Isolation and Structure Elucidation of Secondary
Metabolites from the Gliding Bacteria Ohtaekwangia

Kribbensis and Hyalangium minutum

Dissertation
zur Erlangung des Grades
des Doktors der Naturwissenschaften
der Naturwissenschaftlich—Technischen Fakultat 111
Chemie, Pharmazie, Bio- und Werkstoffwisseschaften
der Universitat des Saarlandes

von
Patrick W. S. Okanya

Saarbricken

2012



Tag des Kolloquiums:

Dekan:

Berichterstatter:

Vorsitz:

Akad. Mitarbeiter:

02. November 2012

Prof. Dr. Wilhelm F. Maier
Prof. Dr. Rolf Muller

Prof. Dr. Marc Stadler

Prof. Dr. Rolf W. Hartmann

Dr. Angelika Ullrich



Publications

Okanya, P. W.,Mohr, K. I., Gerth, K. Jansen, R., Muller, R0O(1). Marinoquinolines A-F,
Pyrroloquinolines fronDhtaekwangia kribbensi®acteroidetes)]. Nat. Prod74, 603 — 608.

Okanya, P. W.,Mohr, K. I., Gerth, K. Steinmetz, H., Huch, V.n3an, R., Miller, R.2012.
Hyaladione, an S-Methyl Cyclohexadiene-dione fridgalangium minutumJ. Nat. Prod75,
768-770.

Okanya, P. W., Mohr, K. I, Kessler, W., Gerth, K. Jansen, R., Mijl R. @012.
Hyafurones and Hyapyrones: Polyketide family frétpalangium minutum(Manuscript in

preparation).
Symposium contribution
HZI Graduate School Symposium, 2011, Braunschweig

Poster “Marinoquinolines A-F, Pyrroloquinolines 1o Ohtaekwangia kribbensis

(Bacteroidetes)”.

VAAM International Workshop “Biology and Chemistry of Antibiotic-Producing
Bacteria and Fungi”, 27" — 29" September 2012, Braunschweig

Poster “Isolation and Characterisation of Marinoglines A- F, Pyrroloquinolines from

Ohtaekwangia kribbensis”



Acknowledgement

This dissertation would not have been possibleouththe contribution and support of a great

number of people of whom | owe my sincere gratitude

First, | am greatly thankful to my doctoral advigtnof. Dr. Rolf Muller for accepting me to

work in his group of Microbial Drugs. He always falitime to read through my reports and
gave constructive criticism. He is a team playbpwelieves in finding solutions to even the
most difficult problems. His scientific standarde admirable and | will forever cherish my

graduate experience under his mentorship.

| am deeply indebted to my co-advisor Dr. Rolf gandHis office was always open and he
would stop his other schedules to attend to myigsevhenever they arose. He gave me the
tips on tackling structure elucidation and allowed the space to have an independent line of
thinking. Natural products chemistry became soifedinig under his guidance, and | have
undoubtedly gained a lot from his wealth of expsree | am also thankful to him for
carefully reading and commenting on several remssiof this dissertation.

Special thanks to Prof. Dr. Marc Stadler for cotisgnto review my thesis. His insightful
comments and constructive criticisms were thougbtking that helped me focus my ideas.
His experience in drug discovery from natural piidus exceptional and | learned quite a lot

from our discussions.

| am thankful to Dr. Klaus Gerth for providing tipeoducer strains, Dr. Kathrin Mohr and
Dipl.-Ing. Wolfgang Kessler for their valuable irtpin microbiology and fermentation
experiments respectively and to Dres. Jutta Niggermad Mathias Keck for providing
material for characterization of hyapyrone B. | aiso greatly indebted to my thesis
committee members, Dr. Victor Wray and Dipl.-Ingeiftich Steinmetz for the foresight and

valuable input in the formulation of my thesis.

My sincere thanks to all members of the work gréiprobial Drugs for the high sense of

team work. Particularly, | would like to acknowledBr.Wiebke Zander for her help to many
technical and administrative procedures, my lalboyatolleagues Kerstin Schober, Aileen
Teichmann, Silke Reinecke, Dr. Enge Sudarman, nicnert and Dr. Frank Surup for their
help and making the corridors of Chemistry depantimee memorable place to be. | also

greatly appreciate the support of Diana Telkemey@hristiana Mollenschott, Birte
v



Trunkwalter, Stephanie Schulz and Wera Collisibdariogical activity testing and Burkhard
Ebert, Andrew Perreth, Dipl. Ing. Steffen Berneclkerel Schulz, and Reinhard Sterlinski for

large scale fermentations.
Special thanks to Christel Kakoschke and Beatehd&skentner for the NMR measurements.

| am also grateful to all my colleagues and stdffour sister groupMicrobial Natural

Productsin Saarlands. Particularly, Natja Mellendorf anc@lia Thiele for administrative
support, Jennifer Herrmann, Steffan Huttel, Ror@édcia, Dres. Kirsten Harmrolfs, Alberto
Plaza, Silke Wenzel, Daniel Krug and Carsten Vake ffuitful discussions and nostalgic

ambience during my progress report visits. Thegoke shared was great fun.

My stay in Germany is also memorable for the mamgntls | made. First on the list is
Michael Béecher who mentored me outside the laboyadnd gave me the opportunity to
experience the villages in Germany. | am deeplyelied to his overwhelming support in
making Germany my second home. | also greatly agledge Susanne Miiller and Diana for
their support and company on numerous occasions. B of my friends at HZI in

Braunschweig is endless but | would particularlyntien Joost van Duuren, Carolyn Lam,
Thomas Marandu, Daniel Maeda, Christian Stern, &ahKa, Sakshi Sood, Christina
Brunjes, Wufeng Tang, Christina Lemke, Hao Luo,i€hva Ziegler, Rolf Kramer, Huxley

Mae, Marlen Jando and Stefan Spring for their M@kidime for outdoor activities, parties

and their belief in me that made life outside #ie ¢qually interesting.

Most importantly, my heartfelt appreciation goesmyg family in Kenya for their love and

patience. In particular, |1 would like to express sigcere gratitude to my spouse, Eveline
Nelima who has been a constant source of encouegeroncern, support and strength all
along. Her remarkable strength, patience and toteraapabilities gave me the pillars that

have made this work possible.

Finally, | acknowledge DAAD for my PhD scholarshepd my deepest gratitude to Prof.
Francis Mulaa of the University of Nairobi for iottucing me to the theme of microbial

secondary metabolites and with whom | developerbpgsal for the scholarship.



Zusammenfassung

Die Untersuchung von Sekundarmetaboliten gleiterBakterien liefert weiterhin neue
biologisch aktiver Verbindungen. Im Rahmen meinerokiorarbeit wurden drei

Substanzgruppen isoliert und mittels analytischeetidden wie NMR-Spektroskopie,
Massenspektrometrie  und  ROntgenkristallographie ihrer  Struktur — aufgeklart.

Marinoquinolin A, ein Pyrroloquinolin, und fiinf Deate, die Marinoquinoline B - F, wurden
aus dem Bacteroideté&3htaekwangia kribbensisoliert. In einem zweiten Projekt wurden
aus zwei Stammen des Myxobakteriutdgalangium minutumacht neue Verbindungen
isoliert. Hyaladion, ein S-Methyl-cyclohexadien-diand sieben Polyketide, die Hyafurone

A;-D zusammen mit den Hyapyronen A und B.

Alle Substanzen wurden auf ihre biologische Akétigegen pathogene Bakterien und Pilze,
sowie auf Zytotoxizitdt und anti-parasitische Winkugetestet. Hyaladion zeigte die besten
Aktivitaten mit der Inhibierung des Methicillin-risgsentenStaphylococcus aureusit einer
MIC von 0.83 pg/mL und einer Zytotoxizitat gegee @rustkrebs-Zelllinie MCF-7 mit einer
ICs0 von 1.23 uM, sowie Aktivitat gegen den Malariaggsen P. falciparummit einer 1Gg
von 0.92 uM. Auch die Marinoquinoline B und F wauagtiv gegerP. falciparummit 1Cso-
Werten von 1.8 bzw. 1.7 uM.
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Summary

Investigation of secondary metabolites from glidibgcteria continues to provide new
biologically active compounds. In the present thetbiree classes of compounds were isolated
and their structures elucidated by analysis of Nl HRESIMS data and by X-ray
crystallography of crystalline compounds. Marinogpiine A, a pyrroloquinoline, was
isolated from the Bacteroidete®htaekwangia kribbensisogether with five analogues,
marinoquinolines B - F. In a second project, eigédv compounds, hyaladione, an S-methyl
cylohexadiene dione, and seven polyketides, thduhyaes A - D, together with the
hyapyrones A and B were isolated from two straihghe myxobacteriumHyalangium

minutum.

All compounds were evaluated for their biologicatiaty against pathogenic bacteria and
fungi, for cytotoxicity and anti-parasitic activitiHyaladione displayed the highest activities
with the inhibition of the methicillin-resista@taphylococcus aureyRSA with a MIC of
0.83 pg/mL, cytotoxicity against the breast carcdr line MCF-7 with an 1G of 1.23 uM,
and activity against the malaria parasi® falciparum with an 1Go of 0.92 uM.
Marinoquinolines B and F were also active agakhdsfalciparumwith 1Csq values of 1.8 and
1.7 uM, respectively.
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Introduction

1 Introduction
1.1  The indisputable role of natural products in dug discovery

Natural products, especially the secondary met@solare chemical substances from plants,
animals or microorganisms that exhibit a wide usrief biological activities. They are
structurally diverse with concomitant diverse bibates such as antibiotic, antifungal,
immunosuppressive or cytotoxic. These moleculese hbgen used to treat human and
veterinary diseases since the dawn of meditfn&dditionally, they have also been used in
agriculture as pesticides or plant growth regukatdlatural products and derivatives thereof
are the single most productive and successful sonfrdrug lead’ that have contributed to
the doubling of our life expectancy in the"2€entury>® Nearly, 50 % of the drugs in clinical
use are natural products or their derivatives wimt@e than two-thirds of all antibiotics and
anticancer drugs are natural products or their sgmthetic derivatives (selected natural
products are presented in FigureUndoubtedly therefore, the combinatorial chemistiy
nature to craft small organic molecules repletehvatructural complexity and biological

potency is unrivalled.
1.1.1 The evolution of natural products as therapdics

Natural products as sources of drugs have evolwatke 4ime immemorial. The Chinese
traditional medicines from plant natural producesvén been used for millennia arguably
before 3000 BC. The ancient Egyptians used barkeas to treat inflammation, but it was
until the 8" century that Hippocrates, the father of modern iniee described several plants
as sources of medicine among which was the usellloiwbark extracts against fever and
pain’® Acetylsalicylic acid a derivative of the activegiedient (salicylic acid) in willow bark
extract was first synthesized in 1853 and lateettgped into aspirin and marketed in 1899 by
Bayer ' Morphine crystals isolated from opium poppy plant.805 was among the first
pure natural products to be isolated. It is usedradgesic and the standard against which all

new opioids for postoperative pain relief are coraga®

The search for antibiotics began in the latd" T@ntury, after the acceptance of Louis
Pasteur’s ‘germ theory of diseases’ that linked tnmifectious diseases to germs, i.e. bacteria
and other microbes. In 1877, Pasteur demonstrab@d virulent anthrax bacilli could be

rendered harmless in animals with the injectiors@if bacterid? It had been observed by

1



Introduction

several scientists that the growth of bacteria wagbited when contaminated with other
microorganisms. For example, in 1897 Ernest Duahdsd shown in his dissertation the
inhibition of the lethal typhoid bacilli by the fgasPenicillium glaucumWhen more work
was urged, Duschesne was unable to complete dbis toommitment in the army and his
work went unnoticed. It was however until 1928 tAxander Fleming discovered in a Petri
dish seeded withStaphylococcus aureuthat a compound from the funguenicillium
chrysogenunfformerly, P. notatum)killed the bacteria. He named this compound pdmicil

and the publication of his work one year later pusfdly changed the course of medicine.

Figure 1. Structural diversity of bioactive secondary metdbs from bacteria and fungi
(activity and producing organism are given in p#resis). penicillin GX) (antibiotig
Penicillium chrysogenujn vancomycin 2) (antibiotic, Amycolaptosis oriental)s
chlortetracycline §) (antibiotic, Streptomyces aureofacigns erythromycin A 4)
(antibiotic, Saccharopolyspora erythrastreptomycin §) (antibiotic, Streptomyces
griseus; salinosporamide A @) (anticancer,Salinispora tropic® rapamycin T)
(immunosuppressant,Streptomyces hygroscopigusgramicidin - @) (antibiotic,
Bacillus brevis.
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Penicillin was isolated as a yellow powder in 128l used as a potent antibacterial during
the Second World War. The discovery and applicabbmpenicillin as an antibiotic agent
marked the beginning of the antibiotic revolutioMaksman and his group at Rutger
University is credited for the discovery of moreamthtwenty antibacterial and antifungal
compounds from Streptomyces (Actinobacteria) iniclgd streptomycin, neomycin,
actinomycin and candicidin. The term *“antibiotic’asy indeed coined by Waksman. A
plethora of antibiotic research using Fleming’s &Mdksman methodSensued in the years
between 1940 and 1960s leading to the discovefietiverse antibiotic classes including
tetracyclines, [-lactams, macrolides, aminoglyassidglycopeptides and polypeptides

(Figure 2}" a period generally referred to as the “antibiotjolen age*®

1840 1850 18960 1870 1880 15960 2000 2010

CTRECTRERE AR

L E P

Quinolones, Streplogramins

Ozazaolidinones
p-lactams
Figure 2. Major classes of antibiotics discovered in thdqukbetween 1940 and 1962 that was

followed by an innovation gap of almost 40 years.

It was during this period that terms like ‘wondeugs’ and ‘magic bullet’” were coined to
refer to the broad spectrum antibiotics. In fabg battle against bacterial infections was
considered won in the late 1960s. Neverthelesgasttoo early to celebrate since methicillin-
resistantS. aureus(MRSA) strains were isolated as early as 18@ind ten years later
penicillin resistantKlebsiella pneumoniaestrains were isolated from huméafisTo-date,
virtually all S. aureusisolates are resistant to R-lactam antibiotics smdll the other
antibiotic classes including vancomycin that waseodaunted as the ultimate weapon against
the worst hospital acquired infecti6hThe emergence of multi-drug resistant strains @nd
new infectious disease pathogens is alarming. @tyreinfectious diseases are the second-

leading cause of death worldwide and the third meguse of death in developed countries

3



Introduction

predominated mainly by acute lower respiratory ttradections, HIV/AIDS, diarrheal
diseases, tuberculosis and malafi& The development of new drugs particularly from
unexplored and scarcely investigated natural ssuncay be thus an important key to the

solution.

Other important natural products developed intogdrinclude the cyclosporins and statins.
Cyclosporin A is a cyclic non-ribosomal peptidetthaas initially isolated from the fungus
Tolypocladium inflatumand it is widely used as an immunosuppres&afitin addition to
transplants, cyclosporine A is also used in psjasevere atopic dermatitis, and
infrequently, in rheumatoid arthritis and relatadedses. It is also being investigated for the
treatment of cardiac hypertropfyStatins are a cholesterol-lowering class of drwih a
large market share. They act by inhibiting 3-hygr@xmethyl-glutaryl-CoA (HMG-CoA)
reductase, an important enzyme in cholesterol bitb®gis. Mevastatin, a polyketide derived
natural product from the fungu. citrinumwas the first statin to be isolated as a potent
inhibitor of HMG-CoA. However, its structural anglee, lovastatin isolated frodspergillus
terreuswas the first to be marketéfiSince then, several statins have been developieer ei
as semi-synthetic derivatives or purely synthefioey include among others, simvastatin,
pravastatin, fluvastatin, rosuvastatin and atoatast Atorvastatin, marketed as lipitoby

Pfizer has dominated the market as the best-salling of all time!



Introduction

1.2  Gliding bacteria - a repository of novel secoraty metabolites

Bacteria that move by creeping or gliding on swefaare generally called gliding bactéfia.
They are a diverse group of microorganisms thatehasapted to different environments
including the tropical rain forest, hydrothermahte& marine shores, waste water, desert sand
and the gastro-intestinal tract of man and animaéspite their ubiquitous nature, gliding
bacteria are only found in a few taxa such as Offilexi, Proteobacteria, Bacteroidetes and
Cyanobacterid”® Other than actinomycetes, fungi, bacilli and psendnads which are the
established sources of secondary metabolites botitrg to almost 90 % of the
approximately 50,000 microbial metabolites knothrihe last three decades have seen the
emergence of gliding bacteria as alternative saufoe drug discovery. Of these, the most
studied for their secondary metabolism are cyariebiat?* and myxobacteria &

Proteobacteriayith a slow progress in investigation of the Bagigetes.
1.2.1 Bacteroidetes — a promising source of novedtural products

With the growing increase in resistance of infactiolisease pathogens to established
pharmaceuticals compounded with the emergencevefpaghogens , new drugs are urgently
needed. Bacteroidetes, previously known as @wophaga-Flavobacteria-Bacteroides
(CFB)*® are widely distributed in different habitats. Thepmprise a large group of
heterotrophic bacteria that presently appears tahbehighest growing phylum with new
genera being added every mofittdowever, most Bacteroidetes genera studied shciasa
association with human and animal hosts, where pejorm useful functions including
degradation of polysaccharides and synthesis @héss$ vitamins®® They are known to be
the most dominant part of the micro-flora in themaun intestinal tract together with

Firmicutes and Actinobacteria>®

Bacteroidetes have only been scantly investigated their production of secondary
metabolites. Examples of these metabolites are showFigure 3. They include the-
lactams PB-5266 A9, PB-5266 B 10), PB-5266-C 11) isolated from the gliding bacterium
Flavobacterium johnsoniaéormerly known aytophaga johnsonia&*®Additionally, a cell
growth promoting resorcinol derivative, resorcin{fi2), also isolated from the same
bacterium, F. johnsoniaé® Other compounds isolated froytophagasp. include the
katanosin peptidesl8, 14)*° that exhibited activity against Gram-positive lesit including

activity against methicillin resistarStaphylococcus aureuRSA)* and the macrolides
5
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YM-32890 A (15 and YM-32890 B 16) also with anti-MRSA activitie®? Besides
compounds from Cytophaga, the R-lactams, formagidin(L7), B (18) and C 19)*® and the
topoisomerase 1 inhibitors, topostins 20 and B @1)** have been isolated from Flexibacter
strains. The preceding compounds were all isoldigihg the “antibiotics golden age”. In
recent times, Bacteroidetes strains of the marniccahave been investigated for the emission
of volatile methyl ketones whose structures wetakgished by retrosynthests The most
recent investigation of secondary metabolites isf pfnylum is the isolation of the polyketide-
derived anti-Gram-positive antibiotic class, eldiso Al/A2* (22/23*) macrolide

atropisomers and elansolid A24j a quinonone methide frorlexibacter sanct®*’

a
species recently reclassified @hitinophaga sancft® Biological screening of extracts from
non-myxobacterial gliding bacteria from the strawllection at the Helmholtz Centre for

Infection Research (HZI) continues to show prongsiesults for antinfectives.
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Figure 3. Bioactive secondary metabolites from the phylumtBaxdetes.
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1.2.2 Myxobacteria — an established source of natalrproducts

Myxobacteria are Gram-negatigeproteobacteria characterized by their gliding itgtand
unusual formation of fruiting bodies upon starvatidhey are found in diverse habitats
including soil, bark of trees, decaying plant maerdung of herbivores and marine
shores'”™ Their taxonomy is dependent mainly on the morpiiplof vegetative cells,
swarms, fruiting bodies, myxospores and currerilp &y phylogeny of the 16S rDNA.AIl
known myxobacteria are grouped in the orb¥erxococcaleswhich is further divided into

three suborder§orangiineagCystobacteraceaandNannocystineaéFigure 4)>?

