13 active sites can be explained by the 
formation of multiple bonds between the compound and the amino 
acid residues at the active site. These bonds are represented by a 
H-bond with Pro 236, a π-π interaction with Phe 252, and five van 
der Waals interactions with Leu 239, Phe 241 and Gly 237 in 
addition to the formation of a hydrophobic π- bond between the 
aromatic ring and Leu 218 and hydrophobic interactions between 
the alkyl groups and Lys 249 and His 222 (Figure 5A). PB4 in 
comparison forms four hydrogen bonds with Thr 245, Thr 247, 
Lys 140 and Leu 239 in addition to several π-bonds with His 222, 
Tyr 244 and Phe252 together with numerous hydrophobic 
interactions as illustrated in Figure 5B. Monochlorosulochrin (10) 
also showed tight binding at the active sites owing to the formation 
of one H- bond with Pro236, π-π bond with Phe252, alkyl 
interactions between Tyr 246, Leu 218 and chlorine moiety and 
between His 222, Lys 249 and CH3 moieties (Figure S15). 
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In vitro cytotoxic assessment of the isolated compounds using 
mouse lymphoma cells was performed to ascertain the results 
obtained from molecular docking. The benzophenone derivative, 
sulochrin (9), was found to possess cytotoxic activity against the 
mouse lymphoma cell line L5178Y with an IC50 value of 5.1 μM. 
The activity of this compound may possibly be attributed to its 
CDK-2, TOP-2 and MMP-13 inhibitory action as evidenced by the 
molecular docking results. However, further studies of the isolated 
compounds using target specific assays as CDK2 and MMP 
inhibition assays are recommended to further ascertain the results 
obtained from docking experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 5: 2D and 3D binding modes of the (A) sulochrin (9) and (B) PB4 
(MMP-13 inhibitor) within the active pockets of MMP-13 
 

Figure 6: Diorcinol (7) in the active pocket of CDK-2 (A), 4- 
hydroxybenzaldehyde (8) in the active pocket of TOP-2 (B) and sulochrin (9) 
in the active pocket of MMP-13 

3. Experimental 

3.1. General experimental procedures 

Optical rotations were measured on a Jasco P-2000 polarimeter 
after the compounds were dissolved in optically pure solvents 
(Uvasol, Merck Chemicals, Darmstadt, Germany). All NMR 
spectra (1H, 13C and 2D) were recorded on a Bruker Avance 600 
MHz NMR spectrometer (Bruker BioSpin GmbH, Rheinstetten, 
Germany). Low-resolution mass spectra (ESI) were recorded with 
an Ion-Trap-API Finnigan LCQ Deca (Thermo Quest) mass 
spectrometer, while HRESIMS spectra were measured on a 
FTHRMS-Orbitrap (Thermo-Finnigan) mass spectrometer. HPLC 
analysis was performed using a Dionex UltiMate3400 SD with an 
LPG-3400SD pump with a photodiode array detector 
(DAD3000RS) and a Knauer Eurospher C18 analytical column 
(125 × 4 mm). Compounds were purified using semi-preparative 
HPLC on the VWR Hitachi Chromaster HPLC system, 5160 
Pump; 5410 UV detector; Eurosphere-100 C18, 300 mm × 8 mm, 

Knauer, Germany) utilizing MeOH and H2O as eluents with a flow 
rate of 5 mL/min. Column chromatography was used for 
subsequent fractionation of the crude extract using different 
stationary phases including silica gel 60 M (Merck MN), silica gel 
60 RP-18 (40-63 μm) and Sephadex LH-20 (25-100 μm). TLC 
plates were used for monitoring the collected fractions which 
resulted from column chromatography and spots were detected at 
254 and 365 nm followed by anisaldehyde spray reagent. 

3.2. Fungal material 

The marine-derived fungus A. falconensis was isolated from 
marine sediment collected at a depth of 25 m from the Canyon at 
Dahab, Red Sea, Egypt in November 2016. The fungus was 
identified as A. falconensis (GenBank accession No. MN905375) 
using a molecular protocol as described previously.26 The fungal 
strain has been deposited in one of author´s laboratory (P.P.). 

3.3. Cultivation and extraction 

The fungus was fermented on solid rice medium in 10 1L 
Erlenmeyer flasks. For preparation of solid medium, 100 g rice 
(Oryza Milchreis), 100 mL of demineralized water, and 3.5 g of 
sea salt (NaCl) were combined followed by autoclaving at 121°C 
for 20 min. Then, the fungus was inoculated on the sterile rice 
medium after cooling to room temperature. The culture was left to 
grow at 20℃ under static conditions for 21 days. 

Each flask was infused with 600 mL EtOAc, then the solid 
medium was cut into small pieces and shaken for 8 hours followed 
by filtration and evaporation of EtOAc till dryness. The weight of 
the crude EtOAc extract was 16 g. 

3.4. OSMAC experiment 

The cultivation and extraction procedures in the OSMAC 
experiment were the same as described before except for changing 
the incorporated inorganic salt from 3.5% NaCl to 3.5% 
(NH4)2SO4 and cultivating the fungus on three flasks instead of 
ten. After evaporation of the solvent, 990 mg of EtOAC extract 
was yielded. 

3.5. Isolation of compounds 

The initial crude extract (16 g) obtained from cultivating the 
fungus on solid rice medium with 3.5% NaCl was subjected to 
silica gel vacuum liquid chromatography (VLC) utilizing a step 
gradient elution of n-hexane/EtOAc and CH2Cl2/MeOH to afford 
12 fractions (ASFV1 to ASFV-12). Fractions ASFV-2 and ASFV-
3 were combined (10.6 g). Fraction ASFV2/3 was further 
subjected to another VLC on silica gel with n-hexane/EtOAc as 
mobile phase affording 10 subfractions (ASFV2/3-V1 to 
ASFV2/3-V10). Subfraction ASFV2/3-V5 (217 mg) was further 
purified by semi-preparative HPLC using gradient elution with 
MeOH-H2O mixtures (from 55:45 to 95:5 in 20 minutes) to afford 
compound (1) (7.1 mg). Fraction ASFV-4 (874 mg) was subjected 
to Sephadex LH20 column chromatography utilizing CH2Cl2–
MeOH (1:1) as mobile phase which afforded eight subfractions 
(ASFV4-S1 to ASFV4-S8). Subfraction ASFV4-S5 (139.6 mg) 
was purified by semi-preparative HPLC using gradient elution 
with acetonitrile-H2O (containing 0.1% formic acid) from 60:40 to 
95:5 in 22 minutes affording arugosin C (3) (6.4 mg), and 
dichlorodiaportin (4) (2 mg). Subfraction ASFV4-S6 was 
combined with ASFV4-S7 (137.8 mg) then separated by semi-
preparative HPLC utilizing gradient elution with MeOH-H2O 
mixtures (48:52 to 80:20) to afford diorcinol (7) (15 mg), and 4-
hydroxy benzaldehyde (8) (3.8 mg). Fraction ASFV-6 (686.1 mg) 
was subjected to RP-VLC column using H2O-MeOH gradient 
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elution affording 10 subfractions (ASFV6-R1 to ASFV6-R10). 
Subfraction ASFV6-R7 (110 mg) was purified by semi-
preparative HPLC using a gradient of MeOH-H2O containing 
0.1% formic acid from 67:33 to 80:20 in 20 minutes affording 
questin (6) (5.7 mg). Fraction ASFV10 (2.3 g) was further 
separated by column chromatography on Sephadex LH-20 with 
CH2Cl2–MeOH (1:1) as mobile phase affording seven subfractions 
(ASFV10-S1 to ASFV10-S7). Subfractions ASFV10-S5 and 
ASFV10-S6 were combined (130.8 mg) then subjected to semi-
preparative HPLC with a gradient of MeOH-H2O from 45:55 to 
65:35 affording desmethyldiaportinol (5) (2.1 mg), and the new 
natural product compound (2) (2.2 mg). 