Systematics of myxobacteria

Myxococcales
Sorangiineae Nannocystineae

Polyangiaceae .
Nannocystaceae Haliangiaceae

‘ Polyangium }——‘ Byssophaga ‘
‘ Nannocystis ’——' P/esiocystis‘

‘ Chondromyces } } Haploangium ‘
Kofleriaceae
Jahnia }__‘ Sorangium ‘ J
Kofleria
Cystobacteraceae
‘ Cystobacteraceae | Myxococcaceae
|
‘ Cystobacter }——‘ Anaeromyxobacter‘ Myxococcus Corallococcus
‘ Archangium | | Hyalangium ‘ Pyxicoccus
‘ Melittangium }__‘ Stigmatella ‘
Figure 4. Systematic of myxobacteria, adapted from Bergey'sandval of Systematic

Bacteriology??
After more than 30 years of research on the secgndatabolism of myxobacteria, at least
120 unique basic structures and more than 800 ateres have been characterized.
Unquestionably, myxobacteria have therefore betabkshed as source of novel bio-actives

joining the ranks of actinomycete8acillus species, pseudomonads and fuigf The
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compounds have diverse ranges of biological ams/gpanning across most of the infectious
pathogens including viruses, bacteria, fungi amdgaoa in addition to cytotoxicities. Most of
the activities are, however, against fungi and drétat 54 % and 29 %, respectively,

supposedly due to the competitive pressure atahea myxobacteria biotopa.

Many myxobacterial compounds display unique stmattteatures that were unknown at the
time of their discoveries. Additionally, the compais often exhibit novel modes of action
when compared to other microbial compourid$hese findings are appealing and therefore
reinforce more research efforts into myxobacteseondary metabolites for lead compounds
in drug discovery. A few selected examples of stmat diversity of some lead compounds
are shown in Figure 5. Ixemprgixabepilone), a semi-synthetic amide derivativettee
lactone epothilone B2H) is indeed in clinical use as an anti-breast cadogg. Epothilone B
(25 was isolated fromSorangium cellulosumand interacts with the cytoskeleton of
eukaryotic cells by binding to R-tubulin inducingcnotubule polymerizatiof® The resulting
suppression of microtubule dynamics leads to thiesarof the cell cycle at the G2/M
transition that finally induces apoptosisContrary to epothilones mode of action, tubulysin
(26) isolated from the myxobacteriunrArchangium gephyraacts by depolymerizing
microtubules which also induces mitotic arrest findlly leads to apoptosi&:>*Tubulysin A
(26) is a potential anticancer and antiangiogenic ktadcture® Other potential drug leads
against cancer are argyri7®* which is a proteasome inhibitor acting via the oum
suppressor protein p¥7and the recent disorazol 28) a highly cytotoxic macrodilactone
that is in preclinical development (AEterna Zergprias an agent inhibiting tubulin

polymerization in cancer cell lin&%*

The antifungals whose modes of action have beemacteized include the quinolone

aurachin 29)°® and myxothiazol 30),°%¢’

that act by inhibiting the electron flow withineh
mitochondrial respiratory chain and —further soapl 31), a macrolactone that exhibits a
remarkable broad-spectrum of anti-fungal activiijucidation of the mode of action revealed
that 31 inhibited the growth of yeasts and molds by selebt targeting the fungal acetyl-
CoA carboxylase (ACC). Consequently, there were ceded efforts that included
cooperation with Ciba-Geigy (currently Norvatis) tevelop 31 as a plant protective
agent®®®® However, further development was stopped duertidgenic effects observed in

rat experiments. Nevertheless, the novelty of tlegenof action has been used in recent
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studies to show that small-molecule inhibitors oiman ACCs have potential in the treatment
of both the metabolic syndroffeand cancef*

Many myxobacterial compounds have been isolated éxhibit antibacterial activity.
However, only few have been characterized for theades of action as lead structures. The
most recent promising lead compound is carolac{8@¥? a biofilm inhibitor that acts by
disturbing membrane integrity and cell division Btreptococcus mutanghrough the

475 35 well as

serine/threonine protein kinase, PkfBOthers include sorangicin A3%),
myxopyronin B 84),”® corallopyroniri’ and ripostatiff all of which bind to two different
sites at the bacterial RNA polymerase (RNAP), ampadrtant target in the treatment of
tuberculosis. The activity and mode of actior88fs similar to rifampicin, though it sustains
some viability against rifampicin resistant mutarisgood drug candidate should be better
than the existing drug and in this c&kis superior. A detailed binding study 4 identified
the switch region of RNAP as novel antibiotic tarfeHowever, recently microbiologists at
Cubist Pharmaceuticals evaluated the activity3éfand concluded that it is not a viable
starting point for antibiotic development becausa digh serum protein binding and a high

resistance rate b§. aureus?
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Figure 5. Epothilon B 25) and selected lead structures of myxobacteriadrsgry metabolites
displaying their structural diversity.

1.3 Isolation and structure determination of organc compounds

Isolating natural products and determining theiunures used to be a daunting task in earlier
times. The only tools available for early chemistzre purification by distillation for liquids
and recrystallization for solids. In recent timasyesurgence of interest in natural product
research has seen an outstanding development inatbas of separation science,

spectroscopic techniques, and microplate-baseaiseftisitiven vitro assay&® The new high-
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tech chromatographic techniques make the isolgirogess relatively easy and faster while
the modern spectroscopic techniques allow structetermination to be achieved in days to a

few weeks depending on the complexity of the complou
1.3.1 Extraction and isolation

The producer strains are cultivated under optimzaaditions in shake flasks or bioreactors
to produce the target secondary metabolites. Tindecextracts are recovered by either liquid-
liquid extraction of the fermentation broth with anganic solvent or by eluting with an
organic solvent from an adsorbent resin like XADth&t had been used during fermentation.
Most products from gliding bacteria adsorb to XAB-fiesin that is quite efficient since it
eliminates the end-product inhibition. The crud&aot contains a cocktail of compounds that
makes it difficult to apply a single method of seten to isolate an individual compound.
However, initial stages of compound enrichment wouhclude liquid- liquid phase
partitioning exploiting the polarity of target comymds. A good isolation protocol is designed
based on the features of the target molecule thatldvinclude solubility, acid-base
properties, charge, stability and molecular weigbhromatographic techniques employed
may include high performance liquid chromatograpHi?LC), high-performance thin layer
chromatography (HPTLC), silica gel flash chromasqmiry, solid-phase extraction, size
exclusion chromatography on Sephadex LH-20, meguessure liquid chromatography
(MPLC) or vacuum liquid chromatography (VLC) amoathers. Compounds from highly
enriched fractions can be purified by recrystatl@a or by use of preparative HPLC or

preparative silica gel flash chromatography.
1.3.2 Mass spectrometry and NMR spectroscopy forrsicture elucidation

The modern hyphenated ultra-high pressure liquicdbrolatography high resolution electro
spray ionization mass spectrometry (UHPLC-HRESIM8)ws the determination of the
precise molecular mass and molecular formula akasghe UV/vis absorption spectrum of a
compound. Only very small samples are injectechaihstrument. In the ion source of the
MS instrument the analytes are vaporized by spgagind ionized by removal or addition of a
proton or buffer ion from or to each molecule unkigh voltage. The resulting molecular ion
is recorded as a mass to charge ratlowhen it is passed through a magnetic field. Begaus

the charge on essentially all the ions that arerded in the positive ionization mode is

11
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usually +1,m/zis taken to be the mass)(of the ion, from which e.g. the molecular mass of

the analyte can be calculated.
1.3.3 Structure determination of organic compounds

Structural assignment of natural products is maadizieved by either structural elucidation
by high resolution mass spectrometry (HRMS) comibimgth nuclear magnetic resonance
(NMR) spectroscopy or by X-ray crystallography. Tlader method is the “holy grail” for
absolute molecular structural details if X-ray able mono-crystals are obtained. This is
however rare in natural product isolations and thesmost widely used method for structural
characterization is the integrated HRMS/NMR spesctiopic method.

NMR spectroscopy has been an indispensable todghéostructure determination of organic
molecules since the early 1968sThe older spectroscopies with low field strengtere
relatively insensitive performing simple experimenOver the last couple of years, NMR
technology improvement has been impressive. Thereour state-of-the-art NMR
spectrometers have superconducting cryogenic pnebds, superconducting cryogenic high-
field magnets (up to 1000 MHz) and smaller sampkimes with enhanced sensitivity.
Additionally, the new NMR hardware enables liquidramatography coupled NMR (LC-
NMR) that offers the advantage of faster derepbeatn high throughput screening (HTS)
and structural elucidation of compounds from croetures at nano-mole scatée®

Basically, NMR spectroscopy is a physical phenomeanowhich atomic nuclei in a magnetic
field absorb and re-emit electromagnetic radiatabre specific resonance frequency. The
frequency is directly proportional to the magnéiedd strength and the magnetic properties of
the isotope of the atoms. The most common studietenare thetH, *3C and™N isotopes.
The experiments involve the alignment of the atomiclear spins in an applied magnetic
field and sequential perturbation of the alignemsby a magnetic pulse radio frequency that

causes chemical shifts recorded in Hz or partsmpkion (ppm).

Structural elucidation begins with the determinataf the molecular formula predicted by

HRESIMS. From the molecular formula, the numbedafible bonds and rings are calculated

using the double bond equivalence (DBE) formula DB GH,O:Ng, ¥2 [(2a + 2) — (b-d)]].

The functional groups are then determined fromdhemical shifts of the 1BH and*°C

NMR spectra in combination with the informationfrdR- and UV/vis spectra. Structural
12
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parts of the compound are then assembled usingmaton from both the 1D and the 2D
NMR experiments. A systematic method would inifialtvolve identification of each proton
directly bound to carbondX;c) by using heteronuclear multiple quantum coheréhd¢QC)
spectroscopy or the phase sensitive heteronuclemlesquantum coherence (HSQC)
spectroscopy. Additionally, HSQC provides inforroation the multiplicity of carbons,
information that can also be obtained from attacpexton transfer (APT) or distortionless
enhancement by polarization transfer (DEPT) expems The H'H correlation
spectroscopy (COSY) experiments identify structénayments of adjacent protons by bond-
coupling of vicinal, geminal or distant (up to 5nos) protons. A 2D TOCSY (total
correlation spectroscopy) experiment is used t@asal protons within a spin system. It is
mostly used in the analysis of peptides or polylsagdes where key COSY cross-peaks often
are obscured. Finally, when all possible fragmehtsse been assigned, the overall
connectivity is established through a heteronucleartiple-bond correlation (HMBC)
experiment. HMBC is useful in revealing correlagoirough intervening heteroatoms and
guarternary carbons by long-range interactions twtelate protons with more distant

carbon$® A summary of the above NMR experiments is foundiable 1%’
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Table 1 Overview of the basic NMR experiments used faratire elucidatiofi!

Abbreviation Experiment Purpose Comment Enhanced Expéments
APT attached proton test 1D inverse techniquecludes signals for quaternaryDEPTQ
for °C multiplicity carbons
DEPT distortionless 1D inverse technique standard diverse
enhancement by for *C multiplicity
polarization transfer
HMQC heteronuclear 2D inverse H,C decoupledC NMR spectrum diverse, better HSQC
multiple  quantum correlation
coherence
HSQC heteronuclear single2D inverse H,C phase-sensitive gradient-gs-HSQC, E-HSQC
guantum coherence correlation selected version
Cosy correlation 2D spin  coupling most important 2D NMR Long-Range Cosy,
spectroscopy nuclei experiment: possible nucléH, COSY-45, E.COSY
19~ 31
F,>P
TOCSY total correlation 2D  correlations  of also called HOHAHA, used for gs-TOCSY,
spectroscopy protons in one spin- peptides and oligosaccharides gs- SELTOCSY,
system
HMBC heteronuclear 2D long-range H,C 2J(C,H) and®J(C,H) coupling gs-HMBC, ACCORD-
multiple bond correlation HMBC
correlation
NOESY nuclear Overhauser2D dipolar cross- assignment of conformationsgs-NOESY,
enhancement relaxation of nuclei in and tertiary structures of e.g.(3D): HN-NOESY-
spectroscopy close spatial peptides or proteins HSQC, HC-NOESY-
relationship HSQC
ROESY rotating frame 2D  dipolar cross- also called CAMELSPIN,
Overhauser relaxation of nuclei in shorter time compared to
enhancement close spatial NOESY, also applied for molar
spectroscopy relationship mass of 1000-3000
HETLOC heteronuclear long 2D determination of low sensitivity, overlapping PS-HMBC, J-HMBC,
range coupling long-range C,H spin signals and coupling constantHHSQC-TOCSY,
coupling constants of the same spin system,HSQMBC
enhanced versions
1.4  Stereochemistry of natural products

1.4.1 The biological importance of chirality

Most of the drugs derived from natural productsar&ined as single enantiomer rather than

as a racemic mixture. This is because most of thkecules that make up plants and animals

are chiral i.e all the naturally occurring 20 amiacids except glycine are left handed (L-

amino acids), whereas all the natural sugars ajet manded (D-sugars). The origin of

biological properties relating to chirality is liked to the specificity of our hands for their

respective gloves; the binding specificity for arahmolecule at a chiral receptor is only

favorable in one way. If either the molecule or thielogical receptor site had the wrong

handedness, the intended physiological respons@atibccuf®.
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Pure natural products are usually recovered inficgant amounts for drug development. The
synthesis of sufficient analogous bioactive natwampounds or modifications thereof
requires the consideration of the arrangementstahs in space. However, until recently
most pure synthetic drugs with few exceptions werepared, sold and administered as
racemic mixtures even though the desired therapediivity resided in only one of the
enantiomers. An example is in the enantiomeric un&f the R)-ibuprofen B5), which is
inactive and the §)-ibuprofen 86) (Figure 6), the active ingredient of pain relie
Fortunately, the R)-enantiomer 35 is convertedin-vivo to the active 9-form

enzymatically by the isomerase, alpha-methyl Coenaasé?*°

O O

OH OH

35 36
Figure 6. The mirror images of the inactivB)(ibuprofen 85) and the active (S)-forn36.

A deleterious consequence of using chiral drugsramemic mixtures is illustrated by
thalidomide that was administered to alleviategidaptoms of morning sickness in pregnant
women between 1958 and 1962. Teratogenic effegtsviimg shortened or absent limbs in
babies whose mothers had used the drug were obsérvhe drug was sold in more than 40
countries and approximately 10,000 births affeéfe@he sleep-inducing properties are
associated with theé_j-thalidomide 87) whereas theS)-thalidomide 88) enantiomer (Figure
7) was teratogenic. The two enantiomers are intefexaible under physiological conditions.
Although thalidomide is no longer prescribed to vemmwho are pregnant, or who may

become pregnant, it is used in the treatment abpand multiple myelom&:**

@) O
H\ H,
0 < - 0
:(N_jz\N;jg N N
H O H
O 4 O
37 38

Figure 7. The mirror images of the sleep-inducii®)-thalidomide 87) and the teratogenicSy-

thalidomide 88).
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1.4.2 Assignment of the relative and absolute steayehemistry

Determination of both the relative and absolutefigomnation of compounds is a pre-requisite
in drug discovery. Good quality mono-crystals ofcampound would be ideal for the

assignment of the stereochemistry by X-ray crystafiphy. Sadly, they are hardly produced
for natural products where yields of pure substarmze mostly low. NMR therefore became a
practical alternative to X-ray diffraction for bogtructure elucidation and determination of

the 3-D conformations of natural products.

The 2D NMR experiments NOESY (nuclear Overhausdrarcement spectroscopy) and
ROESY (rotating frame Overhauser enhancement gysecpy) provide information about
the dipolar cross-relaxation of protons with clepatial relationships. This is achieved by
selectively irradiating certain resonances whicleffect increases the intensity of spatially
proximal resonances. The cross peak intensities/daet the two spectra are inversely
proportional to the sixth power of the distanceasapng the interacting protons and are
therefore used in the assignment of relative coméiions’™ The intensity of NOE
correlations is heavily influenced by molecular grei and the choice of mixing tinfé.
Conformational analysis of the direct correlatidrdinedral angles of protons corresponding
to their vicinal 3Jy coupling constantsvas first described by Karpld$.These vicinal
couplings are well suited to the identification &f2—stereochemical relationships in
cyclohexanes, olefins, and cyclopropanes. The pfptoton coupling constants are extracted
directly from the first-order multiplets. Howevewhen the spectral overlap or strongly
coupled spectra preclude direct extraction, thepkst solution is to obtain 1EH NMR
spectra in different solvents or to use J-resoled additionally gives coupling constant of
the overlapping signals. Another alternative woblkl to use 1D-TOCSY to selectively

irradiate a clearly resolved proton that lies ie §ame spin system as an obscured®®ne.

The stereochemistry of many acyclic chains for Whily y and NOE measurements alone are
inconclusive, proton-carbor\Jc 1) coupling constants can be used. Geminal coup(fidgs)

are usually negative, whereas vicinal couplingk ) are usually positivé’ The ¢3Jcp)
values are measured using 2D HETLOC (hetero hidiéid TOCSY) or PS-HMBC (phase
sensitive HMBC) NMR pulse sequences. Additionalhg relative geometries of unknown
compounds can also be found by comparing'thand**C NMR chemical shifts with model
compounds of defined stereochemisfy.However, complex structures with no close
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relatives in the universal NMR database (UDB) carabalysed by molecular modeling using
computer software that apply quantum mechanics altuating NMR parameters e.g
HyperChem. Briefly, the conformational search aedrgetry optimization of all significant
conformers of each stereoisomer is carried out topigcal methods such as molecular
mechanics (MM) or on the semi empirical level (PM&)Jowed by a quantum mechanical
(QM) method for optimization. ThiH and**C NMR chemical shifts are thereafter calculated

for each stereoisomer and compared with the exjeertahdatd®*

Several approaches are employed in determiningabis®lute stereochemistry of natural
products. A common approach is the degradation ¢ @f chemical reactions such as
ozonolysis, hydrolysis or olefin metathesis. Theuteng degradation products are then
compared to their corresponding enantiomers byathtPLC or GC chromatography, a
method commonly used for the amino acid analysisr afydrolysis of peptide¥?'%The
derivatization of chiral alcohols and amines usiMpsher’'s reagent,a-methoxye-
trifluoromethylo-phenylacetic acid (MTPA) or MTPA-CI is the most dely used
method*®*'% The compound is derivatized with both tH®)-(and ©-enantiomers of the
MTPA acid or MTPA-CI to give diastereomers. The&itbents of the MTPA ester shields or
deshields the NMR signals of the neighboring pretoaxt to the MTPA ester as shown in
Figure 8. The shift differencess " of these protons in the two distereomers are ket by
subtracting the chemical shif of the R)-MTPA ester derivative from the chemical shift

of the ©-MTPA ester derivative. The resultings>" values (+/-) of the protons are
interpreted to give the configurational assignmaaded on the chiral center of the auxiliary
(Figure 8 ¢ and d)° It is important to note that upon conversion oé tMTPA acid to
MTPA-acid chloride, the relative priority of the dawsubstituents is switched, i.e. the
trifluoromethyl group (CBE) is higher in priority than the carboxyl group (O8) in the acid
or ester, but lower than the chloro-carbonyl gr¢G@CI) in the acid chloride. Thus, tie
enantiomer of the Mosher acid chlorid®-(+)-MTPA-CI ) gives rise to the§-MTPA esters

and vice versd®’
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Mosher model of theR)-MTPA ester (a) andS-MTPA ester (b) of an alcohol and the

interpretation of the observew*® values of protons for both possible configurati¢ns

and d)'%
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1.5 Outline of this work

The overall goal of the work described in this thesas to isolate new biologically active
secondary metabolites from gliding bacteria andidate their structures since new bioactive
compound scaffolds have the potential of becomiegd| structures for drugs against
infectious diseases. Screening for biological dtiy against a panel of pathogenic bacteria
and fungi with the crude methanol extracts of ttrais collection at Helmholtz Centre for
Infection Research (HZI) led to the selection of Bacteroidete®htaekwangia kribbensis
strain PWU 25 and the MyxobacteHgalangium minutunstrains NOCB-2 and Hym 3. The
raw extract of PWU 25 was found to inhibit growthMucor himalis Sacharomyces pombe
Nocardia flava, Micrococcus luteuend Staphylococcus aureuSimilarly, evaluation of the
crude extracts of thél. minutumstrains exhibited bioactivities again@hromobaterium

violaceum, S. aureusndN. flava.

The work in this thesis presents the processeasiviad in the identification of the bioactive
compounds in crude bacterial extracts and theintesat isolation and characterization. The
raw extracts from shake flasks cultivation wereticnated by HPLC into 96 well plates for
peak-biological activity correlation and dereplioat by HPLC-UV-MS for peak-UV
spectrum and peak-molecular mass correlations.eSnth O. kribbensisand H. minutum
strains were found to produce new compounds, lscgée fermentations were performed and
the crude extracts eluted in methanol. Compounthtisos were carried out using several
separation techniques and the structures of pdrd@mpounds elucidated by a combination
of the molecular formulae derived from HRESIMS etated to the UV/Vis spectral data and
NMR spectroscopic data. The relative stereocheresstf the metabolites were determined
from both the proton-proton coupling constants &min ROESY spectral data whereas

structures of crystalline compounds were determiel-ray crystallography.

Finally, biological activities of the pure compousndvere evaluated against pathogenic
bacteria and fungi available at HZI. Additionallghere compound amounts were not
limiting, cytotoxicity and anti-parasitic tests wealso performed in collaboration with the
laboratories of Dr. F. Sasse (HZI) and Prof. DrtoRgrun of the Swiss Tropical and Public

Health Institute, respectively.
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2 Results
2.1  Marinoquinolines A — F, pyrroloquinolines fromthe bacterium

2.1.1 Strain selection and isolation of marinoquinilnes A —F

Strain PWU 25 was selected among other straingh@production of bioactivity against the
filamentous fungudlucor himalisand the fission yeaSacharomyces pombAdditionally,
the crude extract exhibited activities against Gam-positive bacteridNocardia flava

Micrococcus luteusndStaphylococcus aureus

Taxonomic studies (Dr. Kathrin Mohr) indicated str®WU 25 cells to be Gram-negative,
aerobic, non-flagellated, non-spore former andstoabed. The cells measured 0.2 -0.5 um in
diameter and 1.5-7.0 um long. The strain growsnogity at 30°C and pH 6.8-7.2. Colonies
on agar plate appear in deep yellow colour with gmnous shape (Figure 9). A 16S rDNA
analysis identified PWU 25 at 99.9 % similarity ttee recently describe@htaekwangia
kribbensis:*®

Figure 9. Colony of PWU 25 on agar plate; panel A and thestatiye cells; panel B.

O. kribbensis strain PWU 25 was optimized for large scale fertagon in a medium
containing skimmed milk, defatted soy flour, yeastract, starch, MgSf) Fe-EDTA, and
glycerol. A 70 L batch fermentation was performadthe presence of Amberlite XAD-16
adsorber resin for production of the metabolitegnflentation details are explained in the
experimental section). The resin was harvestedidéying and eluted with methanol and
acetone. Subsequently, a methambkptane liquid-liquid partitioning was performed t
enrich the active metabolites in methanol. An igofa strategy was developed that
incorporated acid/base extraction, size exclusibrornatography (Sephadex LH-20), and
final purification by preparative RP HPLC (Figur@)1Finally the major-compoun@b could

be crystallized.
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PWU 25
1924 g XAD

H Elution with methanol
and acetone

Acetone

‘ MeOH

Results

PWU 2 PWU 1
7.08 g 1041 g
MeOH/Heptan
partition
[ \
PWUL.1 PWU 1.2
920 mg Hept. 9.25 g MeOH
Acid/Base
partition
[
PWU 3.1 PWU‘ 3.2
basic compounds acidic and neutral compounds
692 mg 29¢
Sephadex LH-20 I
PWU 4.1 PWU 4.2
Crystallization in Fraction with major product Byproduct of
acetone/petro ether (1:1) (marinoquinoline A) other fractions
119.2 mg ‘
RP-HPLC
\ \ \ | |
PWU 5.1 PWU 5.2 PWU 5.3 PWU 5.4 PWU 5.5 PWU 5.6
62.5 mg 14.5 mg 7.5 mg 23 mg 153 mg 3mg

1D

Analytical HPLC, IR,
UV-UHRESIMS and
and 2D NMR experiments

Marinoquinoline A
m/z 183.0919

Marinoquinoline B
m/z 225.1395

Marinoquinoline C
m/z 259.1256

Marinoquinoline D
m/z 275.1187

Marinoquinoline E
m/z 284.3526

Marinoquinoline F
m/z 312.1138

Figure 10.

Isolation of marinoquinolines A — B$44) from XAD-16 adsorber resin of a 70 L
fermentation of strain PWU 25.
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2.1.2  Structure elucidation of marinoquinolines A -F (39-44)

The crude extract was fractionated by RP HPLC ®@6avell micro-titre plate and each
fraction tested again. luteus.The growth inhibitions were correlated to two peaksnajor
peak39 atR; 8.2 with a HRESIMS molecular ion at/z183.0919 [M + H] and a minor peak
41 atRt15.4 min with a HRESIMS molecular ionmatz259.1236 [M + H] (Figure 11).

mAll 38

300 -} ||

260 || 40

200 II r 42 41

]". | | |'|

50 | ,r"L.'I l.,,, u Iu I i | Ilp” |I|_

I e d L

- ' ' ' P ' ' 20 Min

Figure 11. HPLC fractionation of the crude extract of strédvU 25. Peaks 39 and 41 were

correlated to the growth inhibition M. luteus.

HRESIMS and isotopic pattern analysis of the pseudtecular ion peak an/z 183.0919
[M+H] ™ (calcd. for GoH1gN,, 183.0922) was consistent with the molecular fdan@isH1oN
for the main produc89, which allowed the identification of two possibleusttures using the
DNP data base, i.e. marinoquinoline 89( and the pyridoindole isomer harmads) '
Since39 has previously been isolated from the marine barteRapidithrix thailandica'®
and characterized solely by X-ray analysisthe structural details were elucidated by IR, UV
and a series of 1D'{, *C, DEPT) and 2D (COSY, ROESY, HMQC, HMBC) NMR
experiments in acetord®- (Table 2). The presence of an NH group was dedérced the
characteristic IR absorption bandvatx 3442 cni' in potassium bromide. The UV spectrum
of 39 with Amax 239, 300, 312, and 326 nm was compatible withtarbaromatic compound,

which was also suggested by the nine calculatelddaond equivalents.

The*C NMR spectrum showed signals of twelve carbon atand all carbon-bound proton
signals were correlated with their correspondintpea signals from afH,"*C HMQC NMR
spectrum. The remaining NH proton was detected@®ad singlet aby = 11.12 ppm while
the methyl group C-10 appeared as a singléyat 2.83 ppm, typical of aromatic methyl
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groups. ThéH,"H COSY NMR spectrum indicated the presence of fsomatic protons (H-
6 to H-9) in anortho-disubstituted ring and of a pair of aromatic prtqH-4 and H-5) ,
which was completed by the quaternary carbons @8laC-5b (Figure 12).

'H,'H cosy
Vi A !H,H ROESY
7 N\ 1,13
q ¢ 'HCHMBC

Figure 12. Selected 2D NMR correlations of marinoquinoling38)

Carbon C-9a was identified from strofid,"*C HMBC correlations with H-6 and H-8 while
C-5b was assigned from HMBC correlations with H-B,and -9. Similarly, the HMBC
correlations of the quaternary carbon atoms C-3h@2a each with H-4 and H-5 allowed
the assignment of the pyrrole ring in metaboB8& The assignment was supported by the
small vicinal coupling of 2.8 Hz between H-4 ancbHnd by the observation of their direct
'H,%C coupling constant§)c = 173 and 184 Hz, respectively, which are charistie of

pyrrole systems lik89.*2

Another HMBC correlation of C-5a with H-6 and thelyyNOE of 39 between H-5 and H-6
indicated the connection of the aromatic rings.uftHer correlation of C-2a with H-10 and
the single HMBC correlation of C-2 with the metlpybtons H-10 were only consistent with
the position of the methyl group at C-2. In parecuthe absence of any further correlations
of the methyl group bearing C-2 is only compatiwiéh the isomer marinoquinoline A39).
(Table 2). Finally,39 could be crystallized from acetone/petrol ethed 1o give crystals

suitable for the replication of the X-ray analysikanjana-Opast al*(Figure 13 and 14).
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m}&s

N1 ;

>. f‘._\{i‘l

co C1 c10

/ \‘\ / \sz

Figure 13. X-ray crystal structure of marinoquinoline 39).

Crystal data:

Empirical formula GzH10N2 Crystal size 0.37 x 0.23 x 0.13 Mim
Formula weight 182.22 Volume 1867.79(14) A
Temperature 153(2) K Density (calculated) 1.296 Mgfm
Wavelength 0.71073A Colourless needles

45 46

Figure 14. Marinoquinolines A — F39 —44), the isomers, harmand) and pityriacitrin 46).
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HRESIMS analysis of marinoquinoline BQ) displayed a molecular ion [M+H]at m/z
225.1382 consistent with the molecular formulgHzeN,. Similar to 39 and all further
marinoquinolines théH,'H COSY and'H,**C HMQC and HMBC correlations indicated the
pyrroloquinoline core structure. Two new methylgrsignals 12-gland 13-H, overlapping
as an aliphatic doublet &t = 1.00 ppm, and a multiplet of a methine H-1Dat 2.44 ppm
were observed in théH NMR spectrum of40. According to the COSY and HMBC
correlations between C-10 and H-12, H-13, and HkeY constitute an isopropyl side chain
that replaces the methyl group 83 in marinoquinoline B40). The connection of the side
chain was confirmed by the HMBC correlation of @42h H-10 and H-11(Table 2).

The molecular formula gH14N, was indicated from the [M+HJion atm/z259.1236 in the
HRESIMS analysis of marinoquinoline @1j. Besides the pyrroloquinoline core structure in
41 (Table 3) all further carbon-bound proton signalshe novel phenyl ring il were
correlated with their corresponding carbon sigfiam a'H,**C HMQC NMR spectrum. The
additional phenyl ring was assigned from th&'H COSY correlations of the aromatic
protons and from the HMBC correlations observed.detween C-6" and H-4" and H-2" or
between C-1" and H-5" and H-3".

Curiously, no HMBC correlations were observed witle methylene group C-7" initially,
though this remained as the only perfect link tmptete structurdl. However, during NMR
measurements the protons at C-7" had been exchaggawst deuterium from the acetate-
solvent. Consequently, the singlet signal of methglgroup C-77, in the beginning observed
in a*H NMR spectrum was no longer present during latéiR\experimentsThe unexpected
H/D exchange was verified by HRESIMS of the deugtanolecular ion [gH1,N.D, + H]

at m/z 261.1351. The H/D exchange with the solvent canekplained by keto-enol
tautomerism of acetond; providing deuterium ions. The enolization probablys catalyzed
by the basic alkaloidll itself. In 41 H/D exchange at the methylene group bridging both
aromatic systems was reversible. Similar H/D charigere been observed on aromatic rings
during APCI LC/MS*3 and are also used as a method in probing pramifiormational

changes in solutidh*and for peptide identification and mapping in msgsctrometry®

HRESIMS analysis of marinoquinoline 232) revealed a [M+H]ion atm/z275.1180 with
the elemental formula gH14N2O indicating an additional oxygen atom compared4io

Unlike 3, marinoquinoline D 42) was only poorly soluble in acetone. Hence its NbtRa
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were collected in methandl: (Table 3). All carbon-bound proton signals in tieavp-phenol
unit were correlated with their corresponding cartsignals from aH,"*C HMQC NMR
spectrum. The phenol carbon atom (C-4"pat 157.6 ppm provided HMBC correlations
with the overlapping signals of H-5/H-3" and H¥2-6" and allowed the assignment of the
phenol unit. The signal of the bridging methylemeup C-7" was detected as a singlebat
4.60 ppm. A HMBC correlation of C-7"with H-2" and@1 and the only HMBC correlation of
C-2 with H-7" in42 indicated the direct connection to the marinoglim@ocore structure.

Similar to41 a slow H/D exchange of the methylene protons k42 was observed.

The [M+H]" ion of marinoquinoline E43) (CigH1aN3) appeared am/z 284.1182 in the
HRESIMS analysis. Again the NMR spectra showed ghesence of the pyrroloquinoline
core structure (Table 4). However, the otherwigghéi order multiplet of H-7 and H-8 was
separated i3, due to the enlarged conjugated system. The latéex assigned from the
COSY correlations from H-4" to H-7" and the HMBQretations observed between C-7" and
H-2", -4’and -6", and between C-3"a and H-2", risl &".

The most complex of the hitherto knowin kribbensignetabolites is marinoquinoline E4).
HRESIMS analysis ofi4 revealed a molecular ion peak [M+Hjt m/z312.1138 consistent
with the molecular formula £gH13N30. Thus44 contain an additional CO group compared to
43, In theH NMR spectrum several signals were overlappingigtly complex due to the
second-order multiplets of H-6 to H-9 and H-4" te7H respectively. Nevertheless, the
pyrroloquinoline core structure iwas easily recognized in the NMR data (Table 4yal

as an indole moiety from correlations, which werilar to those described above #43.
The additional carbonyl carbon C-8" was detectelt at189.0 ppm, a shift characteristic for
a ketone. Reliable HMBC correlations of the ketoagbon were not detected. However, its
only possible position was the bridge between lathmatic systems. Advantageously, in
addition to the NOE between protons H-5 and H-6jctwhwvas previously observed in
marinoquinoline A 89), a weaker correlation between H-9 and H-2" waedaled in the
ROESY spectrum of marinoquinoline &#4. Consistent with these NOESs, the distances of H-
5 to H-6 and H-9 to H-2" were 2.50 and 3.33 A, eesipely, in a PM 3 generated model of
44 [HyperChem Ver. 8. (PM3 Optimization)] (Figure 1BJoticeably, the singlet of the 2"-H

proton was shifted about 1.4 ppm down-fielddte 9.7 ppm. This de-shielding can also be
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explained from the nearly planar keto-indole pahnich brings the indole methine H-2" into

the region affected by the carbonyl anisotroify.