The chromatographic work up of the EtOAc extract (990 mg) 
obtained from the OSMAC experiment with 3.5 % (NH4)2SO4, 
followed the same procedure as described before for the EtOAc 
crude extract obtained from the initial fermentation on solid rice 
medium with NaCl. Subsequent purification of the obtained 
fractions on a silica gel column chromatography, a Sephadex 
LH20 column chromatography and semi-preparative HPLC with a 
gradient of MeOH-H2O containing 0.1% formic acid afforded 
compound (9) (2 mg), compound (10) (0.7 mg), and compound 
(11) (3.2 mg). 

3.6. Compound characterization 

Arugosin O (1): Yellow needle crystals; UV (MeOH) λmax 
269.2, 236.2, and 202.8 nm; 1H and 13C NMR data, Table 1; 
HRESIMS m/z 409.2022 [M + H]+ (calcd for C25H29O5, 409.2015). 

2-(8-Hydroxy-6-methoxyisochromen-3'-yl) acetic acid (2): 
Brown oil; UV (MeOH) λmax 327.9, 277.7, and 243.5 nm; 1H NMR 
(600 MHz, DMSO-d6) δ 10.93 (1H, s, 8-OH), 6.66 (1H, s, H-4), 
6.64 (1H, d, J = 2.3 Hz, H-5), 6.56 (1H, d, J = 2.3 Hz, H-7), 3.86 
(3H, s, 6-OCH3), 3.61 (2H, s, H-9); 13C NMR (150 MHz, DMSO) 
δ 169.8 (C-10), 166.6 (C-6), 165.0 (C-1), 162.6 (C-8), 151.3 (C-
3), 139.1 (C-4a), 106.5 (C-4), 101.7 (C-8a), 100.8 (C-7), 99.2 (C-
5), 56.0 (6-OCH3), 38.6 (CH2-9); HRESIMS m/z 251.0553 [M + 
H]+ (calcd for C12H11O6, 251.0550). In Silico Virtual Screening 
Studies 

3.7. In Silico virtual screening studies 

Molecular docking experiments for the main constituents 
isolated from Aspergillus falconensis were performed on human 
cyclin-dependent kinase 2 (CDK-2) (PDB ID 1PXP, 2.30 Å), 
human DNA topoisomerase II (TOP-2) (PDB ID 4G0U, 2.70 Å), 
and matrix metalloproteinase 13 (MMP-13) (PDB ID 1XUD, 
1.8Å). Virtual screening was done on the previously listed 
enzymes which were downloaded from protein data bank (www. 
pdb.org) using Discovery Studio 2.5 (Accelrys Inc., San Diego, 
CA, USA) adopting C-docker protocol. Free binding energies 
were computed as previously reported for the most stable docking 
poses.27, 28 

3.8. Cytotoxicity assay 

Cytotoxicity was tested against L5178Y mouse lymphoma cells 
utilizing the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromide) assay, in comparison to untreated 
controls, as previously described.29 As negative control, 0.1% 
ethylene glycol monomethyl ether in DMSO was utilized in this 
experiment. For the positive control, the depsipeptide kahalalide F 
(4.3 μM) was used. Experiments were repeated three times and 
carried out in triplicate. 
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Figure S3. 1H NMR (600 MHz, CDCl3) Spectrum of Compound 1. 
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Figure S4. COSY (600 MHz, CDCl3) spectrum of compound 1. 
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Figure S5. HSQC (600 MHz/150 MHz, CDCl3) spectrum of compound 1. 
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Figure S6. HMBC (600 MHz/150 MHz, CDCl3) spectrum of compound 1. 
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Figure S9. 1H NMR (600 MHz, DMSO-d6) spectrum of compound 2. 
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Figure S10. 13C NMR (150 MHz, DMSO-d6) spectrum of compound 2. 
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Figure S11. HSQC (600 MHz/150 MHz, DMSO-d6) spectrum of compound 2. 
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Figure S12. HMBC (600 MHz/150 MHz, DMSO-d6) spectrum of compound 2. 
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Figure S13: 2D binding modes of the (A) sulochrin (9) and (B) monochlorosulochrin (10) within the active pocket of CDK-2. 
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Figure S14: 2D binding modes of the (A) sulochrin (9) and (B) monochlorosulochrin (10) within the active pocket of TOP-2. 
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Figure S15. 2D binding mode of the monochlorosulochrin (10) in the active pocket of MMP-13 
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Chapter 5 - General Discussion 

5.1 Underexplored Fungi from Unusual Sources 

Fungi from “exotic” or extreme habitats are considered as a treasure for isolating 

fascinating compounds which could serve as potential candidates for drug discovery 

and development. Generally, an extreme habitat is referred to when organisms live at 

high or low pH, high or low temperature, high pressure and/or high salinity (Wilson et 

al. 2009). Organisms from such harsh habitats have developed special defences against 

the surrounding environment in order to survive and to be able to grow and reproduce, 

including the production of many interesting molecules ranging from simple secondary 

metabolites to complex compounds (Wilson et al. 2009, Chávez et al. 2015). For 

instance, marine conditions (e.g. salinity, high hydrostatic pressure, low temperature, 

low oxygen levels, light deficiency), especially in the deep-sea environment, are 

considered as harsh conditions for organisms to survive in.  Consequently, fungi from 

such environments are expected to produce structurally unique compounds with 

potential biological and pharmacological activities (Rateb et al. 2011, Shin 2020).  

For instance, from the marine-derived fungus Aspergillus insulicola, obtained from 

a Hawaiian marine-sediment, a novel hexacyclic dipeptide, azonazine, was isolated. 

The compound exhibited anti-inflammatory activity through inhibiting both NF-κB 

luciferase with IC50 value of 8.37 μM and nitrite production with IC50 value of 13.70 

μM (Wu et al. 2010).  