Figure 15. 3D model of marinoquinoline B4) [HyperChem Ver. 8. (PM3 Optimization)].

Marinoquinoline F 44) is closely related to the isomer pityriacitr¢bj, a potent UV filtering

117118

compound featuring a core structure derived frommiaa @5) which wasproduced by

the yeastMalassezia furfur. The indole ketone moiety was present in both.ggqoently,
comparison of théH and**C NMR data of44 and46 in deuterated acetonitrile showed a high

similarity of the indole signals (Table 5).
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Table 2.NMR Data of Marinoquinoline A39) and B 40) in acetoneds.

3¢ 40
[e]

CH &, m@inHz) & ('jxi(l:n H2) S, m @ in Hz) 3 ('jx'i(l:n H2)
2 146.92, qC 10 149.99,qC 10
2a 129.89, qC4, 5, 10 129.69, qC 4,5, 10,
NH 11.12, br.s 11.16, br. s
4  7.57,d(2.8) 127.11, CH (184 Hz) 7.57,d (2.9) 127.05, CH 5 (184 Hz)
5 7.12,d(2.8) 102.04, CH (173 Hz) 7.12,d (2.9) 101.87, CH 4 (174 Hz)
5a 128.41, qC4, 5, 6 128.64,qC 4,6>5
5b 124.26,qC7,9 >6 124.01,qC 7,9
6 8.22,dd(7.7,2) 123.77,CB>7 8.23,d (7.7, 1.8) 123.66, CH 8

7 7.48,td (7-8, % 125.71, CH9 (163 Hz) 7.51,td (7-8,2Y  125.63,CH 9
8 7.51,td(7-8, % 126.11, CH6 (163 Hz) 7.51,td(7-8,2  126.05,CH 6

9 7.99,dd(7.7,2) 129.98, CH, 6 8.04,d (7.7, 1.8) 129.87,CH 7

9a 143.89, qC6, 8 >9 143.53,9qC 6, 7/8

10 2.83,s 21.34, CH (120 Hz) 3.08,d (7.3) 43.91, CH 12/13,>11
11 2.44,tspt (7.3,6.8) 29.01,CH 10, 12/13
12 1.00, d (6.8) 22.96, CH 10, 13 >11
13 1.00, d (6.8) 22.96, CH 10,12 >11

&l I8¢ 600/150 MHZz™ *H/AC 600/75 MHz® °C data are given with two digits in
order to discriminate between narrowly separatgdass;'”’ complex first-order multipletd®
HMBC correlations provide the observed protongfiercarbons.
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Table 3. NMR Data of Marinoquinoline C4Q) and D 42).

Results

414 4201
CH &, m@[Hz]) &M HMBC &, m@[Hz]) &L HMBC
2 148.98, gCn.o™ 148.83,qC 7
2a 129.20, qC5 128.76, q€ 4,5
NH 11.15,br.s - 8.44, br. s
4  7.55,d(2.9) 127.47,C13 7.85,d(2.8) 133.21,CH 5
5 7.12,d(2.9) 102.10, CH 7.30,d (3.0) 103.42,CH 4
5a 129.39, CH4 >5, 6 132.87,qC 5,6
5b 124.30, qC7 124.77,qC 9, 7/8
6 8.24,d(6.2) 123.83, CI8 8.12,d (1.0) 124.77,CH 7/8
7  7.51,td (7.3, 2.2)126.06, CH9 7.71, m 127.77,CH 9
8 7.54,td (8.4, 1.8)126.33, CH6 7.71, m 128.67,CH 6
9 8.07,dd (7.7, 1.5130.21, CH7 8.39,d (9.6) 125.32,CH 7/8
9a 143.77, qC6, 8 >9 139.30,qC 6, 7/8
1 139.93, qC3", 5 128.81, q 3,5 >7
2" 7.43,d(8.3,1.3) 129.82,CW,6 7.18,d(8.4) 130.60,CH 7,2 /6
3 7.24,m 129.24, CH’ 6.74,d (8.6) 116.60,CH 5,2/6
4 7.5 m 127.16,CH’, 6" 4.86,s 157.62, CORR'/6", 3'/5°
5 7.24,m 129.24, CH’ 6.74,d (8.6) 116.60,CH 3'/5 >2" /6
6" 7.43,d(8.3,1.3) 129.82,CHI,4" 7.18,d(8.4) 130.60,CH 7,2 /6
7 457,s 40.95,CH2,6" 4.60,s 38.64,CH 2/6

@l'in acetoneds, "H/™C 600/150 MHz® in methanol,, *H/™*C 300/75 MHz®! *°C data are given
with two digits in order to discriminate betweerrnoavly separated signal$! not observed due to
H/D-exchange of 7°-K ©® interchangeable
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Table 4.NMR Data of Marinoquinoline E4@) and F 44) in acetoneds (*H/**C 600/150 MHz).

43 44
1 [d]
C/H &4, m Jin Hz) 5L [;CQT HMBCY &, m@inHz) & ?EA[BHS])
2 14450,qC - 4 143.23,qC
2a 128.04,qC - 4>5 131.43,qC 4,5
NH 10.79, br. & 11.59, br. s -
4 761,d(2.9) 127.50,CH 184 5 7.79, d(2.9) 129.24, CH5
5 7.20,d(2.9) 102.24,CH 174 4 7.25, d(2.9) 101.34, CH (174 Hz)

ba 129.67,qC - 6,4,5
5b 123.72,q€ - 9, 7>@"
6 8.27,dd (8.1, 1.5) 123.71,CH 158"'8
7 7.51,ddd (8.1, 6.9,1.1)25.62, CH 160 9
8 7.57,ddd (8.2,6.9,1.5)26.48,CH 159 6

9 8.17,dd (8.1, 1.1) 129.94,CH 159 7

9a 143.94,qC -  8,6>9
NH 10.95, br. @

2" 8.25,brs 126.91,CH - -

3 115.12,C - 2 >4
3a 127.83,qC - 7,5 >2

4 8.77,d(7.3br) 123.64,CH 164 6 >5
5 7.21,td(7.2,1.0br) 121.17,CH 159 7 >4
6" 7.25,ddd (7.8, 7.1, 0.9)23.43, CH &

77 7.53,d (7.8 br) 112.33,CH 184 5

7
8

‘a 137.93,qC - 4,6,2

128.95,qC 4,5
125.85,qC 7,9

8.39, dd(7.5, 2.0)124.08, CH7,8

7.70, td(6.6, 1.8) 128.38, CH

7.68, td(7.5, 1.8) 127.02, Clg

8.30, dd(7.7, 1.5)131.58, CH7
142.40,qC 6,8

11.24, br. s -

9.70, s 139.19, CH
115.94,qC 2°
128.71,qC 2,5 77

8.65, dd(6.6, 2.5)123.31, CH5',6°

7.29,1d(7.3,1.8) 124.05,CH" 7’

7.31,td(7.5, 1.4) 123.16, CH’

7.60, m 112.89, CHo’
137.14,qC 2°, 4,6
189.01, qC

[l interchangeabl&” C-5b overlapping with C-6 was assigned from straiMBC-correlations with
H-9 and H-7 at this position, which should not besgnt if only carbon-6 was located there. Further
there is a weak correlation with H-6 at this posifiwhich is not possible for C-6 *C data are
given with two digits in order to discriminate be@n narrowly separated signaf$;HMQC and
HMBC spectra with enhancedC resolution;®® quaternary carbons were observed in an Afer
NMR spectrum.
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Table 5. Comparison of the NMR Data of Marinoquinoline E4) and Pityriacitrin 46) in

acetonitrileds;

marinoquinoline F44)™ pityriacitrin 46)™
Atom 3, m (Jin Hz) 5 Atom &, m (Jin Hz) 5
2 14335 1 139.48
2a 131.67 1la 137.09
NH 11.06, br. s 3 8.58, d (4.8) 138.42
4 7.71,m 12954 4 8.27,d (4.8) 118.87
5 7.18,d (2.2) 101.82 4a 132.15
ba 12891 5 8.26, d (7.8) 122.68
5b 126.02 b5a 121.69
6 8.34, m 124.38 6 7.32, m 121.27
7 7.68, m 12891 7 7.62,dd (7.8,7.8) 129.92
8 7.66, t (2.8) 127.61 8 7.77,d (7.8) 113.40
9 8.32, m 131.81 8a 142.40
9a 14264 9 NH 10.96,s
NH 10.13, br. s 1'NH 10.06, s
> 956,d(2.9) 139.84 2 9.40,d (2.9) 138.69
3 115.98 3 115.83
3a 128.71 3'a 128.48
4 858, d(6.6) 12338 4  860,d(6.7) 123.12
5  7.32,td (7.2, 1.5) 12461 5  7.32,m 123.30
6 7.34,1d (7.3, 1.5) 123.76 6 7.32, m 124.20
7 7.59, dd (6.4, 2.0) 113.33 7 7.57,dd (6.7,1.9) 112.94
7a 137.33 7'a 136.93
8 189.60 10 189.39

Bl (*H/"%C 600/75 MHz)™ (*H/**C 400/100 MHZ). 1 °C data are given with two digits in order to
discriminate between narrowly separated signals.

44 46

Figure 16. Marinoquinoline F 44) and its isomer pityriacitrird@).
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2.2  Biological activities of marinoquinolines A —F

2.2.1 Antibacterial and antifungal activities

Testing of marinoquinolines A - RB9 - 44) for antibiotic activity against a broad panel of
bacteria and fungi showed weak activity with minmmunhibition concentration (MIC) of
33.5 ug/mL against some of the strains tested. The ingal&ant43 showed the broadest
activity inhibiting Gram-positive bacteridNfcardia flavaandMicrococcus luteusand three
fungi (Schizosaccharomyces pombe, Mucor hienalidRhodotorula glutiniy followed by
the phenyl derivativd1 with antifungal activity only$. pombendR. glutinig. Both 39 and
44 were active against Gram-negatizecherichia coliandS. pombegrespectively, while the
phenyl variant42 and isopropyl variand0 were not active at 33.pg/mL. The MIC
concentrations tested ranged from 33.5 to 0.05&udfable 6).

Table 6. Antibacterial and antifungal activity of Marindgolines A - F 89 - 44 [MIC, pg/mL].

Pathogen 39 40 41 42 43 44 Ref? Ref”
Bacteria

Chromobacterium violeceun»33.5 >33.5 >33.5 >335 >335 >335 0.21
Escherichia coli 335 >335 >335 >335 >335 33.5 0.83
Micrococcus luteus >33.5 >335 >335 >335 335 >33.50.104
Nocardia flava >33.5 >335 >335 >335 335 >33.5 1.67

Staphylococcus aureus >33.5 >335 >335 >335 >335 >33.50.104
Fungi and yeasts

Candida albicans >33.5 >335 >335 >335 >335 >335 1.67
Mucor hiemalis >335 >335 >335 >335 335 >33.5 1.67
Pichia anomala >33.5 >335 >335 >335 >335 >335 1.67
Rhodotorula glutinis >335 >335 335 >335 335 >335 0.42
Schizosaccharomyces pombe&83.5 >33.5 335 >335 335 335 1.67

[l Oxytetracyclin hydrochloride, (1 mg/mL; 2ul®¥Nystatin (1 mg/mL; 2uL).

2.2.2 Cytotoxic activities

Marinoquinolines A - F39 — 44) were moderately cytotoxic when evaluated agaimstet
growing cancer cell lines, L929, MCF -7, and KB-24id a primary cell line, HUVEC (Table
7). Methanol was used as a negative control. Ete-idole variant4 was the most toxic
followed by the phenyl derivativetl and42, while the isopropyl variardO showed the least

cytotoxicity.*
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Table 7.Cytotoxicity of Marinoquinolines A - F39 — 44)(ICsq in pg/mL).

Compound. L929 MCF-7 KB-3-1 HUVEC

39 5.5 3.5 2.2 15
40 8.0 6.5 5.0 3.6
41 5.4 2.6 2.0 0.55
42 11 3.2 3.2 2.5
43 5.5 1.9 4.5 5.8
44 4.1 1.6 0.3 2.8

2.2.3 Antiparasitic activities

In a screening against tropical parasites (Tablen&)inoquinoline B 40) and F 44) were
identified as the most active structural variantshwiCsy values of 1.8 and 1.7 pM,
respectively, againsP. falciparum However, the 16 values against the cell line L6
indicated a considerable higher cytotoxicity conegato 3H-pyrrolo[2,3c]quinoline (1Gso
173.2 uM)*° All the compounds were inactive when tested agalmgpanosoma brucei

rhodesia Trypanosoma cruandLeishmania donovani

Table 8. Antiprotozoal activity and cytotoxicity of marinamolines A—F 89-44) (ICso uM).

Compound no Trypanosoma brucei.l_ cruzi Leishmania Plasmodium Cytotoxicity
" rhodesia ' donovani falciparum(K1) L6 cells

39 54.4 29.5 >548.8 9.8 30.6

40 45.9 53.1 86.5 1.8 58.7

41 42.2 28.3 58.8 5.5 39.1

42 61.2 27.0 119.9 15.0 66.4

43 51.5 23.6 63.9 7.6 35.6

44 39.0 21.8 16.1 1.7 125

Melarsoprol 0.012

Benznidazole 1.95

Miltefosine 0.386

Chloroquine 0.141

Podophyllotoxin 0.021

2.2.4 Acetylcholine esterase activity

Marinoquinoline A 89) has also been characterized as inhibitor of the acetylcholine

esterase’!
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2.3 Hyaladione, an S-methylcyclohexadiene-dione fromHyalangium minutum

2.3.1 Strain selection and cultivation

The myxobacteriumHyalangium minutuntype strain NOCB-2 was isolated from a soil
sample containing decaying plant material colledtethe mountains of Izu and Manazuru in
Japan as described by Reichenbathal*?*?® The strain was selected because the crude
methanol extract indicated activity against tham@positive bacteri&s. aureus, N. flavand

the Gram-negative bacteriuf@. violaceum Peak activity correlations by fractionation and
bioassays and subsequent initial dereplication with chemical data of hyaladion&7{, a
UV/Vis chromophore atdms ca 360 nm, HRESIMS [M+H] at m/z 203.9882, and
comparison of the HPLC retention tim)(with the in-house Myxobase as well as searches
in the DNP database and Chemical Abstracts onBtebéshed7 to be novel. The strain was

cultivated and maintained in liquid soybean-flouedium. The cells appear orange-brown in

Figure 17. A: Growth of H. minutumstrain NOCB-2 on agar plateB: Cultivation in shake
flasks.

Isolation of47 was achieved by an up-scale fermentation of s(&CB-2". The strain was
inoculated in liquid soybean-flour medium contagmi2% Amberlite XAD-16 adsorber resin
and fermented in a 100 L bioreactor for 7 days. &tisorber resin was recovered from the
culture broth by sieving and the crude extract efased from the resin with methanol. An
isolation strategy was developed involving solveolirent partitioning, silca-gel flash
chromatography, preparative RP MPLC and finallystaifization from acetone to produce
pink needle shaped crystals4¥ (Figure 18).
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NOCB2
1938 ¢ XAD

Elution with
MeOH/Acetone
MeOH

NOCB2 212
34.86 g

MeOH
Heptane
NOCB2 22.1 NOCB2 22.2
1.65 g Heptane. 24.81 g MeOH

Acetone

NOCB2 21.1
Few compounds with
insignificant peaks

EtAc/Water
partition

NOCB2 23.1 NOCB2 23.2
8.33 g EtAc 16.48 g Water

29
| Si-Flash ‘
NOCB2 24.1 NOCB2 24.2
338 mg other fractions
RP-

MPLC

NOCB2 25.1 NOCB2 25.2
98.6 mg Fatty acids

Crystallization in
acetone

NOCB2 26.1
23.6 mg of
crystals
[

X-ray crystallography

2-amino-3-chloro-5-(methylsulfanyl)cyclohexa-2,5-diene-1,4-dione
(hyaladione)

Figure 18. Isolation of hyaladione from XAD-16 resin recowéreom a 100 L fermentation of
strain NOCB-2 (outlined numbers from 21.1 to 26.1 are represiestaof the
experimental numbers).

2.3.2 Structure elucidation of hyaladione (47)

The structure of hyaladiondq) was established by extensive HRESIMS, NMR, andhyX-
crystallographic analysis. Ultrahigh-resolution H®)F MS and isotopic pattern analysis of
the pseudo-molecular ion peak [M+Hit m/z 203.9882 revealed the molecular formula
C7/HeCINO,S for 47 indicating five degrees of unsaturation. Suppgrtime empirical formula
all seven carbon atoms were present in 'l NMR spectrum of47 in acetoneds. The
signals of a methyl carbon and a methine carbom foeamd ad:c 13.9 (C-7) and¢ 120.3 (C-
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5) respectively. Five quaternary signals of twdoaryl carbonsdc 177.9 (C-4)0c 174.9 (C-
1)] and three carbon signalg:[106.2 (C-2),0c 146.4 (C-3),0c 159.2 (C-6)] suggested the
presence of a substituted quinone-type aromatitesysThis was supported by the IR
spectrum showing two strong bandsxgf-unsaturated carbonyl groupsvat.x1604 and 1566
cm. Additionally, the IR spectrum revealed two shaamds of a primary amine &hay 3438
and 3308 cnil while the presence of UV absorptioniaty 360 nm supported the presence of

a conjugated chromophore

The ™M NMR spectrum ofi7 in acetoneds presented only three singlet signals of a methyl
group On 2.41, (Hs-7), a methine protord( 6.26, H-5), and a broad singlet of an amidg (
6.81) (Table 9). However, the few correlations frohe COSY:** HMBC and ROESY
spectra were insufficient for a complete structedecidation, because the ratio of 5
guaternary carbons to 2 proton-bearing carbonste@asnfavorable (Figure 19 and Table 9).
Fortunately, the compound could be crystallizeanfracetone to obtain pink needle-shaped

crystals for an unambiguous structure elucidatipXfyay analysis (Figur0).

Table 9. NMR Data of Hyaladione4(7) in acetoneds ("H 600 MHz;**C 150 MHz).
a

CH & mult Oy, mult COSY*  ROESY ('jgﬁ(l:n H2)
1 174.8, qC 5
2 106.2, qC
3 146.4, qC 5
4 177.7,qC
5 120.3, CH 6.26, s 7 7 5(171), 7
6 159.2, qC 7,5
7 13.9, CH 2.41,s 5 5 7 (142)
NH, 6.79, br s

& positions of correlated protons.
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'H4,'H COSY and ROESY

11413
H c H7CHMBC

Figure 19. All 'H,'"H COSY, ROESY, antH,"*C HMBC correlations of hyaladiond).
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Figure 20. X-ray crystal structure of hyaladion&7.

2.4  Biological activities of hyaladione

2.4.1 Antibacterial and antifungal activities

Hyaladione(47) displayed broad but weak antibacterial and angél activities with the best
minimum inhibition concentration (MIC) value at 8.8 g/mL against the methicillin-resistant

Staphylococcus aureiFablel10).

Table 10.In vitro antibacterial and antifungal activity ofdladione 47) and two control drugs.

MIC [ pg mL"]

hyaladione oxytetracycline .
Pathogen @ hydrochloridé! nystatirf”
Bacteria
Micrococcus luteus 3.3 0.104
Staphylococcus aureus 0.83 0.104
Escherichia coli 33.3 0.83
Nocardia flava 3.3 1.67
Chromobacterium violaceum 2.1 0.21
Pseudomonas aeruginosa 8.5
Fungi and yeasts
Mucor hiemalis 16.5 1.67
Schizosaccharomyces pombe > 33.3 1.67
Rhodotorula glutinis 1.7 0.42
Pichia anomala 33.3 1.67
Candida albicans > 33.3 1.67

@ broad spectrum antibacteridibroad spectrum antifungal.
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2.4.2 Cytotoxic activity

The cytotoxicity of47 was evaluated against three growing cancer cakliand a primary
cell-line using the MTT methoti47 was cytotoxic against the breast cancer cell M@F-7
(ICs0 1.23 uM), the mouse subcutaneous connective tigswblast cell line L929 (165 1.47
HM), the cervix carcinoma cell line KB-3-1 #63.93 pM), and the non-transformed human
umbilical vein endothelial cell line HUVEC (g2.21 uM).

2.4.3 Antiparasitic activity

Hyaladione 47) was moderately active against three mammaliaasttas,T. b. rhodensiaT.
cruzi, L. donovani,andP. falciparumK1 when compared with the respective referencgsiru
(Table 11). However, it was also cytotoxic agaihst rat myoblast L6 cells. The assays were

performed at the Swiss Tropical and Public Healstilute, Basel Switzerland.

Table 11 In vitro antiparasitic activity of hyaladiond?) (ICso pg mL?).

Test T.b. . L.don. Cytotoxicity.
drug/compound rhod. T eruzi axen. P falc. K1 L6

ICso ICso ICso ICso ICso
Hyaladione 47)  0.055 1.84 0.197 0.186 0.552
Melarsoprol 0.002
Benznidazole 0.58
Miltefosine 0.144
Chloroquine 0.046
Podophyllotoxin 0.005
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2.5  The hyafurone family fromHyalangium minutum, strain NOCB-2"

2.5.1 Identification and isolation of the hyafurones andhyapyrones

Besides hyaladione4(), the myxobacteriunt. minutumstrain NOCB-2 also produced a
novel family of polyketides with common typical USpectra. Hyafurone A(48) was
identified as the second major compound of theaek@nd the main product of the polyketide
family. However, in the bioassay guided fractiooasi of the crude extract of NOCB; 28
was inactive against the bacterial and fungal pphse tested. Nevertheless, the activity of
hyafurone B 49) with a UV pattern similar t@8 was correlated t&. aureusN. flavag C.
violaceum and M. hiemalis HRESIMS analysis o#i8 displayed a molecular ion ah/z
547.3027 [M + Na]revealing the molecular formulasfi440s. Hyafurone A (48) and all its
derivatives 49-54) were established to be new according to the tleadion of their high
resolution masses (HRESIMS) and UV data by searnchée in-house Myxobase, Chemical
Abstracts online and the DNP.

The hyafurones A- D and hyapyrone A48 - 53) were isolated from the XAD-16 resin of a
70 L large-scale fermentation of strain NOCB-Zhe adsorber resin was recovered from the
culture broth by sieving and the crude extracteslufrom the resin with methanol and
acetone. An isolation strategy was developed inmghmethanolt-heptane partitioning, a
subsequent partitioning of the extract in methdager between ethyl acetate and water,
followed by silica-gel flash chromatography, pregise RP MPLC and RP HPLC to yield
hyafurones A (48), Az (49), B (50), C (62), D (53) and hyapyrone A1) (Figure 21).

Although initially detected in smaller amounts imain NOCB-Z, hyapyrone B §4) was
isolated preferably fronH. minutumstrain Hym 3, which showed a higher productione Th
isolation procedure was similar to the isolatiorotfer hyafurones with the exception of the
last purification step where acetonitrile, acidifieith formic acid was used in the preparative
RP-HPLC (Figure 22).
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NOCB2
XAD

Elution with MeOH/ |
Acetone

Acetone

NOCB221.2
50g

MeOH

NOCB221.1
118¢g

MeOH
Heptan

(Fraction 12)

RP-MPLC

NOCB225.1
82.5mg

l

LC-MS, UV and NMR data
analysis

L

Hyafurone A
82.5mg

RP-HPLC
[

NOCB222.2 NOCB222.1
2.2 g Heptane 9.3 g MeOH
[
DCM/Water
partition
[
NOCB2 23.1 NOCB223.2
5.6 g EtAc 3.5 g Water
Si-Flash
—— |
NOCB2 24.1 NOCB2 24.2 Fractions with
620 mg 19 other fractions | | hyafurone variants,

B,CandD

Results

Other fractions

Isomerisation and degradation of
25 mg stored in a seperate vial in MeOH

L

Hyafurone A1 Hyafurone A2
3.6 mg 1.6 mg
Figure 21.

RP-HPLC
NOCB2 26.1 NOCB2 26.2 NOCB2 26.3 NOCB2 26.4
18.7 mg 4.7 mg 35mg 3.0mg
| | | |
LC-MS, UV and NMR data analysis
Hyafurone B | | Hyapyrone A | | Hyafurone C Hyafurone D
18.7 mg 4.7 mg 3.5 mg 3.0 mg

Isolation of hyafurones, 448), A, (49), B(50), C(52), D(53) and hyapyrone, A5{l)
from XAD resin of a 70 L fermentation of strain NBQ'.
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Hym 3
XAD
[
Elution with
MeOH/Acetone
|
17.34¢g
Crude Extract
[
EtAc/Water
partition
| |
Hym 3 2.1 Hym3 2.2
9.80 g in H20 7.54 g EtAc
[
MeOH/Heptan
partition
Hym3 3.1 Hym3 3.2
3.15 g Hept. 4.62 g MeOH
1649
Si-Flash
DCM/MeOH
| |
Hym3 4.1 Hym3 4.2
Fractions with Hyapyrone B fraction
other compounds 121 mg
[
RP-HPLC
ACN/H,0 + 0.1%
HCOOH
Hym3 5.1
7.5 mg
LC-HRESIMS, UV and NMR
data analysis
Hyapyrone B
Figure 22. Isolation scheme of hyapyrone B4j from XAD resin of a 70 L fermentation of strain
Hym 3.

41



Results

2.5.2 Structure elucidation of hyafurones and hyappnes

Hyafurone A (48) was isolated as yellow oil. Ultrahigh-resoluti&®sl MS (UHRESIMS)
and isotopic pattern analysis of the molecular mfz 547.3027 [M + Na] revealed the

molecular formula g3H440¢ for hyafurone A (48). This was further verified by the presence

of the molecular ion [M+H] at m/z 525.3206 giving rise to the same molecular formula

(Figure 23).

200

250 300 350 400 450 500 550 Wavelength [nm]

Intens.
[mAU1]

-

: : UV, 19.26-19.30min #(5737-5740),

Intend] TS, 18.31min #2190)
x10% 480 9008 507.3104

6

4]

525.3206

2- -

] 471.2885 | l

0 — —t—— ——— —

450 460 470 480 480 500 510 520 530 m'z
Figure 23. UV-MS of the molecular ion cluster of hyafurong @8) at m/z525.3206 and three

other fragment clusters from loss of water molezuitéz 507.3104, 489.2998 and
471.2885 respectively, i.e. a difference of 18 masts between the clusters.

Additionally, the presence of a sodiated double snas [2M+Na] at m/z 1071.6165

unambiguously agreed to the assigned molecularularifiFigure 24). The empirical formula

indicated eleven double-bond equivalents 48rwhich were also reflected by the polyene

type UV spectrum, with three main bandvat292, 306 and 320 nm.

..........................................

Intens.
[mAUH

1004
501 .

UV, 19.27-18.38min #(5742-5778),

intend’] S, 16.35-19.43min #(2193-2201)
x104 547.3027
2 507.3101 1071.6165
2u
D' \ | | L 1013_513105'75?5\5
400 500 600 700 80D 900 1000 1100 m'z
Figure 24. UV and MS of hyafurone A(48) with the sodiated molecular ion clusters [M-+Na]

m/z547.3027 and [2M+N&htm/z1071.6165.
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The skeletal structure af8 was assigned through interpretation of both 1D 2BdNMR
spectroscopic data (COSY, ROESY, HMQC, HMBC) acegiim methanoty, (Table 12).
The 'H NMR spectrum revealed the presence of five megrglups, four methylene and
seven methine signals. The methyl signatés-C(dy 1.71, 1.71 ppm) and K3-29 @4 1.46,
1.47 ppm) each with equal integral values to thheotthree methyl protons were
conspicuously split into doublets. Th& NMR spectrum showed signals for all 32 carbon
atoms with 10 of them split in double signals (G222, C-4, C-5, C-6, C-7, C-8, C-9, C-10,
and C-13). All carbon-bound proton signals werealated to their corresponding carbon
signals from an'H,’*C HMQC NMR spectrum. Additionally, a DEPT NMR spech
revealed the four methylene signals (C-6, C-8, Caatl C-22) and supported the assignment
of the quaternary carbons C-2, C-4, C-5, C-14,@+#8.

Analysis of the'H,'H COSY NMR spectrum established three structumrfrents (Figure
25). The first fragment contained the five aromatictons (H-24 - H-28) of a phenyl residue.
Construction of the second fragment chain was basdtie serial correlations of six adjacent
methine protons from H-15 to H-20 with an extensiorCH,-21 and G1,-22. Additionally,
correlations were observed between the sp3-hylddmethines H-18 and H-20 and the
methyl group protons ids-31 and Ei3-32, respectively. The last fragment was derivedifa
series of correlations between the methylene psot@n,-6 and the unsaturated methine
proton H-13. Three hydroxyl groups were establistredhe basis ofC NMR chemical shift
at C-7 ¢ 68.6), C-9 §c67.5) and C-19&:79.3).

—— H,H CcosyY

’;\\‘ selectedH, 1*C HMBC

Figure 25.  'H,'H COSY and'H,"*C HMBC NMR correlations foelucidation of hyafurone A
49).
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The three main fragments were then linked using4@mge HMBC correlations. The phenyl
moiety was joined to the second COSY fragment feomutual HMBC correlation between
the methylene CH22 with the aromatic methines CH-24 and CH-28. ity the second
aliphatic fragment was joined to the third fragmémim mutual key HMBC correlations
assigned between the methyl group ;€30 with the methines CH-13 and CH-15 and a
HMBC correlation of CH-30 to the olefinic quaternary carbon (C-14). Adbahally, a mutual
HMBC correlation was observed between the methitésl3 and CH-15.

The furone moiety was assigned solely from ¥#He*C HMBC long-range correlations, i.e.
correlations between the methyl protonsscH(@®y 22.1) with quaternary hemiketal carbon
(C-2,4c 104.2) and with the carbonyl carbon Ca&3 205.3), correlations between the methyl
protons CH-29 Oy 1.71) with quaternary carbon C¢&c 186.6) and carbonyl carbon (C-3)
and also with the quartenery carb@i4, 6c 110.]. These data, and an HMBC correlation
between the methylene Gi8 and the quaternary carbon C-5, establishedivkeniembered
ring as 2,4-dimethylfuran-4-en-3-one, connectingthie afore assigned fragment at C-5
(Figure 25).

The relative stereochemistry of hyafurong was assigned by analysis of both the vicinal
proton coupling constantdJ) ;) and by 1D-NOE correlations. TRe*** double- bond was

assigned asis (Z) on the basis of small vicinal coupling constaft®#o 1= 11.0 Hz.

ﬂ12,13 A16’17

Similarly, the double-bonds and were assigned asans (E) from the large
vicinal coupling constants 6 = 15.0 Hz. Irradiation at the resonance frequerfo@tés-30
caused an NOE enhancement of the H-16 signal imdica 14& double-bond geometry

(Figure 26).
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— cis-double bond configuration

Figure 26. Structure of hyafurone /48)

When exposed to light or stored in methanol hyafarg, (48) was converted to its isomer
hyafurone A (49) as a degradation product, e.g. 30 %48ivas found to have isomerized to
49 after a while. Re-purification a¢f8 additionally led to isolation 049. HRESIMS analysis
of 49 displayed a molecular ion [M+Najat m/z 547.3040 consistent with the molecular
formula GoHa406. *H and**C NMR spectra (Table 13) were near identical tofimgme A
(48) except for the overlap of three olefinic protagnsls H11, H12 and H13. Thetrans
(E) double bond configuration at methines C-10 antilGn 49 was assigned from the proton
coupling constantdyg 1= 14.0 Hz. Additionally, strong NOEs (Figure 27)ween H-9 and
H-11 and the methine protons H-10 and H-12 wereemgsl. All the other 2D NMR
correlations were identical to those observediénthus establishingl9 as a stereoisomer
(Figure 27).

CHy  CHg CHa OISR S . CH,

¥\ selectedH, *H ROESY

Figure 27. Selected NOE correlations of hyafurong(49).
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OH

52
OH o

53

OH ~N

54

Figure 28. Structures of hyafurones; 448), A, (49), B (50), C 62), D (53), and hyapyrones; A
(512), B (59).

Hyafurone B $0) was the second major compound of the hyafurondbha extract. Unlike
hyafurone A (48), 50 was identified in the methanol crude extract ofist NOCB-Z as
possessing activity agains$. aureus N. flava, C. violaceumand M. hiemalis after
fractionations with bioassays. The molecular fomn@s.H4,0Os was established from the
HRESIMS and isotopic pattern analysis of the mdkcion atm/z507.3099 [M+H] and the
sodiated ion [M+Nd] at m/z 529.2923. Similar to48, the ion clusters am/z 489.2996,
471.2885, 453.2772 (Figure 29) displayed sequefldgdes of water molecules from the
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compound. The molecular ion at/z507.3099 had been identified as a fragment i0A&f

from elimination of water.

2'.3: 250 BLI‘C EEIE 400 a‘-EIC 5&"3 EIES Wavelangth |.II'II‘I'!:
Intens 4 W, 13.18-13.23min #(3814-3828),
[maU
y /\A
Intens. +ME, 13.24-13 .27 min 2 1508-1512)
Feliad R)4.2903
3 435 2996 N7 305
4712885 el e G
. 483.2772 L , : g 545 2639
N 449 ' 460 ' 480 ' 500 ' 520 ) 540 ' 560 mz
Figure 29. UV-MS of hyafurone B %0) with aA.x306 nm and various molecular ion clusters.

The base peak an/z529.2923 is the sodiated molecular ion cluster I while
the ion clusters an/z489.2996, 471.2885 and 453.2772 represented sgjuess of
water from the actual [M+HJion m/z507.3099.

The'H and**C NMR spectra 060 in CD;OD were similar ta48. The only differences were
found in the methylene GF8 (04 c1.69, 1.91/45.2) and methine CH-&, ¢ 4.92/66.5) o#48
(Table 12) which were shifted to the unsaturatethmesdy ¢6.61/121.1 an@dy ¢ 6.89/141.1
in hyafurone B(50) (Table 14), respectively, showing the extensiérthe polyene by a
formal elimination of water. The relatitgns configuration of the new®° double bond was
assigned from the large vicinal proton coupling stant3Jse = 15.3 Hz , while thecis
configuration of thex'®>**double bond (Figure 30) was assigned from a snicitial coupling
constant of?J 1011 = 11.1 Hz together with strong NOE correlationsween the methyl
protons CH-30 (©4 1.93) and CH-12&y 6.58) and between the methines CH8 6.61) and
CH-10 ©x5.43).
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V’-\\ Selected NOEs

Figure 30. A small vicinal proton coupling constant &y, = 11.1 Hztogether with strong
NOEs of neighbouring groups supported the assighofeacis configuration.

Hyapyrone A $1) an isomer of hyafurone B5Q) was isolated independently as a minor
compound of the strain NOCB-2HRESIMS of 51 displayed an [M+H] peak atm/z
507.3103 consistent with the molecular formulgHz,0s. 1D and 2D NMR data 051
acquired in CROD exhibited many similarities to those observedhwiyafurone B %0)
(Tables 14 and 15). The structural assignment efwestern fragment from the phenyl
moiety to the methine group CH-94(5.43, dc 132.8) of51 was identical to the similar
fragment of50. Notable differences in théd NMR spectrum o061 were a methine quartet at
Oy 4.89 (H-4), a methine triplet &t 6.17 (H-6) and shifts of two methyl signals H-2&l a

29 0y 1.84, s andby 1.52, d,J = 6.6) compared to similar methyl signals H-1 &h@9 Oy
1.45, s andy 1.76, s) in50. The assignment of the eastern fragment of thectsire was
derived by COSY and long-range HMBC correlationse Bhort fragment from H-6 to H-9
was assigned from the adjacéiht,'H COSY cross peaks in the chain. Another COSY
correlation was observed between the methine Henaethyl H-29 protons. The pyranone
ring and its connection to the rest of the moleaudze assigned from HMBC correlations

shown in Figure 31.
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Selected *H, 'H COSY

77 N\ selected 'H, °C HMBC

Figure 31 SelectedH,'H COSY and'H, **C HMBC correlations of hyapyrone BY).