5.1.1 Investigation of New Secondary Metabolites from Marine Fungi 

Marine-derived fungi are contributing significantly to the field of natural products’ 

chemistry and represent a valuable source for isolating new secondary metabolites with 

unusual structural features exhibiting diverse bioactivities (Shin 2020). Aiming to 

investigate underexplored fungi from exotic sources, two marine fungal strains from 

different sources were examined in this doctoral thesis. The first investigated marine–

derived fungus, Metarhizium marquandii, was isolated from seawater sediment 

collected from the North Sea, Germany. The North Sea covers a surface area of 575,000 

km2. However, its biosphere is considered as an underexplored habitat and poorly 

investigated for the production of secondary metabolites (Lee 1980, Lysek et al. 2002, 

König et al. 2006, Schulz et al. 2011). Excitingly, fungi from the genus Metarhizium 
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are soil-borne, mostly infect soil-dwelling insects and are considered as 

entomopathogens which have been frequently used worldwide in several agricultural 

and disease-vector control programs (Bidochka et al. 2001, Scholte et al. 2004). Whilst 

isolating the genus Metarhizium from a marine source is not common and only reported 

in few publications (Cabrera et al. 2006, Boot et al. 2007). Moreover, our search with 

databases such as Scifinder revealed that the species Metarhizium marquandii is rarely 

investigated and only few metabolites have been reported from it (syn. Paecilomyces 

marquandii) (Radics et al. 1987, Cabrera et al. 2006). Accordingly, the fungus M. 

marquandii was of high interest to be studied for inspecting its secondary metabolite 

production and for exploring the North Sea as a fruitful source for isolating new 

structural entities. Fascinatingly, chemical investigation of the fungus yielded 

structurally unique natural products of different chemical classes (polyketides, 

alkaloids and butenolides), Moreover, three of the isolated compounds, marqualide, 

(±)-peniphenone E and aflaquinolone I, are new natural products from which 

marqualide possesses an unusual methylenebistetronic acid group that is unprecedented 

in nature. Determination of absolute configuration of the isolated compounds is 

discussed and explained separately in chapter 5.3. 

 From a different ecological habitat, the Red Sea, Egypt, the second chosen fungus 

for study in this thesis, Aspergillus falconensis, was obtained. The Red Sea is an 

extremely productive source of new biologically active marine secondary metabolites. 

Over the last decade, great interest from marine natural products’ experts was given to 

the Red Sea resulting in the isolation and characterization of more than 600 marine 

natural products so far (Abou El-Ezz et al. 2017, El-Hossary et al. 2020). These marine 

natural products were mainly obtained from marine invertebrates (sponges and soft 

corals) and marine microbes (fungi and bacteria) comprising different compound 

classes such as terpenes, sterols, peptides, alkaloids, polyketides, macrolides, 

flavonoids, polyacetylenes, quinones and fatty acids and exerting impressive biological 

activities (Hawas et al. 2016, El-Hossary et al. 2020).  

Generally, the genus Aspergillus, which is composed of more than 300 species, has 

proven to be a prolific source for high diversity of bioactive natural products and it is 

one of the main genera contributing to fungal secondary metabolites (Bugni et al. 2004, 

Zin et al. 2016, Elad et al. 2018). Although the genus Aspergillus is considered as a 

terrestrial genus, this genus is very tolerant to high NaCl concentrations (Tresner et al. 
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1971). Therefore, species belonging to genera Aspergillus as well as Penicillium are 

considered as dominant fungi inhabiting the marine environment and they are the most 

studied genera among all marine-derived fungi (Imhoff 2016). Nevertheless, the genus 

Aspergillus obtained from the Red Sea is poorly studied and only few publications 

report metabolite production and the bioactivities exerted by the isolated secondary 

metabolites (Abd El-Hady et al. 2015, El-Gendy et al. 2015, Ahmed et al. 2017, Asfour 

et al. 2019). Thus, the second investigated fungus in this thesis, Aspergillus falconensis, 

obtained from the Red Sea, Egypt, was chosen for study. Noteworthy to mention that 

in this study A. falconensis is investigated for the first time from a marine origin. The 

fungus was obtained from a marine sediment collected at a water depth of 25 m from 

the canyon at Dahab, Red Sea, Egypt to demonstrate how fungi from exotic habitats 

could be producers of diverse remarkable secondary metabolites with potential 

biological activities. During this work various natural products belonging to different 

classes of compounds were isolated including azaphilone derivatives (falconensins) 

besides many phenolic compounds classified as dibenzoxepin derivatives (arugosin C 

and O), isocoumarin derivatives (2-(8-Hydroxy-6-methoxyisochromen-3'-yl) acetic 

acid, dichlorodiaportin and desmethyldiaportinol), phenolic aldehyde (4-

hydroxybenzaldehyde), anthraquinone (questin) and diphenyl ether (diorcinol).  This 

result supports the high potential of the biosynthetic machinery of the genus Aspergillus 

(Bugni et al. 2004). Besides, in order to diversify the metabolite production and to 

activate silent biogenetic clusters, the OSMAC approach was implemented and 

succeeded in improving the metabolic profile of the fungus and in isolating biologically 

active secondary metabolites including further new azaphilone derivatives and 

accumulation of benzophenone derivatives (sulochrin, monochlorosulochrin and 

dihydrogeodin). The results of the OSMAC experiments are discussed in chapters 

5.2.1 and 5.2.2. Additionally, in silico and in vitro studies were conducted on the 

isolated phenolic secondary metabolites from the fungus. 

Molecular docking of the isolated phenolic compounds was performed on different 

enzymes associated with cancer formation such as human cyclin-dependent kinase 2 

(CDK-2), human DNA topoisomerase II (TOP-2) and matrix metalloproteinase 13 

(MMP-13) with the aim of discovering new anticancer entities through prediction of 

interaction between compounds with the active pocket of enzymes (Horňák et al. 1999). 

To further support molecular docking results, in vitro cytotoxic MTT assays against 
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mouse lymphoma cell line L5178Y were conducted and showed that sulochrin, one of 

the isolated phenolic compounds, exhibited cytotoxic activity with an IC50 value of 5.1 

μM. Additionally, the isolated azaphilone derivatives (falconensins) were evaluated for 

their anti-inflammatory activity through NF-κB inhibitory assay against the triple 

negative breast cancer cell line MDA-MB-231. The results of this activity is discussed 

separately in chapter 5.4.   

5.2 Exploring the Structural Diversity of Fungal Secondary Metabolites by 

Implementing OSMAC Approaches 
Fungal secondary metabolites represent a bioprospecting source for drug discovery 

by offering a huge diversity of compounds (Keller 2019). Under standard cultivation 

conditions, not all fungal gene clusters are transcribed and many of these gene clusters 

are considered “silent” as exemplified by the difference between the number of 

identified gene clusters as the potential producers of fungal secondary metabolites and 

the actual number of isolated secondary metabolites from the same fungus (Daletos et 

al. 2017, Romano et al. 2018).  In order to activate silent biogenetic gene clusters and 

to increase the diversity of fungal secondary metabolites, OSMAC approaches can be 

employed (Daletos et al. 2017, Pan et al. 2019). In the current study, the marine-derived 

fungus, Aspergillus falconensis, was subjected to numerous OSMAC experiments in 

order to explore the potential of its biosynthetic machinery for the production of 

interesting new secondary metabolites through activation of silent biogenetic gene 

clusters.  

5.2.1 OSMAC Approach and Halogenation in Marine Natural Products 
Due to the fact that halogen atoms are abundant in sea and ocean water, 

halogenated secondary metabolites are commonly present in marine organisms (e.g. 

marine fungi) (Gribble 1998, Huang et al. 2012). Therefore, OSMAC experiments with 

changing the incorporated halogen sources are an interesting approach for 

diversification of metabolites (Chen et al. 2019, Frank et al. 2019). In the current study, 

two new dichlorinated azaphilones, falconensins O and P, together with the known 

dichlorinated azaphilone derivatives (falconensin A, M, N and H), were isolated 

following fermentation of Aspergillus falconensis on solid rice medium containing 

3.5% sodium chloride which is similar to the salinity of sea water. Since bromine atoms 

are also present in sea water but in a less concentration than chlorine atoms (only 0.065 

parts per thousand) and because halogenating enzymes (flavin-dependent halogenases 
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or haloperoxidases) could also incorporate bromine rather than chlorine atoms 

(Mclachlan et al. 1967, Sureram et al. 2013), an OSMAC experiment by replacing the 

incorporated NaCl in the rice medium with 3.5% sodium bromide was conducted in an 

attempt to produce new brominated derivatives. Remarkably, two new brominated 

azaphilones, falconensins Q and R, were produced following this OSMAC experiment. 

One additional observational consequence of adding bromine to the culture medium 

was the isolation of new non-halogenated azaphilone, falconensin S (figure 5).    

 

Figure 5. Brominated and non- brominated azaphilones from OSMAC experiment. 

 

Although the isolated chlorinated and brominated azaphilones showed very similar 

UV spectra, their retention times in the HPLC chromatograms were very different. 

Moreover, the characteristic isotope patterns corresponding to chlorine and bromine 

atoms were clearly indicated in mass spectra of the isolated compounds from solid rice 

media containing 3.5% NaCl or 3.5% NaBr, respectively. The overall change in the 

metabolic profile of A. falconensis after altering halogen salts added to rice medium 

was detected in HPLC chromatograms of crude extracts after conducting different 

OSMAC experiments (figure 6). 
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Figure 6: HPLC overlay of different rice medium extracts of Aspergillus falconensis 

supplemented with different salts.  

 

To demonstrate whether halogenating enzymes are able to utilize other halogen 

substrates such as iodide and fluoride, other OSMAC experiments were conducted on 

the fungus A. falconensis by incorporating 3.5% sodium iodide or 3.5% sodium fluoride 

into solid rice medium.  

Strikingly, in the 3.5% NaI containing culture, the fungus did not produce any 

iodinated metabolites. Moreover, no azaphilones were detected in the fermentation 

culture but, only two peaks corresponding to non-halogenated low molecular weight 

compounds were observed. The two compounds were also detected in control culture 

but upregulated in the 3.5% NaI culture (Figure 6). Unfortunately, these two peaks were 

not isolated due to their instability during isolation procedures. In general, iodinated 

natural products are relatively rare and very few examples are known in nature (Gribble 

1998, Anderson et al. 2006). To the best of our knowledge, only one study described 

the isolation of iodinated natural products from marine fungi following an OSMAC 

experiment on the marine-derived fungus Trichoderma cf. brevicompactum after 

incorporating 3.0% NaI in the culture medium (Yamazaki et al. 2015). 

Furthermore, we found that the fungus did not grow in the 3.5% NaF supplemented 

culture indicating the toxic effect of fluoride ions on fungi (Li et al. 2013).  

Therefore, we speculate that halogenation of the isolated azaphilones was 

conducted by halogenating enzymes which could utilize chlorine and bromine but not 
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iodine. Since flavin-dependent halogenases catalyze regioselective halogenation of 

aromatic natural products and can incorporate halogens such as chlorine and bromine 

but not iodine (Neubauer et al. 2018) and because halogenation of orsellinic acid, a 

biosynthetic intermediate of falconensins, is known to be utilized via FADH2-

dependent halogenase (Sureram et al. 2013), we assume that the fungus Aspergillus 

falconensis harbours FADH2-dependent halogenases that are  catalyzing halogenation 

in the aromatic orsellinate moiety of isolated azaphilones and not haloperoxidases 

(which could incorporate iodine besides chlorine and bromine) (Sureram et al. 2013). 

Generally, substitution of chlorine with bromine in microbial metabolites has been 

reported several times in the literature (Huang et al. 2012, Wang et al. 2016) and could 

be attributed to the higher reactivity of Br− than Cl− ions (Cruz et al. 2015). However, 

very few examples report the isolation of brominated azaphilone derivatives from fungi. 

The aforementioned examples are exclusively reported from different Penicillium 

species namely, P. multicolor, P. janthinellum, P. canescens (Matsuzaki et al. 1998, 

Chen et al. 2019, Frank et al. 2019).  It is worth to mention that the current study 

represents the first isolation of brominated azaphilones from the genus Aspergillus. In 

addition, among those few examples of brominated azaphilone derivatives, the current 

study is the only example which demonstrates bromination in the orsellinate moiety 

substituent not directly in the azaphilone core nucleus. Moreover, the isolated 

azaphilone derivatives from A. falconensis are structurally unique with halogenation in 

the orsellinate substituent and not in C-5 as shown in all the previously reported 

halogenated azaphilone derivatives (Gao et al. 2013). 

The current work demonstrated how halogen incorporation utilizing the OSMAC 

approach led to directed biosynthesis and targeted isolation of new halogenated and 

non-halogenated natural products exemplifying that marine-derived fungi are very 

suitable producers of diverse fascinating natural products with potential biological 

activities as discussed in chapter 5.4. Our study also reflects that bio-halogenation 

could be induced in a controlled fashion in which chlorinated metabolites are isolated 

from NaCl supplemented cultures and brominated derivatives are isolated from NaBr 

supplemented cultures. Since halogenated natural products are reported to possess a 

variety of bioactivities where the introduction of halogens has a direct impact on the 

structure activity relationship of compounds (Gribble 1998), bio-halogenation is very 

important in drug design and development. For example, in the antibiotic vancomycin, 
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the presence of chlorine atoms is essential for its anti-infectious activity against drug-

resistant strains (Harris et al. 1985). 

5.2.2 OSMAC Approach and Ammonium Sulfate as a Nitrogen Source  
Inspired by the diverse isolated compounds from A. falconensis obtained by 

changing halogens added to solid rice medium, incorporation of an inorganic salt as 

ammonium sulfate (nitrogen source) to the rice medium, was introduced as another 

OSMAC approach. Replacing the incorporated salt in rice medium from 3.5% NaCl to 

3.5% (NH4)2SO4 led to a profound change in the metabolic profile of the fungus. 

Remarkably, the fungus did not produce any azaphilone derivative and only 

benzophenone derivatives were accumulated as the main metabolites namely, 

sulochrin, monochlorosulochrin and dihydrogeodin. Azaphilones, which are fungal 

polyketides containing a highly oxygenated pyrone-quinone bicyclic core structure 

with a quaternary center, are known as fungal pigments. They are responsible for the 

bright yellow or red colour of culture media (Gao et al. 2013). When A. falconensis was 

cultured on 3.5% (NH4)2SO4 supplemented medium, the colour of the culture changed 

and did not show the characteristic bright yellow colour of azaphilones indicating their 

absence in (NH4)2SO4 cultures (figure 7). Therefore, we postulate that in the presence 

of ammonium sulfate, the gene cluster responsible for production of azaphilone 

derivatives, falconensins, is silent. Moreover, ammonium sulfate is reported to inhibit 

the growth of fungi not directly due to increasing the extracellular pH values but 

through the release of toxic free ammonia to the culture medium where the germination 

ratio of fungi decreases linearly by increasing ammonia concentration (Depasquale et 

al. 1990).  