Hyafurone C %2) was the third member of the polyketide familyb® isolated. HRESIMS
analysis of52 showed a molecular ion [M+H]at m/z 568.3634 indicating an empirical
formula of G4H49NOg with eleven degrees of unsaturation (Figure 3B ibn cluster ain/z
550.3538 represents the loss of a water molecudditidnally present was the sodiated ion
[M+Na]* atm/z590.3450 which supported the assigned molecutanfta unambiguously.

Two additional carbons, five protons, and nitrog&yHsN) were calculated from the
elemental formulae in addition to the compositibrthe main component hyafurong A8).
The structure of hyafurone G2) was elucidated from 1D and 2D NMR spectroscopi@ an
CD3OD (Table 16). In the NMR spectra the major pat from the phenyl moiety to the
furanone ring quaternary carbon at C-7 was simddahe same positions #8. The latter52

was only substituted at the hydroxyl group of thehone ring.

200 300 400 500 600 700 Wavelength [nm
Intens. ] UV, 10.83-10.84min #(3207-3211),
[mAUY

2004
1004
’ 0 -
Intens . +MS, 10.87min #{1234)
x10°] 560.3529
2]
1 568.3634
1 l l 500.3450
520 540 560 580 E00 620 miz

Figure 32. UV-MS of hyafurone C15), with a UVAaxat 307 nm and the molecular ion [M+H]
atm/z568.3634. The sodiated ion clustemdz590.3450 [M+Na] and two fragment
ion clusters of sequential loss of water mfz 550.3529 and 532.3413 are also
indicated.
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The nitrogen atom was observed as an amino grgupgented by a slowly exchanging broad
singlet in the'H NMR spectrum aby 8.60. COSY cross peaks observed between the new
methylene protons H-1 and H-2 together with comesing HMBC correlations
unambiguously indicated that GH and CH-2 were adjacent to each other. Since oxygen is
more electronegative compared to nitrogen, thed¥ydrgroup was assigned to C-d:62.5)

with a higher chemical shift comparedd45.0 of C-2 which was left as the only possible
link to the NH group. A HMBC correlation between £21(d4 3.52 3.85) and the quaternary
carbon C-4 §c 89.5) indicated the connection of the ethanolamesdue to the hyafurone
core structure. Hyafurone C53) thus is the first compound with a nitrogen-linked

ethanolamine at the furanone ring.

27
AN
CH; CH 1>oH
B> 34 HO o} T CH3

H,'H COSsY
7 'H¥C HMBC

Figure 33. Selected COSY and HMBC correlations indicating ¢lgension of the furanone ring
in hyafurone C%2).

Like the preceding polyketides, hyafurone 33)(was also isolated from the strain NOCB-2
The structure 063 was elucidated from the molecular formulgtdziNOg, indicating eleven
degrees of unsaturation which was established bgE$HMS analysis of the molecular ion
peak [M+H] atm/z582.3788 (Figure 34). Compared to the empiricahida of hyafurone
52, a formal addition of Ckwas calculated.
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Figure 34. UV-MS of 16 showing the molecular ion clusterratz582.3788 [M+H].

Structure elucidation was done by analysis of 10 2D NMR spectroscopic data acquired in
CD3;0OD. The NMR data of hyafuron&3 were near identical t62 (Table 16). However, for
53 the NMR spectra presented an additional methyugr&H-36 with typical chemical
shifts of a N-methyl groupd(; 2.98,0¢ 52.2). A HMBC correlation was observed between the
new methyl protons and the quaternary carbon 6:93.7) supporting a methyl substitution
at the amino group (Figure 35). Additionally, NOEi®re observed between these methyl
protons (CH-36, &, 2.98, s) and methylene protons (£2 atdy 3.53 anddy 3.71 together
with CHz-31 Oy 1.35, s) unambiguously indicating the positiorihaf new N-methyl group.

/7 ™ New 'H, *C HMBC

Figure 35.  The new’H, *C HMBC correlation between the methyl group (36) and the
quaternary carbon at C-4 in hyafuroned3)(

Hyapyrone B %4) was isolated from a 70 L large scale fermentatbil. minutumstrain
Hym 3. The molecular formula d84 was determined as £H4404 from the HRESIMS
analysis showing a molecular ion [M+Hat m/z505.3323 with 12 degrees of unsaturation.
The structure elucidation was achieved by analytath 1D and 2D NMR spectroscopic

data in CROD (Table 17). The western fragment from the phengilety to the aliphatic
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group at CH-12 including the three methyl group4;G1 to (Hs-33 and the hydroxyl group
19-OH was assigned from identical correlations oleskin the 2D NMR spectra of the other
hyafurones. The remaining structural partsbdf were elucidated by joining a fragment
derived from COSY cross peaks (CH-6 to£H) to a pyranone moiety elucidated from long
range HMBC correlations (Figure. 36). The new pgramoiety was assigned solely from
the HMBC correlations observed between the methyloms CH-29 and carbonyl C-15¢
167.8) and the enol carbon C-& (68.8) and from the correlations between methytqme
CH3z-30 4 2.04) and C-3 and C-&4 109.3). The chemical shifts of these methyl groups
CH3z-29 ©4 1.97,0c9.0) and CH-30 @y 2.04,0¢ 9.5) were similar to those observed for the
pyranone moiety of the three polypropionates agkgn-5, and -6, and dehydroaglajne-3 at
equivalent positiort$>*%° supporting our assignment and leaving the quatgrcarbon C-5
(&¢c 153.5) as the only possible link to the remainiragt pof the molecule, which was
supported by a small HMBC correlation between tleéroproton H-6 §, 6.42) and C-5.

X C H) OH
CHy CHg CH, CHs

33 32 31 30

— SelectedH,'H COSY
7N selectedH, C HMBC

Figure 36.SelectedH,'H COSY andH,”*C HMBC NMR correlations of hyapyrone B4).
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Table 12.NMR data of hyafurone A(48) in CD;OD (*H 600 MHz,**C 150 MHz).

No. &y m (JinHz) COSsYy ROESY Oc HMBC (1Jc,H [Hz])
1 1.46, br.s 22.1, CH 1(130)

2 104.2, qC 1

3 205.3,qC 1, 29

4 110.1, qC 6a/b, 29

5 186.6, qC 6a/b, 29

6a 2.74,dd (13.9, 7.3) 6b, 7 7,29 38.6,CH 8a/b

6b 2.79,dd (7, 5.5) 6a, 7 7,29

7 4,10, m 6b, 8a/b 6a/b, 9, 29 68.0, CH-OH 6a/b, 9

8a 191, m 7,8b,9 8b, 9 45.2, €H 6a/b, 9, 10

8b 1.69, m 7,8a,9

9 4.92,q (7.6) 8a/b, 10 12,7, 8a>8b 66.5, GiH-O 8a/b, 11

10 5.36,q (9.7) 9,11 7, 8b>8a, 11 133.4, CH b 853

11 6.21,1(11.0) 10, 12 10, 13 132.0, CH 12, 13,

12 6.68, dd (15.0, 11.4) 11, 13 9, 30 123.8, CH 110,

13 6.36, d (15.0) 12 11, 15 140.6, CH 11, 15, 30

14 134.5,qC 12, 16, 30

15 6.14,d (11.4) 16 13, 17 134.0, CH 16, 17

16 6.48, dd (14.9, 11.2) 15, 17 18, 30, 31 12818, C 15,18

17 5.80,dd (15.1,8.4) 16, 18 15, 19, 31 1401, 15, 19, 31

18 2.49, dquin (8.4, 6.7) 17,19, 31 16, 20, 31, 32 42.1, CH 16, 17,19, 31

19 3.28,1(5.9) 18, 20 17, 21a/b, 31,32  79.3, GH-O 17, 21a/b, 31, 32
20 1.63, m 19, 21a/b, 32 18, 21a/b, 22a/b 36.3,CH 21la/b, 32

2la 1.83,ddd(13.8,9.4,5.7) 20,21b,22a/b 224/b, 32 36.8, CH2 19, 22a/b, 32
21b 1.52,ddd (13.6,9.0,5.5) 20, 21a, 22a/b 28/® 32

22a 2.71,ddd (13.8,9.45.7) 21la/b, 22b, 19, 20 .3,33H, 20, 21a/b, 24, 28
22b 2.62,ddd (13.7,9.3,6.8) 21la/b, 22a 19, 20

23 144.09gC 25, 27

25 7.20,d (7.0) 129.4,qC 22a/b, 26, 28
24 7.26,1(7.3) 129.3,qC 23, 27

26 7.16,1(7.3) 126.6, qC 24,28

28 7.26,1(7.3) 129.3,qC 23, 25,

27 7.20,d (7.0) 129.4,qC 22alb, 24, 26
29 1.71, m - 6a/b 5.8, qC 29 (129)

30 1.94,s 15 12, 16 12.8,qC 13, 15, 30 (125)
31 1.03, d (6.6) 18 16, 17, 19 18.3,qC 16, 17319126)
32 1.00, d (6.6) 20 18, 21b, 22a/b 14.2,qC 19/12, 32 (125)
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Table 13. NMR data of hyafurone A(49) in CD;OD (*H 600 MHz,*C 150 MHz).

No &y m (Jin Hz) COSY ROESY Sc HMBC ({Jcin Hz)
1 147, br.s 22.2,GH 1(128)

2 104.2, qC

3 205.3,qC 1,29

4 110.2,qC  6alb, 29

5 186.6, qC

6a 2.75,m 6b, 7 8a/b, 29 >9 38.4,CH 8alb

6b 2.79, dd (13.9, 7.3) 6a, 7 8a/b, 29 >9 8a/b

7 4.14,br.s 6a/b, 8a/b 8a/b, 9, >10, 12 68.0,aH16a/b, 9, 8a/b

8a 1.87,ddd (14.0,7.0, 2.7, 8b, 9 6a/b, 10 452, GH 6a/b, 9, 10

8b 1.74, m 7,8a,9 6a/b, 10

9 4.39,q(7.0) 8a/b, 10 6a/b, 8a/b, 11  71.5,@Hi-8a/8b, 10, 11

10 5.73,dd (14.1, 6.8) 9,11 8alb, 12 135.8, CH8alb, 9, 10 (152)
11 6.37,ddd (14.0, 5.9, 2.8D, 12 9>7 132.9, CH

12 6.33, il 11,13 10, 30 128.1,CH 10, 12(152), 13, 15
13 6.35, ! 12 15 139.1,CH 13,16, 30

14 134.3,qC

15 6.11,d (11.0) 16, 80 13, 17 133.4,CH 183,14, 15(151), 17
16 6.47,dd (15.0, 11.4) 15, 17 18, 30, 31 1288, C 16(150), 18

17 5.78,dd (15.0, 8.4) 16, 18 15, 19, 31 139.6, CH.5, 17(151) 19, 31
18 2.49,dquin (8.4,6.7)  17,19,31 16,20,31,322.1,CH 16,17, 19,31

19 3.28,t(5.7) 18, 20 17, 21a/b, 31,323, CHOH 17, 19 (139), 21a/b, 31,
20 1.63,m 19, 21a/b, 32 18,22a/b,32  36.3,CH /la

21a1.83, ddd (13.2, 9,9, 5.10, 21b, 22a/t 19, 22a/b, 32 36.8,GH 19, 20, 22a/b, 32

21b 1.52, ddd (13.6, 9.0, 5.520, 21a, 22a/b 19, 22a/b

22a2.71, ddd (13.8, 9.4, 5.7p1a/b, 22b 19, 20, 32 34.3,¢H 20, 21alb, 24, 28
22b 2.62, ddd (13.7, 9.3, 6.8p1a/b, 22a 19, 20, 32

23 143.99C  21lalb, 25, 27

24 7.20,d (7.0) 25 129.4,qC 26,28

25 7.26,1(7.3) 24,26 129.3,qC 27

26 7.16,1(7.3) 25,27 126.6,qC 24, 26(162), 28
27 7.26,t(7.3) 26, 28 129.3,qC 23,25

28 7.20,d (7.0) 27 129.4,qC 24,26

29 1.71,s 6a/b 5.8,qC  29(128)

30 1.91,s 18 12, 16, 12.7,qC 12,15, 30 (126)
31 1.03,d(7.0) 18 16, 17, 19 18.3,qC 16, 17319127)
32 1.00,d (6.6) 20 18, 21a/b, 22at1.2, qC 19, 21a/b,26, 32 (125)

Eloverlapping signald” 4-bond COSY correlations.
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Table 14. NMR Data of Hyafurone B50Q) in CD;OD (*H/**C 600/150 MHz).

No. &y, m Jin Hz) COSY ROESY &  HMBC ((Jcnin Hz)
1 1.45,s 22.3, CH1 (128)

2 103.8,qC 1

3 204.9,qC 1,29

4 108.4, qC 29

5 178.3,qC 29,8

6a 2.63,m 6b, 7 8,9>10 42.5,Cl,>9, 4,5

6b 2.55,m 6a, 7 8,9>10

7 481, m 6a/b, 8 9, >10 67.8,CH 6, 9,>>11
8  6.61,nf 9 6a/b, 9, 10 121.1, CH,10

9  6.89,ddt (15.3, 13.5,7.4, 10 6a/b, 7,8 141.1, CI8, 7

10 5.43,m 9,11 6a/b, 8, 11 133.0, G6

11 6.20,td (11.1, 9.8) 10, 12 10, 13 131.7, @@ 13

12 6.58, i 11, 13 30 123.4, CHL1

13 6.36, d (15.0) 12 11, 15, 30 140.8, QH, 30

14 134.4,qC 12,30

15 6.14,d (11.0) 16, 80 13, 17 134.2, CH16, 17, 30

16  6.47,dd (15.0,11.1) 15, 17 18, 30, 31 128.2, (3418

17 5.80, dd (15.0, 8.8) 16, 18 15, 19, 31 140.2, 05419, 31

18 2.48,m 17,19, 31 16,20,31,32 42.1,CH 0632

19 3.28,t(5.7) 18, 20 17, 21a/b, 31, 3.2, CH 17,21, 31, 32
20 1.63,m 19, 21a/b, 32 18, 22a/b, 32 36.3, CH 329,

2la 1.51,m 20, 21b, 22a/h9, 22a/b, 32 36.8, GH19, 22, 32
21b 1.82, m 20, 21a, 22a/b 19, 22a/b

22a 2.63,m 21a/b, 22b 19, 20, 32 34.3,29, 21, 24, 28
22b 271, m 21a/b, 22a 19, 20, 32

23 143.9, qC

24 7.20,d(7.0) 25 129.4, CHZ2, 26, 28

25 7.26,1(7.0) 24,26 129.3, CEB, 27, 28

26 7.16,1(7.0) 25,27 126.6, Cp4, 28

27 7.26,1(7.0) 26, 28 129.3, CEB,25

28 7.20,d(7.0) 27 129.4, CHZ2, 24, 26

29 1.76,s 5.4, CH29 (128)

30 1.93,s 18 12, 16, 12.8, Ck 13, 15

31 1.03,d(6.6) 18 16, 17, 19 18.3, £H1(127), 17, 18
32 1.00,d (6.6) 20 18, 21a/b, 22a/h4.2, CH 32(127),19, 22

4 overlapping signal® 4-bond COSY correlations.
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Table 15 NMR Data of Hyapyrone A5(l) in CD;OD (*H/**C 600/150 MHz).

C/H &, m ( [Hz]) COSY ROESY 3¢ HMBC ({JcwinHz)
1 - 189.89gC 6, 28

2 - 113.4qC 28>4

3 - 181.09C 28,29 >4

4  4.89,q(6.6) 29 28 64.5CH 29

5 150.0 qC 6, 7a/7b

6 6.17,t(8.1) 7al7b 7a/7b 114.8 CRa/7b, 8

7a 2.73,ddd (14.7,8.1, 7.8, 7b, 8 9 35.0 CH 9>8

7b  2.63,m 6,7a, 8 9

8 482, m 7alb, 9 6, 7a/b, 9, 11 67.6 CH 7a/7b, 10

9  543,dd (10.6,9.2br) 8,10 6, 7a/b, 10 1THB 7a/7b, 11

10 6.19,t(11.0 br) 9 11 9 12 131.9 GH11, 12,

11 6.57,dd (15.2, 11.6) 10, 12 8, 30 123.3 GHLO0

12 6.35,d(15.2) 11 10, 14, 30 140.9 A9, 30

13 - 134.4qC

14 6.14,d (11.4) 15, 30 12, 16 134.2 AH, 12, 15, 16, 30,
15 6.48,dd (14.9, 11.2) 14, 16 17, 30 128.3 CH 17

16 5.80,dd (15.0, 8.8) 15, 17 14, 18, 31 140.2 04+ 17, 18, 31

17 2.49, dt (8.8, 6.6) 16, 18, 31 15, 19, 20a?h, 3 42.1 CH 15, 16, 18, 31

18 3.28,1(5.9) 17, 19 16, 20a/b, 21a/b,BL2 CH 16, 17, 20a/b, 31, 32,
19 1.62,m 18, 20a/b, 32 17, 21a/b, 31 36.3CH 32

20a 1.52,m 20b, 21a/b, 197, 18, 32 >31 36.8 GH 18, 19, 21a/b, 32
20b 1.84, m 20a, 21a/b, 197, 18, 32 >31

2la 2.63,m 21b, 20a/b 23, 27 34.3,CH9, 20a/b, 23, 27
21b 2.70,dd (9.5, 5.9) 21a, 20a/b 23, 27

22 - 143.9 qC 20a/b, 21a/b, 24, 26
23 7.20,d (6.6) 24 21a/b 129.4 CH

24 7.26,1(7.3) 23,25 129.3 CH

25  7.16,t(7.4) 24, 26 126.6 CRB, 27

26 7.26,t(7.3) 25, 27 129.3 CBila/b, 24, 25, 27
27 7.20,d (6.6) 26 21a/b 129.4 CPMla/b

28 1.84,s 29 5.3 GH (128 Hz)

29 1.52,d (6.6) 4 28 20.6 GH(129 Hz )4

30 1.92,s 14 11, 12, 15, 30 12.8LCHKi127 Hz), 12, 14

31 1.04,d (7.0) 17 15, 16, 18, 19 18.3;CH 27 Hz) 16, 17, 18
32 1.00,d (6.6) 19 20a/b, 21a/b 14.2,CH 25 Hz),18, 19, 20a/b

56



Results

Table 16. NMR Data of Hyafurone @52) and Hyafurone O053) in CD;OD (*H/**C 600/150

MHz).