Excitingly, ammonium sulfate concentration in cultivation medium of the fungus 

Rhizopus oryzae is reported to have a pronounced impact on phenolic content 

production (Schmidt et al. 2012). This finding is in agreement with our results where 

incorporation of ammonium sulfate to the culture medium of the fungus Aspergillus 

falconensis induced only accumulation of phenolic metabolites (figure 8). 

An interesting observation was the isolation of chlorinated phenolic compounds 

(monochlorosulochrin and dihydrogeodin) from the 3.5% (NH4)2SO4 supplemented 

culture. Therefore, we assume that the fungus could utilize trace chlorine ions (perhaps 
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from tap water) present in the solid rice medium through the activity of halogenating 

enzymes.  

 

 

 

 

A)                                              B) 

Figure 7. A) A. falconensis culture on solid rice medium with 3.5% NaCl. B) A. 

falconensis culture on solid rice medium with 3.5% (NH4)2SO4. 

 

 

 

 

Figure 8: HPLC chromatogram of 3.5% (NH4)2SO4 supplemented rice medium of 

Aspergillus falconensis. 

Phenolic natural products have been reported to possess potent anticancer activity 

during both in vivo and in vitro studies. At high doses, natural phenolics are less toxic 

and safer than many synthetic and semi-synthetic compounds. Consequently, the search 

for natural phenolic compounds as anticancer agents is of high importance (Anantharaju 

et al. 2016). In the current study, with the purpose of finding possible candidates with 
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anticancer activity, molecular docking of the isolated phenolic compounds from both 

sodium chloride and ammonium sulfate supplemented cultures (excluding azaphilone 

derivatives), was performed on several enzymes linked with cancer development. 

Molecular docking, which is a computational method, offers an overview on the 

interaction of compounds with specific targets involved in diseases such as cancer. This 

in silico method is very important in saving time and resources by allowing to conduct 

the successive bioassays only on promising candidates. Therefore, it represents a viable 

basis for drug development (De Vita et al. 2020).  

Amongst all the docked compounds, sulochrin, isolated from the ammonium 

sulfate culture of A. falconensis, showed stability within the active sites of (CDK-2), 

(TOP-2) and (MMP-13) with free binding energy (∆G) of -25.03, -12.11 and -33.83 

Kcal/mol, respectively. In addition, to further ascertain the docking results, an in vitro 

cytotoxic evaluation against L5178Y mouse lymphoma cells utilizing the MTT assay, 

was conducted. Sulochrin exhibited significant cytotoxic activity with an IC50 value of 

5.1 μM. This result for sulochrin is exciting because the compound was previously 

reported to be inactive against several animal and human cell lines (Smetanina et al. 

2011, Xie et al. 2015, Zheng et al. 2019). Thus, the isolated phenolic compounds, 

including sulochrin are recommended for further studies and assays to additionally 

explore the possible targets and the exact mechanism of action which later would help 

in introducing new lead compounds for drug development.  

5.2.3 Plausible Biosynthetic Pathway of Azaphilones (Falconensins A, H, I, 

K, M-S) 

A plausible biosynthetic pathway of falconensin derivatives obtained from A. 

falconensis is proposed to be polyketide-based like most pigments produced by fungi. 

The polyketide pathway is responsible for the formation of the chromophore main 

structure of azaphilone pigments from one starter unit (acetic acid) and five chain 

extender units (malonic acid) (Osmanova et al. 2010). After the formation of the 

hexaketide intermediate (A), 2, 7 aldol condensation takes place to generate the first 

aromatic ring (B) as proposed by Chen et al (Chen et al. 2017). Successive reduction, 

dehydration and oxidation, constructed a pyran ring in the intermediate (D) (Chen et al. 

2017). Orsellinic acid which constitutes the benzoate part of the hydrogenated 

falconensins, is known to be derived from the polyketide pathway from one acetate unit 



Chapter 5 – General Discussion 

141 

and three malonate units (Sureram et al. 2013, Chen et al. 2020). Following 

condensation of the intermediate (D) and orsellinic acid, subsequent acetylation and 

deacetylation take place forming intermediate (G) (Chen et al. 2017). We assume that 

enzyme-mediated halogenation takes place by FADH2-dependent halogenases which 

are responsible for incorporating halogen atoms such as, chlorine and bromine into 

aromatic compounds activated for electrophilic attack (van Pée 2012). 

 
 

Figure 9: Proposed biosynthesis of falconensins A, H, I, K, M-S 
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5.3 Challenges in Absolute Configuration Assignment 

As pointed out earlier in chapter 1.3, determination of the absolute configuration 

of chiral natural products is essential for full characterization of compounds and is a 

cornerstone in interaction between compounds and receptors and hence, in drug design 

and development. From the studied marine-derived fungus Metarhizium marquandii, 

the absolute configuration of the novel terrestric acid derivative, marqualide, was 

assigned to be 5R,9S,5′R by a combination of modified Mosher’s method and time-

dependent density functional theory-electronic circular dichroism (TDDFT-ECD) 

calculations at different levels (figure 10). The S absolute configuration of the hydroxyl 

group at C-9 was established utilizing modified Mosher’s method after measuring the 

chemical shift differences between the formed R and S esters. The absolute 

configuration at C-5 and C-5′ in the two γ-lactone rings was established to be 5R and 

5′R based on the solution TDDFT-ECD method. TDDFT is considered to be the method 

of choice and the most widely used method for ECD calculations being able to keep the 

balance between computational efforts and accuracy. Therefore, ECD solutions provide 

trustworthy conformational ensembles in determination of AC of natural products 

(Petrovic et al. 2010, Mándi et al. 2019). The first conducted step in ECD calculations 

should be initial conformational analysis to get the lowest energy conformers which in 

the case of marqualide afforded 135 and 147 conformers. This initial analysis was 

carried out by Merck Molecular Force Field (MMFF) conformational search. The 

second step involves geometry reoptimizations of the obtained conformers at different 

levels using TDDF calculations of the ECD spectra of the conformers. The principle 

relies on comparing the calculated and experimental ECD spectra.  If both spectra show 

close matching, the conclusion for AC elucidation is considered reliable (Li et al. 2010).   

Moreover, AC assignment of marqualide demonstrated the importance of 

intramolecular hydrogen bonding in stabilizing conformers and in influencing ECD 

features. Determination of AC of marqualide represents an example how modified 

Mosher’s method and ECD method can be complementary.  

Terrestric acid hydrate is a known natural product first isolated from Penicillium 

terrestre Jensen in 1963 (Birkinshaw et al. 1936). However, its absolute configuration 

was unknown. In the current study, the 5R,9S absolute configuration was assigned to 

terrestric acid hydrate isolated from the studied fungus M. marquandii (figure 10). 
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Based on biogenetic considerations that terrestric acid hydrate is a building block or a 

precursor of the previously described co-isolated compound, marqualide, the AC at C-

9 was assumed to be 9S since terrestric acid hydrate did not succeed to convert to 

Mosher esters. Therefore, TDDFT-ECD calculations were conducted on (5R,9S) and 

(5S,9S) conformers to fully characterize the AC of the compound.  