Hyafurone C Hyafurone D
CIH&,,, m §in Hz) 5 (ﬁ'gf'i?n Hzy S m@inH2) 5 E'E:E?n HZ)
la 3.66, m 62.5, CHa/2b 3.72, m 62.0, CH2
1b 3.74, m 3.74, m
2a 3.52,dt(15,1,5,9) 45.0, gHa/b 3.53, m 44.9, CH1
2b 3.85,dt (15,1, 5,9) 3.71, m
NH 8.60, br, s 8.57, br. s
4 89.5,qC 31, 2a/2b 93.7,qC 2,31, 36
5 201.1, qC31, 32 199.0, qC31, 32
6 102.0, qC8, 32 104.6, qC8, 32
7 178.2, qC8, 32 >2a/2b 180.6, qC2, 8, 32
8 290, m 36.2, CH10 2.94, m 36.3, CH10
9 4.03,m 68.6,CH 8,10,11 4.04,m 68.5,CH 8, 10,11
10a1.96, m 45.7, CH 1.94, m 46.2, CHI8, 11
10b1.69, m 1.69, m
11 4.92, quin (7.7) 66.6, CH 13 4.88, 66.6, CH 13
12 5.36,ddd (14.3, 11.4, 2233.3, CHLO 5.33 133.4, CHLO
13 6.22,1d (11.0, 4.03) 132.1, @QH, 15 6.17, td (11.0, 4.03) 131.9, CHL, 15
14 6.67,dd (15.0 11.4) 123.6, @R,13 6.63, dd (15.0, 11.4) 123.6, CH2,13
15 6.36,d (15.0) 140.7, C18, 17, 18, 33 6.32, dd (15.0, 2.2) 140.6, CHB, 17, 18, 33
16 134.5, qCl14, 33 134.4,qC 14, 33
17 6.14,d (11.0) 134.0, C15, 19 6.10,d (11.0) 133.9, CH7 (150.8), 15, 18
18 6.48,dd (14.9,11.2) 128.3, QA 20 6.43, dd (15.0, 11.4) 128.2, C1B (150.9), 17
19 5.80,dd (15.0, 8.4) 140.0, @M, 34 5.76, dd (15.0, 8.8) 140.0, CHD (150.8), 21, 34
20 2.49,dquin (8.1,6.6 br) 42.1,CH 18,21,34 2.45 m 42.1,CH 18,21, 34
21 3.28,t(5.7) 79.2,CH 19, 23, 34, 38.24,1(5.7) 79.2, CH 21(142.8), 34,35
22 161, m 36.3,CH 35 1.59, dt (12.9, 6.2) 36.3,CH 35
23a1.50, m 36.7, Chi21, 22, 24, 35,1.48, m 36.7, CH 21, 22, 24, 35,
23b1.83, m 1.79, m
24a2.71,ddd (14.7, 9.5, 5.5) 34.3, €BB, 26, 30 2.67,ddd (14.7, 9.5, 5.83%.3, CH 23, 26, 30
24b2.62, ddd (13.7, 9.5, 6.6) 2.58, ddd (13.7, 9.4)
25 - 143.9, qC23, 24, 27, 29 143.8, qC 23, 24, 27, 29
26 7.20,d (7.3) 129.4, Ck24, 28, 30 7.16,d (7.3) 129.4, Ci24, 28, 30
27 7.25,t(7.3) 129.3, CBD, 25 7.22,1(7.3) 129.2, Ck29, 25
28 7.15,t(7.3) 126.6, CF26, 30 7.12,t(7.3) 126.6, Ck26, 30
29 7.25,t(7.3) 129.3, Ct24, 27 7.22,1(7.3) 129.2, Ck24, 27
30 7.20,d(7.3) 129.4, Ck24, 26, 28 7.16,d (7.3) 129.4, Ci24, 26, 28
31 1.39,s 22.2, CB1 (129.6) 1.35,s 22.0, CK31 (129.9)
32 1.71,s 6.8, CH 32 (127.9) 1.69,s 6.5, CK 32 (127.9)
33 1.93,s 12.8, CH15, 17 1.89,s 12.7, CH33 (127.9) 15, 17
34 1.03,d (7.0) 18.3, GH9, 21 0.99, d (6.6) 18.3, CH34 (127.1) 19, 21
35 1.00, d (6.6) 14.2, GH35 (125.8), 210.96, d (7.0) 14.2, CH35 (125.8), 21
36 2.98, s 52.2, Ckl4
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Table 17. NMR Data of Hyapyrone B5@) in CD;0OD (*H 600 MHz,*C 150 MHz).

No. &, m (JinHz) COSY ROESY 8¢ HMBC ({JcninHz)
1 167.8,qC 29

2 99.8,qC 29

3 168.8, C-OH 29, 30

4 109.3, qC 30

5 153.5, qC 6,7, 30

6  6.42,t(5.5) 7,8 8, 30 120.3, CH 8

7 6.64, quin (7.6) 6,8 9 139.2, CH 8,9

8  2.33,q(6.9) 6,7,9 ,10 33.8,CH 6,7,10

9 1.53, m 8 6,7,11,12, 296, ¢H 7,11

10 1.53, m 11 8,12 30.3, GH 8,9, 11,

11 2.21,q(6.7) 10,12,13 9,12,31 33.8,CH 9,12,13,

12 6.13,d (15.4) 11, 13 10, 15, 31 136.5, CH 1115, 31

13 5.72, m 11, 12 11, 15,31 129.7, CH 11, 14315,
14 134.2,qC 12,13, 16, 31
15 5.97,d (11.0) 16, 31 13,17,18, 31 130.8,CH ,1B216, 31

16 6.45, 1t (5.5) 15, 17 18, 31, 32 128.3, CH 15, 18

17 572, m 16, 18 15, 19, 20, 32 138.1, CH 15328,

18  2.46,m 17,19,32 16, 20, 21, 33 42.0, CH 7619, 32

19 3.27,t(5.9) 18, 20 17,21a/b, 32,33  79.3,@H- 17, 21a/b, 32, 33
20 1.62,m 19, 33 18, 22alb, 36.3, CH 19, 21a/b, 33
2la 153, m 21b, 22a/b 18, 19,24, 28, 33 36.%, CH 19, 22a/b, 33
21b 182, m 21a, 22a/b 18, 19,24, 28, 33

22a 2.71,ddd (13.6,9.5,6.4) 2la/b,22b 19, 2028, 33 34.3, CH 21a/b, 24, 28
22b 2.62,ddd (13.6, 9.5, 6.6) 21la/b,22a 19, 2028, 33

23 143.9, qC 21a/b, 25, 27
24 7.20,d (7.3) 25 22al/b 129.4, CH

25  7.25,t(7.3) 24, 26 129.3, CH

26  7.15,t(7.3) 25, 27 126.6, CH 24, 28

27  7.25,t(7.3) 26, 28 129.3, CH 25

28 7.20,d (7.3) 27 22alb 129.4, CH 22alb, 24, 26
29 1.97,s 9.1, CH 29 (130)

30 2.04,s 6 9.5, CH 30 (129)

31 1.87,s 15 12,13, 15, 16 12.9,£H 12,15, 31 (129)
32 1.02,d (7.0) 18 16, 17, 18, 19 18.4,,CH 17,19, 18, 32(127)
33 1.00, d (7.0) 20 18, 19, 21a/b, 22a/b 14.2; CH 19, 21a/b, 33 (125)
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2.6 Biological activities of hyafurones and hyapyrones
2.6.1 Antibacterial and antifungal activities

Antibacterial and antifungal testing of the polyketfamily showed no significant biological
activity at MIC concentrations between 67 and ug2mL (Table 18). However, hyafurone
B (50) displayed the highest activity with a MIC of &18/mL againsiN. flava Hyafurone D
(53) was not active at 67 pg/mL in all the tests prenied.

Table 18. Minimum inhibition concentrations (MIC) of hyafure A—F against selected bacterial
and fungal pathogens in pg/mL.

MIC [pg/mL] of hyafurones/hyapyrones

Test organisms

48 49 50 51 52 53 54
Bacteria
Micrococcus luteus >67  >67 >67 >67 >67 >67 >67
Staphylococcus aureus >67  >67 67 67 67 >67 >67
Escherichia coli TolC >67  >67 >67 >67 67 >67 >67
Nocardia flava 67 >67 8.3 33.3 67 >67 16.6
Chromobacterium violaceum 67 67 33.3 67 >67 >67 67
Pseudomonas aeruginosa >67  >67 >67 >67 >67 >67 67
Mycobacterium phlei >67 67 >67 >67 67 >67 >67
Fungi and yeasts
Mucor hiemalis >67 67 67 >67 67 >67 33.3
Schizosaccharomyces pombe >67  >67 >67 >67 >67 >67 >67
Rhodotorula glutinis >67  >67 >67 >67 >67 >67 >67
Pichia anomala >67  >67 >67 >67 >67 >67 >67
Candida albicans >67  >67 >67 >67 >67 >67 >67

2.6.2 Cytotoxic activities

Cytotoxicity tests against four mammalian cell §ngre shown in Table 19. Hyafurone A

(48) was cytotoxic against the primary cell line HUVEG@h an IGyof 1.4 ug/mL.

Table 19. Cytotoxicity of hyafurones (l§ pg/mL) against four mammalian cell lines. Only
hyafurone A (48) was tested against all the four cell lines.

Compound L929 MCF-7 KB-3-1HUVEC
48 14 2.2 3 1.4
50 >33.3 i nt nt
52 >33.3 nt nt nt
53 >33.3 nt nt nt
54 11 nt nt nt

@'t = not tested
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2.6.3 Antiparasitic activity of hyafurone A; (48)

Results

Only the major compound of the polyenes, hyafuran¢48) was evaluated for anti-parasitic

activity and was found to be in-active (Table ZDe assays were performed at the Swiss

Tropical and Public Health Institute, Basel.

Table 20 In vitro anti-parasitic activity of hyafurone,448) (ICso g mL™).
Test T. b. . L.don. Cytotoxicity
drug/compound rhod. T. cruzi P fale. K1 L6
1Cs0 1Cs0 1Cs0 ICs0o 1Cs0
48 7.54 18.6 5.75 2.13 12.25
Melarsoprol 0.002
Benznidazole 0.58
Miltefosine 0.144
Chloroquine 0.046
Podophyllotoxin 0.005
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3 Discussion
3.1  General scope of this work

The current thesis deals with isolation and stmgcalucidation of secondary metabolites from
three strains of gliding bacteri@htaekwangia kribbensistrain PWU 25 (a Bacteroidetes)
and two strains from the myxobacterittyalangium minutumstrains NOCB-2and Hym 3.
Initially active extracts were dereplicated by atiahl HPLC fractionation into 96-well
plates. Following biological testing of each weltlwthe target microorganism provided the
peak-activity correlation. Similarly the active medt was analyzed by HPLC-UV-MS for
peak-UV spectrum and peak-molecular mass or peakezital formula correlation. The data
obtained were then used to recognize possibly kn@empounds in data bases, i.e.
Dictionary of Natural Products on CD-Rom (DNP) (@hean & Hall), the in-house
Myxobase, and/or Chemical Abstracts (online).

Dereplication of the extract d. kribbensisstrain PWU 25 indicated one known and five
novel compounds. An isolation strategy was devealofieat led to the isolation of six
pyrroloquinoline metabolites, marinoquinoline A39( previously isolated but solely
characterized by X-ray crystallographyand five new derivatives4(-44). All structures
were elucidated by detailed NMR analyses. Whenese® for biological activities, these
pyrroloquinolines showed weak antibacterial andifamgal activities and moderate
cytotoxicity against four growing mammalian celds. Additionally, they were also active

when tested againBlasmodium falciparugthe parasite causing human malaria.

In a second project, a complex isolation scheme aesloped for the metabolites b
minutum strain  NOCB-2. The major compound, hyaladione47] an S-methyl
cyclohexadiene-dione was finally purified by cryi&tation and its structure elucidated by X-
ray analysis. Dereplication studies identified sav®ther novel compounds in the crude
extract of this strain. Consequently, six metabslitvere isolated as members of a family,
hyafurones and hyapyrone3(-54). Hyafurone A (49) was isolated as a degraded isomer of
hyafurone A (48) but not directly from the isolate. In both hyapye A 61) and hyapyrone

B (54) a pyranone moiety replaced the furanone while alyghatic chain and the phenyl
moiety were similar to the other hyafurones. Hyapg B 64), though identified in strain

NOCB-2" was isolated frontd. minutumstrain Hym 3. Their structures were elucidateuifr
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detailed HRESIMS and NMR data analyses. Comparmgdhe biological activity indicated
47 to be the most active compound léf minutumdisplaying a broad spectrum of anti-

bacterial, anti-fungal, cytotoxic and anti-paras#ctivities.
3.2 Marinoquinolines A — F (39 - 44) fromO. kribbensis

O. kribbensis strain PWU 25 was found to produce secondary métab, mainly
marinoquinoline A 89), which had been identified previously from the rima
microorganism Rapidithrix thailandicaas an acetylcholine esterase inhibiting ad€nthe
strain further produced five novel metabolites tedato 39. Since the main component,
marinoquinoline A 89) was a pyrroloquinoliné* an isolation strategy utilizing the basic
properties of alkaloids was employed by an acid/bastraction technique. A further size
exclusion chromatography on Sephadex LH-20 enrithednain producB9 finally enabling
the crystallization from acetone/petroleum ether:1)1 Purification of the other
marinoquinolines B-F(40-44 by RP HPLC was improved by acidification of the
methanol/water solvent system with formic acid. Thesulting salt solution of
pyrroloquinolines was stable in the solvent anceraf@l highly resolved peaks for efficient

isolation.

Only marinoquinoline A39) could be crystallized and its X-ray crystallognapanalysis was
replicated and compared with the analysis by thejae groug’ However, all other
spectroscopic data had not been reported. All 10 2ib NMR data recorded in deuterated
methanol were analysed and correlated to the steuctf 39. Additionally, further physical
characteristics including melting point, the UV-ddR-spectra were measured. The stretching
vibration of the secondary amine 3@ was confirmed by a broad IR absorption band.at
3442 cnit in potassium bromide. Structures of all the otherinoquinoline derivativest( -
44) were elucidated by analyses of their moleculamfdae generated from HRESIMS
together with 1D and 2D NMR data. The TBC NMR signals in most spectra of the
marinoquinolines were narrowly separated and tbeeefeported in two decimal places
contrary to the conventional one decimal place. idaishlly, special'*C APT NMR
experiments were performed to indicate the preseh@me quaternary carbons that were
otherwise observed as overlapping signals in thmab*C NMR spectrum and could not be
observed in DEPT spectrum. This was particularigfuisin differentiating between methine
C-5b ©c123.71) and the quaternary C-6 (ABJ123. 72) of marinoquinoline E8).
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Prior to isolation, the crude extract of strain PVZB had displayed growth inhibition of
various microorganisms tested as described in eh&pt.1. Since compounds with antibiotic
activity often have been known to possess furtlutiviies, marinoquinolines A-F30-44)
also were tested for cytotoxicity. But they showsmdy moderate activity when evaluated
with three growing cancer cell lines and a primeeil line (Table 7). The keto-indole variant
44 was the most toxic followed by the phenyl derivasi marinoquinolines Gi{) and D 42),
while the isopropyl variant 40 showed the leasbtoyticity.

The WHO malaria world repdft’ showed that nearly a million people died from mialin
2006 alone and that the resistance of the caugadirasite Plasmodium falciparursontinues

to increase against the available drugs. This tsituanecessitates the screening of diverse
sources for new lead compounds agaiRst falciparum and other tropical parasites.
Marinoquinoline related compounds have previousherb screened against malaria. For
example nostocarboline hydroiodidg5) (Figure 37), which can be seen as a halogenated
isomer of marinoquinoline A30), was isolated from the cyanobacteriuxgstoc78-12A8
and showed selective activity agaiRstfalciparumK1 with an 1Go of 0.194 pM**° The 1G
value of 3H-pyrrolo[2,3-c]quinoline %6), the core alkaloid part of the marinoquinolines,s
determined as 6.4 uf° Other analogues include the plant alkaloid isongmiolepine 67)
with an 1G of 0.23 uM againsP. falciparumK1 cells*® and the spiroindolone NITD609
(598), an improved lead candidate in the fight agamataria. Mice infected with the highly
virulent Plasmodium berghenvere completely cured with a single oral dose ({I@Pper kg)

of NITD609, an effect that was not seen with simidoses of the current standard

antimalarial drugs artesunate, artemether, chlanegor mefloquing>**%?

In a screening against tropical parasites (Table&jinoquinolines B40) and F 44) were
identified as the most active structural variantshwiCso values of 1.8 and 1.7 uM,
respectively. Based on their biological activitiaad particularly the antP. falciparum
activities, marinoquinolines have aroused interestmedicinal chemists with the total
syntheses of marinoquinolines A{B9-41) already accomplished® Equally, another group
from Australia has shown interest in the synthesimarinoquinolines also because of their

antiplasmodial activities**
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Figure 37. Structural analoques of mariquinolines active dgals falciparum; nostocarboline
hydroiodide 65), 3H-pyrrolo[2,3-c]quinoline %6), isoneocryptolepine 5¢) and
spiroindolone NITD60958).