In contrast to our expectations that the chiral center C-5 of the γ-lactone ring 

chromophore should govern the ECD spectrum regardless the effect of the remote chiral 

C-9, both chosen diastereomers for solution ECD calculations, (5R,9S) and (5S,9S), 

reproduced a good fit with the experimental ECD spectrum. Therefore, S absolute 

configuration is unambiguously assigned to C-9 while, AC at C-5 is tentatively 

determined based on the better fit of the computed ECD spectra of (5R,9S) with the 

experimental ECD spectrum, a result which is in agreement with the assigned 

(5R,9S,5′R) of the related compound marqualide.  

This finding sheds light on the influence of a flexible side-chain with no 

chromophore but with a remote chirality center and a chelating group that could form 

intramolecular hydrogen bonds on the features of ECD spectra. Therefore, our result 

rules out the assumption that flexible side-chains with no chromophores could be 

neglected or truncated to decrease the number of conformers and to simplify ECD 

calculations (Mándi et al. 2019).  

Another example demonstrating how AC is assigned through combination of more 

than one method involves the AC elucidation of aflaquinolone I. The absolute 

configuration of aflaquinolone I, isolated from the studied fungus M. marquandii, was 

deduced to be (3R,4R) on the basis of a combination of OR, ECD, and VCD calculations 

(figure 10).  

Analyzing ROESY spectrum for relative configuration determination, which 

determines the overall molecular conformation (Pescitelli et al. 2009), revealed a 

cofacial orientation between H-3 and the aromatic protons, H-12 and H-16 which is 

similar to other known analogues such as aflaquinolone A (Neff et al. 2012). On the 

other hand, conducting ECD method did not give a solid assignment of AC. Therefore, 

SOR calculations were conducted on the (3S,4S) conformer. SOR results adopted 

negative sign for conformers with different orientation of the aryl group at C-4. This 



Chapter 5 – General Discussion 

144 

result is important since the previously published results for (3S,4S)-aflaquinolone F 

with [α]25
D value of +10 (c 0.19, MeOH) and (3S,4S)-14-hydroxyaflaquinolone F with 

[α]20
D value of −33 (c 0.15, MeOH), were conflicting (Neff et al. 2012, An et al. 2013).  

Finally, to further support elucidating AC of aflaquinolone I, Vibrational Circular 

Dichroism (VCD) method in combination with DFT calculations was conducted as a 

complimentary approach to SOR and ECD. In conclusion, AC of aflaquinolone I was 

deduced to be (3R,4R) which is opposite to the reported (3S,4S) absolute configuration 

of the related aflaquinolones A-G, demonstrating an example for the phenomenon of 

chiral switch in natural products (Agranat et al. 2002). 

 

 

 

Figure 10: Absolute configurations of compounds isolated from M. marquandii 

 

From the other studied marine-derived fungus, Aspergillus falconensis, a group of 

azaphilone derivatives, namely falconensins, were isolated. These azaphilone 

derivatives are bearing three stereocenters. Inspection of the interproton J values (3JH-

H) around the bonds which connect the stereocenters at C-7, C-8 and C-8a, together 
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with analysis of NOE correlations, concluded the assignment of relative configuration 

which is the same for all isolated azaphilone derivatives.  

Moreover, the 7R, 8S, and 8aS absolute configuration (figure 11) was deduced on the 

basis of SOR measurements which is consistent with the reported positive SOR values 

of falconensin derivatives with the 7R, 8S, and 8aS AC (Itabashi et al. 1992, Itabashi et 

al. 1996).  

The established AC at C-7, C-8 and C-8a was further confirmed by single crystal 

X-ray diffraction analysis anomalous dispersion of one of the isolated known 

compounds (falconensin N). Although Mosher’s Method and Cotton effects of CD 

curves had been utilized to elucidate the absolute configuration of the reported known 

falconensin derivatives (Itabashi et al. 1992, Itabashi et al. 1996), our study represents 

the first report for a crystal structure for any of these compounds.  

Therefore, X-ray analysis can be used in combination with chiroptical methods, 

such as SOR measurement, to determine AC of natural products where the two 

techniques strengthen each other (Mándi et al. 2019). 

  

 
Figure 11: Absolute configurations of falconensin O, one of the isolated falconensin 

derivatives from A. falconensis 
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In summary, the results of AC determination of compounds isolated from 

Metarhizium marquandii and Aspergillus falconensis demonstrate how absolute 

configuration determination of chiral natural products relies on a strategy that should 

be planned based on many considerations. Although, many methods are available as 

discussed in chapter 1.3, no single method is valid for all kinds of chiral compounds 

and the choice of the appropriate method is crucial. Nevertheless, sometimes a 

combination of two of more methods is required for a solid conclusion of AC of a 

compound.  

5.4 NF-κB Inhibitory Activity against the Triple Negative Breast Cancer 

Cell Line MDA-MB-231  

Chronic inflammation may lead to cancer progression. Since the transcription 

factor NF-κB is the master regulator of inflammatory disorders and its constitutive 

activation is associated with tumor development, the blockage of its signalling pathway 

represents a potential target for the development of therapies (Agrawal et al. 2018). 

Many phytochemicals and their analogues have been reported to have significant 

inhibitory effects of NF-κB signalling pathway (Gupta et al. 2018, Rajagopal et al. 

2018). Various reports suggested that azaphilones possess anti-inflammatory activity 

via inhibition of nitric oxide production (Luo et al. 2017) or via inhibition of tumor 

necrosis factor alpha (TNFα)-induced nuclear factor kappa B (NF-κB) in RAW 264.7 

cells (Youn et al. 2015). Moreover, Yu et al. reported that the azaphilone, conellin A, 

obtained from the goose dung derived fungus Coniella fragariae exhibited significant 

inhibition of NF-κB activity in the triple negative breast cancer cell line MDA-MB-231 

with an IC50 value of 4.4 μM (Yu et al. 2018). The azaphilone derivatives falconensins 

A-N isolated from Emericella falconensis and Emericella fruticulosa are reported to 

inhibit the inflammatory activity of 12-O-tetradecanoylphorbol-13-acetate (TPA)-

induced inflammatory ear oedema in mice in a similar degree as the control 

indomethacin, which is known for its anti-inflammatory and anti-tumor promoting 

effect (Yasukawa et al. 2008).  

In the present study, the isolated falconensin derivatives were evaluated in an in 

vitro anti-inflammatory assay against the triple negative breast cancer (TNBC) cell line 

MDA-MB-231. TNBC represents an aggressive clinical phenotype of breast cancer 

with poorer survival rate than non-TNBC. Additionally, no targeted agents are available 
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for it so far (Pal et al. 2011). In this type of cancers, aberrant activation of the pro-

inflammatory transcription factor NF-κB is associated with tumor aggressiveness 

(Agrawal et al. 2018). Hence, blockade of NF-κB activation may hold a promise for 

developing therapies for TNBC.  

Strikingly, the tested falconensin derivatives isolated from Aspergillus falconensis 

(falconensins A, H, I, M-O, Q-S) showed inhibition of NF-κB signaling in the TNBC 

cell line MDA-MB-231 based on their IC50 values ranging from (11.9 ± 2.1 – 72.0 ± 

28.1) μM. The new azaphilone derivative, falconensin Q, was the most potent 

azaphilone derivative with an IC50 of 11.9 ± 2.1 μM. To exclude that inhibition of NF-

κB signaling is attributed to the cytotoxic effect of the tested compounds, cell viability 

cytotoxic assay was performed which indicated that the tested falconensin derivatives 

showed a higher potency for NF-κB inhibition than its cytotoxic activity. Therefore, we 

recommend performing further studies on the isolated metabolites which could serve 

as possible candidates for drug discovery and development from natural sources. 
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Conclusion and Prospect 

Marine organisms harbour highly interesting diverse natural products. The results 

of this dissertation support how marine fungi are fruitful producers of new structural 

entities and bioactive compounds. The two major projects included in this thesis feature 

two different marine fungi from different habitats, which had proven that not only 

underexplored fungal genera are interesting for study but also that already intensively 

studied genera represent a promising source for new bioactive natural products. The 

OSMAC approach helped in diversifying the metabolic profiles of fungi and the 

production of new biologically active secondary metabolites. The promising results 

obtained from OSMAC experiments, suggest further modifications of culture media 

and conditions to enhance activation of silent gene clusters to produce other diverse 

metabolites. The production of bioactive natural products could support the continued 

quest for new drug leads. The marine environment, in particular marine fungi, represent 

an untapped resource for new structural scaffolds and promising bioactive natural 

products and are expected to have a higher contribution in pharmaceutical development 

in the near future.  
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s Singlet 
sh Showlder 
SAHA Suberoylanilide hydroxamic acid 
SBHA Suberoyl bishydroxamic acid 
SAM S-adenosyl-methionin 
SOR Specific optical rotation 
STAT3 Signal transducer and activator of transcription 3 
sp. Species 
t Triplet signal 
td Triplet of doublet 
TDDFT Time-dependent density functional theory 
Thr Threonine 
TLC Thin-layer chromatography 
TMS Trimethylsilyl group 
TOP-2 Human DNA topoisomerase II 
TNBC Triple-negative breast cancer 
TNFα Tumor necrosis factor alpha 
TPA Tissue plasminogen activator 
Tyr Tyrosine 
UDB Universal NMR Database 
UV/Vis Ulta-violet/Visible 
VCD Vibrational Circular Dichroism 
VEGF Vascular endothelial growth factor 
VLC Vacuum liquid chromatography 
w/v Weight per Volume 
XRD X-ray diffraction analysis 

 

 



List of Publications 

164 

List of Publications 

  

1. Dina H. El-Kashef, Georgios Daletos, Malte Plenker, Rudolf Hartmann, Attila 

Mándi, Tibor Kurtán, Horst Weber, Wenhan Lin, Elena Ancheeva, and Peter 

Proksch (2019). Polyketides and a dihydroquinolone alkaloid from a marine-

derived strain of the fungus Metarhizium marquandii. Journal of natural 

products, 82 (9), 2460-2469. 

 

Overall contribution to this publication: First author, laboratory work including, 

compound isolation, structure elucidation, and preparation of manuscript 

 

2. Dina H. El-Kashef, Fadia S. Youssef, Rudolf Hartmann, Tim-Oliver Knedel, 

Christoph Janiak, Wenhan Lin, Irene Reimche, Nicole Teusch, Zhen Liu, and 

Peter Proksch (2020). Azaphilones from the Red Sea Fungus Aspergillus 

falconensis. Marine Drugs, 18 (4), 204. 

 

Overall contribution to this publication: First author, laboratory work including, 

cultivation and extraction, compound isolation, structure elucidation, and preparation 

of manuscript. 

 

3. Dina H. El-Kashef, Fadia S. Youssef, Werner E.G. Müller, Wenhan Lin, 

Marian Frank, Zhen Liu and Peter Proksch (2020). A new dibenzoxepin and a 

new natural isocoumarin from the marine-derived fungus Aspergillus 

falconensis. Bioorganic & medicinal chemistry. (Submitted and currently under 

revision). 

 

Overall contribution to this publication: First author, laboratory work including, 

cultivation and extraction, compound isolation, structure elucidation, and manuscript 

preparation. 

 



List of Publications 

165 

4. Jana Deitersen, Dina H. El-Kashef, Peter Proksch, and Björn Stork (2019). 

Anthraquinones and autophagy–Three rings to rule them all?. Bioorganic & 

medicinal chemistry, 27 (20), 115042. 

 
5. Sherif S. Ebada, Dina H. El-Kashef, Werner E.G. Müller, and Peter Proksch 

(2019). Cytotoxic eudesmane sesquiterpenes from Crepis sancta. 

Phytochemistry Letters, 33, 46-48. 

 

6. Kenneth G. Ngwoke, Dina H. El-Kashef, Georgios Daletos, Elena Ancheeva, 

Zhen Liu, Festus BC Okoye, Charles O. Esimone, and Peter Proksch (2020). R-

Hexitronic acid, a new tetronic acid derivative isolated from a soil fungus 

FG9RK. Natural Product Research, 1-6. 

 

7. Feng Pan, Dina H. El-Kashef, Rainer Kalscheuer, Werner E.G. Müller, Jungho 

Lee, Michael Feldbrügge, Attila Mándi, Tibor Kurtán, Zhen Liu, Wei Wu and 

Peter Proksch (2020). Cladosins L-O, new hybrid polyketides from the 

endophytic fungus Cladosporium sphaerospermum WBS017. European 

Journal of Medicinal Chemistry, 191, 112159. 

 

8. Sherif S. Ebada, Nariman A. Al-Jawabri, Fadia S. Youssef, Dina H. El- Kashef, 

Tim-Oliver Knedel, Amgad Albohy, Michal Korinek, Tsong-Long Hwang, 

Bing-Hung Chen, Guan-Hua Lin, Chia-Yi Lin, Sa'ed M. Aldalaien, Ahmad M. 

Disi, Christoph Janiak and Peter Proksch (2020). Anti-inflammatory, 

antiallergic and COVID-19 protease inhibitory activities of phytochemicals 

from the Jordanian hawksbeard: identification, structure–activity relationships, 

molecular modeling and impact on its folk medicinal uses. RSC Advances, 10, 

38128-38141. 

 

 

 

 



Conferences 

166 

Conferences 
 

Dina H. El-Kashef, Georgios Daletos, Malte Plenker, Rudolf Hartmann, Attila Mándi, 

Tibor Kurtán, Horst Weber, Wenhan Lin, Elena Ancheeva and Peter Proksch (2019). 

Polyketides and a Dihydroquinolone Alkaloid from a Marine-Derived Strain of the 

Fungus Metarhizium marquandii. Marine Drugs, Poster presentation at the XVI 

International Symposium on Marine Natural Products & XI European Conference on 

Marine Natural Products, September 1st-5th, Peniche, Portugal.



Acknowledgement 

167 

Acknowledgement 

To the almighty God ''ALLAH'' who has granted me all these graces to fulfill this 

work and who supported and blessed me by His power and His mercy in all my life. To 

Him I extend my heartfelt thanks. 

My sincere appreciation and deepest thanks to Prof. Dr. Dres. h.c. Peter Proksch 

for giving me the precious opportunity to pursue my doctoral studies in his research 

group at the Institute of Pharmaceutical Biology and Biotechnology, Heinrich Heine 

University, Düsseldorf. His encouragement, unforgettable support, priceless advices, 

direct guidance were always the energy driven to me to perform well and to achieve my 

goals. In addition, his direct insights in the field of natural products and his continuous 

seeking for scientific distinction will always be a model for inspiration to me. I am 

deeply grateful to him for the chances given to me for fruitful collaborations with other 

research groups. I also wish to express my thanks to Mrs. Dr. Proksch for her support, 

nice meetings and help in providing samples that ended up with a successful project. 

I extend my deepest thanks to my mentor Prof. Dr. Matthias Kassack, from the 

institute of Pharmaceutical and Medicinal Chemistry, Heinrich Heine University, 

Düsseldorf, for giving me the honour to be my second supervisor and for co-reviewing 

my thesis. 

I wish to express my appreciation to Prof. Dr. Rainer Kalscheuer, from the Institute 

of Pharmaceutical Biology and Biotechnology, Heinrich Heine University, Düsseldorf, 

for performing antimicrobial assays. 

I would like to express my cordial thanks to Prof. Dr. Nicole Teusch and Ms. Irene 

Reimche (Department of Biomedical Sciences, Faculty of Human Sciences, University 

of Osnabrück) for their collaboration in the cytotoxicity and anti-inflammatory assays. 

My appreciation goes to Prof. Dr. Werner E.G. Müller (Institute of Physiological 

Chemistry, Johannes Gutenberg University, Mainz) for performing cytotoxicity assays 

against mouse lymphoma cell line L5178Y. 

My sincere appreciation and deepest thanks to Prof. Dr. Wenhan Lin (State Key 

Laboratory of Natural and Biomimetic Drugs, Peking University, Beijing, China) for 

fruitful discussions and ideas and for solving complex NMR problems. My special 



Acknowledgement 

168 

thanks to Prof. Dr. Bingui Wang (Laboratory of Experimental Marine Biology, Institute 

of Oceanology, Chinese Academy of Science, China) for constructive discussions and 

advises. 

I want to thank Prof. Dr. Tibor Kurtán and Dr. Attila Mándi (Department of Organic 

Chemistry, University of Debrecen, Hungary) for their effort in ECD and VCD 

measurements and calculations.  

I wish to express my appreciation to Prof. Dr. Christoph Janiak and Dr. Tim-Oliver 

Knedel (Institute of Inorganic Chemistry and Structural Chemistry, Heinrich Heine 

University, Düsseldorf) for their collaboration on X-ray crystallography analysis. 

I also wish to express my thanks to Dr. Rudolph Hartmann and Mr. Malte Plenker 

(Institute of Complex Systems, Forschungszentrum, Jülich) for performing NMR 

measurements on very small amounts of complicated compounds and helping in 

structure elucidation of my compounds. 

My thanks go to Prof. Dr. Björn Stork and Ms. Jana Deitersen (Institute of 

Molecular Medicine I, Medical Faculty, Heinrich Heine University, Düsseldorf) for the 

nice collaboration. 

I am deeply indebted to Dr. Sigrun Wegener-Feldbrügge (Junior Scientist and 

International Researcher Center (JUNO), Heinrich Heine University, Düsseldorf) for 

her continuous help and support which had started even before I came to Germany. I 

also wish to express my thanks to PD Dr. Katrin Henze (personal assistant of the dean, 

faculty of mathematics and natural sciences, Heinrich Heine University, Düsseldorf) 

for her help and concern. 

I am grateful to Dr. Georgios Daletos for his help and valuable advices in structure 

elucidation of my compounds and in rechecking my data.  

I wish to extend my thanks to Dr. Elena Ancheeva for constructive suggestions, 

fruitful discussions and revising my first manuscript. 

My appreciation and thanks go to Dr. Zhen Liu for his valuable suggestions and 

precious discussions regarding structure elucidation of isolated compounds and his 

efforts in manuscripts’ revisions. 



Acknowledgement 

169 

I extend my deepest thanks, appreciation and heartfelt gratitude to Assoc. Prof. Dr. 

Sherif S. Ebada (Department of Pharmacognosy, Faculty of Pharmacy, Ain-Shams 

University, Cairo, Egypt) for fruitful discussions and successful collaborations.  

I also wish to express my thanks to Dr. Marian Frank for nice discussions, scientific 

advices, rechecking my data and his kind help in translating the abstract of my thesis to 

German. 

Many thanks go to Dr. Nam M. Tran-Cong for inspiring discussions and kind help 

during my Ph.D. study time. I also wish to thank Dr. Haiqian Yu for his continuous 

support and his help during submission of my thesis. My sincere appreciation goes to 

Dr. Yang Liu for her scientific guidance when I first joined the research group.  

I would like to express my cordial thanks to Ms. Kim Thao Le for her continuous 

help and remarkable support throughout my Ph.D. time. 

My thanks go to my laboratory partner Dr. Harwoko Harwoko for the nice scientific 

discussions and for sharing ideas with me. 

My appreciation goes to Mrs. Claudia Eckelskemper for her administrative help 

whenever needed and to our team of technicians Mrs. Simone Miljanovic, Mrs. Simone 

Mönninghoff-Pützer, Mrs. Katja Friedrich, Ms. Linda Wiegand, Mrs. Maryam 

Masrouri and Mrs. Heike Goldbach-Gecke for their support and help during my Ph.D. 

time. 

My heartfelt thanks go to my former colleagues and postdocs for the happy times, 

supportive atmosphere at the institute and the valuable friendships that developed 

during this time: Dr. Mariam Moussa, Dr. Nada Abdel-Wahab, Dr. Fadia S. Youssef, 

Dr. Amin Mokhlesi, Dr. Daowan Lai, Dr. Hao Wang, Dr. Miada Fouad Abdelwahab 

Sakr, Ms. Flaminia Mazzone, Dr. Hajar Heydari, Dr. Catalina Perez Hemphill, Dr. Feng 

Pan, Dr. Han Xiao, Mr. Lei Wang, Mrs. Nihal Aktas, Dr. Peter Eze, Dr. Ramsay 

Kadeem, Dr. Sergi Herve Akone, Mr. Viktor Simons, Dr. Ni Putu Ariantari, Dr. Rini 

Muharini, Dr. Shuai Liu, Mr. Tino Seidemann, Ms. Xiaoqin Yu and Mrs. Ying Gao. I 

wish to thank Mr. Jens Hagenow and Ms. Milica Elek for their assistances and advices 

for chemical synthesis. 

I would like to express my cordial thanks and profound gratitude to Prof. Dr. 

Mostafa Ahmed Fouad (Department of Pharmacognosy, Faculty of Pharmacy, Minia 



Acknowledgement 

170 

University, Egypt) for introducing me to the research group of Prof. Dr. Dres. h.c. Peter 

Proksch. 

My profound appreciation to the Egyptian Ministry of Higher Education, Missions 

Office for awarding a doctoral scholarship.  

My deep thanks to all my colleagues, technical staff and all the family of 

Pharmacognosy Department, Faculty of Pharmacy, Minia University, for their 

encouragement and help. 

This journey would not have been possible without the support of my family. To 

my family, thank you for encouraging me in all of my pursuits and inspiring me to 

follow my dreams. My grand indebtedness to my parents, my husband Amro, my lovely 

son Mohammed and my brothers, who supported me emotionally with their unfailing 

love, spiritual support, continuous prayers and encouragement. I always knew that you 

believed in me and wanted the best for me. 

To All of You, Thank You Very Much 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 و آخر دعوانا أن الحمد  ربّ العالمین