Although feeding experiments were not done to distalthe amino acid precursors of these
pyrrolloquinolines, a good guess would suggestiteu@s an amino acid precursor in the
biosynthesis of the isopropyl side chain of maruioqgline B @0). Similarly, phenyl alanine
and tyrosine may be seen as precursors of theckid@s of marinoquinoline4l and 42,
respectively, whereas tryptophan might provide itftle moieties in marinoquinoline&3
and44.

3.3 Hyaladione an S-methyl cyclohexadiene dione fmoH. minutum

Hyalangium minutumstrain NOCB-2 is an especially ‘talented’ organism producing
structurally diverse metabolite families. Hyaladdo@d7) is the major and smallest compound
to be isolated from this strain. It is a fairly ppcompound eluting early at about six minutes
in an ammonium acetate buffered acetonitrile/wagtadient increasing the organic solvent
from 10 % to 100 % in 40 minutes. It is a heteraatich small-molecule with the elemental
formula GHgCINO,S. Despite its small size, it was impossible taielate the structure from
1D and 2D NMR spectra. Only three singlet signaésenobserved in th# NMR spectrum
which only provided a limited number of correlatson COSY, HMQC, HMBC and ROESY
2D spectra. Due to the low number of different pngt only one rare four-bond COSY cross

peak correlation was observed between the S-meptbybns and the only methine proton at
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C-7. The only NOE of the molecule was observedHtersame proton pair (Figure 38). This
long-range COSY correlation is not completely uralssince it has been observed in
thiopalymyrone, a cyanobacterial metabolite exhigimolluscidal activity*>® Other than the
HMBC correlation identical to the only COSY crosakg, additional HMBC correlations
were observed between the methine proton H-5 ladjwaternary carbons at C-1, C-3, and
C-6.

Finally, 47 could be crystallized from acetone to obtain pmdedle shaped crystals that
enabled a complete structure elucidation by X-rdfyadtion analysis to give a 2-amino-3-
chloro-5-(methyl sulfanyl)cyclohexa-2,5-diene-1jérte (hyaladione). There are no similar
or related S-methyl cyclohexadiene diketones inDINP or the Chemical abstracts-online
database. Therefordy with its unique structural elements representeeholass of natural

products.

0
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o

Figure 38.  The only’H, 'H COSY and ROESY correlations of hyaladioa®)(

The best activity ofi7 was observed againSt aureuswith a MIC of 0.83 pgmt. S. aureus
belong to the pathogens that are responsible fepgwmial infections. Methicillin-resistast
aureus(MRSA) is the most dangerous strain which has ldges resistance to most beta-
lactam antibiotics particularly cephalosporins gedicillins (e.g. methicillin, that gave rise to
the prefix “methicillin resistant”). MRSA was ingdily associated with hospitals (hospital-
acquired [HA MRSA]), but has increasingly becomevalent in community-acquired (CA
MRSA).2*® Despite the efficacy of linezolid®) (Figure 39) against both HA MRSA and CA
MRSA it is prized as the most expensive antibidiiojting its use to a smaller population.
The prices will however change as the first patevitsrun out in 2015. Already linezolid
(59) resistantS. aureus(LRSA) strains have been identified recerffy,and alternative

antibiotics against the ever emerging resistanea@iagently needed.
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Figure 39. Linezolid (69), with efficacy against MRSA.

Biofilm formation of some bacteria species has gbated to the increased antibiotic
resistance. The Gram-negative bactefiavioleceumand P. aeruginosaare examples of
bacteria forming biofims and are therefore previlfensed as models for the analyses of
guorum sensing activity. Hyaladiond7j was found to be moderately active against these
pathogens (Table 20). The mode of activity, thongh investigated in the current thesis,

might unravel new ideas that could help to fighfitrins of human pathogens.

Anti-parasitic testing o7 was done at the Swiss Tropical and Public Heai#titute in
Basel. Hyaladione is reported to be active agdmdalciparumwith an 1G, value of 0.186
ng mLtand also cytotoxic to the rat myoblast L6 cellshwan 1G, value of 0.552 pg nik

However, its antimalarial activity was reporteduaspecific.

The successful isolation and characterisatioA7gbrovides a new small and complex natural
product that may find application in drug discov@rpgrams, either as a tool to investigate
the mode of action or as lead structure for dedasibn in drug development. Its name
hyaladione, was derived by merging the name ofptteelucer strairHyalangium minutum
with the diketo-functional group name “dione”.

3.4  The hyafurones and hyapyrones

In the screening program of myxobacteria at thentheltz Centre for Infection Research
(HZI), ten strains oH. minutumwere shown to produce hyafurones and the two hyaeg
in different proportions, as identified by HPLC-DABRESIMS analysed:d. minutumstrain
NOCB-2" was the best producer both in amounts and varietiyeoderivatives. Besides these
polyketides, the strain also produced hyaladion& dyaboron (Dr. J. Niggemann,

unpublished result)lhe isolation of the light sensitive polyenes welsi@aved successfully by
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use of amber glass ware or foiling of the samplgld®with aluminium. The first sample of
hyafurone A (48) was completely degraded when exposed to ligretteg for some time in
DCM. Further degradations were circumvented by afsmethanol as a softer solvent and

keeping the compounds dry under nitrogen atmospredestoring at freezing temperatures.

Hyafurone A (48), the major compound of the family of polyketideas separated from the
others by silica gel flash chromatography and syiset purification by RP MPLC. Detailed
analyses of its molecular ions in the HRESIMS ithboegative and positive modes were in
agreement with its empirical formulas£E440s. Careful analyses of the NMR data in
deuterated methanol together with the moleculanita led to structurd8 for hyafurone A.

The experimentalH and **C NMR data corroborated with their calculated valder
hyafurone A (48) using the ACD NMR Predictor software. An unusti@libling of signals in
the*C NMR spectrum was observed for §H and the quarternary carbons C-2, C-4, and C-
5. However, this was not completely unique as @t baen observed in other compounds that
contain a similar furanone moiet}?*****°The doubling of peaks in these compounds results
from the instable stereochemistry of the hemi-keggedup in the furanone ring. These
compounds exist as a 1:1 mixture of epimers (résmdyg diastereomers) at the hemiketal

stereocentre.

Despite the similarity of the furanone ring systefrhyafurone A (48) to other compounds,
the producing organisms were completely diverse.dxample, aglajne 260) (Figure 40)
was isolated from the mollu®ulla striataand its preyAglaja depicta® aurafurone A 1)
and B from the myxobacter@tigmatella aurantiacandArchangium gephyr&d® 5-alkenyl-
3,3(2H)-furanones fronstreptomyces aculeolafii§and actinofuranones 4#2) and B from
Streptomyces of a marine actinomycEfeThe detection of structurally related compounds
from a variety of sources may be attributed to aasireasons, e.g. diet and or symbiotic
relationships between different organisthhorizontal gene transfer, or simply a coincidence
of co-evolution of the biosynthetic pathways inp@sse to a similar environmental stress. In

all cases théH and**C chemical shifts in the furanone systems were iteatical.
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Figure 40. Identical furanone moieties in hyafurone @8), Aglajne 2 60), aurafurone Ag1)

and actinofuranone A60).

The'H NMR spectra of hyafurone 448) and hyafurone A(49) were superficially similar.
However, a closer examination of the latter spectravealed slight chemical shifts of proton
resonances of methylene C-9 to methines C&4(92, 5.36, 6.21, 6.68) in the former
spectrum shifted téy 4.39, 5.73, 6.37 and 6.33, respectively. The mppaeent difference
was observed in the multiplicity and vicinal proforoton coupling constant of the olefinic
proton H-11 where a triplet and a coupling constritho 1= 11.0 Hz was observed fé8
compared to the proton-proton coupling constant§efi;= 14.0 Hz for the identical pair in
49. This large coupling constant was decisive inabgignment of th&rans configuration for
the A*™®**bond in49.

The structure of hyafurone B(@) indicates an elimination of a water molecule frd8) a
process that can be envisioneditro (Figure 41). The hydroxyl group at C-9 is protouiiie
—OH,", a good leaving group, and eliminated as a watdeenle resulting in 12 degrees of

unsaturation fobO0.
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Figure 41. Elimination of water from hyafurone;A448) to give hyafurone B50).

The new olefenic protons in hyafurone B were displayed in thtH NMR spectrum ab
6.61 (H-8) andby 6.89 (H-9) compared to identical positions in lwyahe A (48) atdy 1.69,

o4 1.91 (C-8) anddy 4.92 (C-9). Indeed, this was the sole differencthénNMR spectra data
of the two compounds (Tables 12 and 14). Molecalarclusters in HRESIMS analysis 48
indicated elimination of water molecules from theggnt cluster. However, the experience of
handling the two compounds separately indic&@tb be more stable and biologically more
active compared td8 in the tests performed. Hyafurone BOJ is the biologically most
active member of the polyketide family when teségginst a range of pathogenic bacteria
and fungi with its best activity at 8.3 pg mMIMIC) against the Gram-positival. flava
(Chapter 2 Table 18).

Hyapyrone A §1), was isolated as an isomer&fl. However, unlike50, where the hydroxyl
group at C-9&: 66.5) of48 was eliminated as water, the dehydration has oedwat the OH
group at C-7 & 68.0) and the formation of pyranone moiety in platéhe furanone moiety,
hence the name hyapyrone & The biological activity of the two isomers wasrgaetely

different, emphasizing the importance of structacgvity relationship with50 being more

active tharbl
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Hyafurone C %2) and hyafurone D5Q3) are the first members of this polyketide groupméwe

a nitrogen substituent on the furanone ring. Thatdin was observed as an amino group
represented by a slowly exchanging broad singlethim proton NMR spectra for both
compounds (Table 16). However, these metabolite® \Wss active when screened against

the common bacterial and fungal pathogens.

Hyapyrone B %4), though produced by strain NOCB-®as isolated frontd. minutumstrain
Hym23 due to its relatively higher productivity ®. Compared to the hyafurones (A -D) the
furanone moiety was replaced by a pyranone moietp4 like in 51 Polypropionate
compounds with a pyranone moiety have previousBnbisolated in marine molluscs. The
compounds include aglajne*%, pectinatoné?® norpectinatoné*’and diemenensin X Like
other members of the family, no significant biokaiactivity was observed for hyapyrone B
(54). The best antibiotic and cytotoxic activities wersbserved against the Gram-positive
bacteriaN. flavaand the mouse fibroblast cell line L929 with MI@lwe of 16.6 pg/mL and
ICsovalueof 11 pg/mL, respectively. Hyapyrone B4 is considered a relative of hyafurones
because of the similarities in structure of the tesfragment from the phenyl moiety to the
methine C-12 (Figure 36).

Determination of absolute configuration of natysabduct compounds is vital especially if
they are to be developed into drugs as exemplifieitie case of thalidomide in chapter one
where the $-enantiomer was teratogenic. Substantial effortewsmade to determine the
absolute configuration of8 starting with the derivatization of the four chiedcohols using
the advanced Mosher methtfd.Two derivatization methods were applied; firstreaction
involving the MTPA-CI ¢-methoxye-trifluoromethylphenylacetyl chloride), which seeiine
to work over 24 hours period according to TLC asalyHowever the compound degraded
during subsequent efforts to purify it. A secondemipt with a MTPA-acid and 1,3-
dicyclohexyldiimide (DCC) in the presence of 4-(éitmylamino)-pyridine (DMAP) as
catalyst also resulted in a degradation of the ycodrinally, the remaining minute amount of
the unstable48 precluded further characterization of its sterewmeistry, since the biggest
challenge initially was the purification of enoughaterial for these experiments and for

detailed NMR analysis.

The doubling of peaks in tHéC NMR spectra was not observed for the two hyapsspi
and B 61 and54) due to the absence of the hemiketal making themerstable than their
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relative hyafurones counterparts. However, aft@logical activity screening, the minute
amounts left forestalled any further characteraatior the determination of their absolute

configuration.

Although feeding experiments were not performeeédtablish the biosynthetic precursors of
the polyenes fromH. minutum structure of hyafurone A(48) closely resembles a
combination of structural elements of aurafuroné64 and phenalamide A63), microbial

metabolites of which the biosynthetic precursongehiaeen elucidated as shown in Figure 42.
146,147

OH OH
OH 0
N 0 NH
o]
HO HO _ _
61 63
D,,- DL-leucine = C1-*C - acetate —— **C - phenylalanine s Ci1-¥C- acetate
. C1-C- propionate a C1-C- propionate —— C - alanine

C2 -*C - propionate = C2-°C- propionate

Figure 42. Incorporation of labeled biosynthetic precusors emirafurone Ag1)**’ and

phenalamide A(63).*°

Based on this information, it is feasible to preditat hyafurone A (48) is a biosynthetic
product of the condensation of the amino acid pla¢aryine, propionate and acetate. The
decarboxylation and deamination of phenylalanirwigles the phenyl moiety as a starter unit
while five propionate-derived methylmalonyl-CoA affide acetate-derived malonyl-CoA
extender units are incorporated during the biosgithsequentially as shown in Figure 43.
The furanone moiety should be identical to aurafard requiring the condensation of two
propionates and an acetate. However, the C1 catbowed from incorporation of the last

propionate unit in this furanone moiety is loseqrmably due to a decarboxylation st€p.

Propionates as precursors for the methyl moiete® lalso been shown in the biosynthesis of

polypropionates in the marir&phonaria denticulatd*®
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Figure 43. Hypothetical incorporation of biosynthetic precussimto hyafurone A(48).

3.5 Conclusion and future aspects

With the growing escalation of pathogenic resistario the available drugs and the
emergency of new pathogens, expansion in drug ¥gsggrograms remains the corner stone
to improvement in human health. Natural productstiooe to play an important role in
providing new chemical entities with diverse biatad activities. In the current thesis, 13
novel and one known compounds [marinoquinoline 39)](were isolated, their structures
elucidated and subsequently screened for biologici@ities. Marinoquinolines A-F39-44)
were isolated from the gliding bacteriu@htaekwangia kribbensia bacteroidetes while
hyaladione 47), hyapyroneA, (51), hyapyrone B%4) and five hyafuronesAg8-53 except49,
which is a degradation product o#8) were isolated fromHyalangium minutum
(myxobacteria). Marinoquinolines A-B$-44), a family of six pyrroloquinolines exhibited a
broad range of antibiotic, antifungal, cytotoxic daralso anti-plasmodial activity.
Marinoquinolines B40) and F 44) exhibited good anti-plasmodial activities withs§@alues

of 1.8 and 1.7 puM, respectively, and have genergiest interest among the synthetic
chemists leading to the total synthesis of marimuajines A —C 89-41) and E 43).13314°

Hyaladione 47), a small metabolite whose structure could notresolved by NMR

spectroscopy but by X-ray crystallography, re-ensptes the power of X-ray diffraction as
the undisputable technique in structure deternonatilt showed a range of biological
activities including antibiotic activity against MFRA with a MIC value of 0.83 pg/mL and

anti-parasitic activity againgt. falciparumk1 cells withan IGvalue of 0.186 pg mt
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Hyafurone-like metabolites with furanone or pyra@omoieties have previously been
isolated™®>*® Hyafurone C%2) and D 63), however, represent the first hyafurones with an
N-substitution of the hydroxyl group of the furaoring. Their biosynthetic pathways have
equally not been investigated and determinationthair absolute configuration would

definitely be of interest.

Gliding bacteria and particularly the myxobactegantinue to excite with amazing
discoveries of new and structurally diverse compisdn™ To date, the largest bacterium
genome sequenced belongs to the myxobacteBomngium cellulosurwith 13.0 Mbg™°
which together witiMyxococcus xanthustrain DK1622) with a genome of 9.1 Mbp reveal a
great diversity of putative secondary metabofftés®>® Natural product drug discovery
programs have progressed tremendously over théelastears due to improvement in culture
techniques to isolate and culture the “uncultursiti® high throughput screening in
dereplication and biological activity profiling, tta-sensitive detectors and automated
purification equipment, ultra-high LC-HRESIMS aniate of the art NMR facilities. Failure
to get enough new lead compounds from rational diegjgn and combinatorial chemistry
and the ever increasing multi-drug resistance ppthe as well as the emergency of new
pathogens is alarming. Despite the closure of ahpuoduct R & D departments by the big
pharma industries, there is a renewed effort from governmental public funds to support
natural product programs at the universities andllsbiotech companies. This is evidenced
by the over 5,000 natural products discovered peum, and the improvement of the journal
impact factors in the field. There is no doubt #fere that natural product research has been

re-launched and attention of many researchersctdtta
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4 Experimental
41  Materials

4.1.1 General Chemicals

Table 21. Chemicals used and their corresponding suppliers
Chemical Supplier
Acetone Merck

Calcium chloride (CaGlIx 2 H,0)
Glycerine (87 %)

Methanol (technical grade)
Methanol (Uvasol)

Magnesium sulphate x 7.8
Potassium hydroxide

Sodium acetate

Toluene

Acetonitrile J.T. Baker
Dichloromethane
Diethyl ether
Ethanol

Ethyl acetate
Methanol

Water (HPLC)

Sodium-Fe-EDTA Fluka
Dimethylaminopyridine (DMAP)
Sodium hydrogen carbonate
Pyridine-p-toluenesulfonic acid
Sephadex LH-20

Acetic acid Roth
Aluminium oxide
Ammonium acetate
Formic acid

n-Heptane
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Table 21 continued

Experimental

Chemical Supplier
Sodium sulphate Roth
Sodium chloride

Sulphuric acid

HEPES

Soyabean flour Cargill

Starch 12018

Ammonia solution

Riedel-de Haen

Milli-Q-Water Millipore
Casitone BD

Glucose Cerestar
Amberlite XAD -16 Rohm and Haas
Skim milk AppliChem
Sulphuric acid

Yeast extract Ohly
Tegosipon antifoam Evonik

Acetoneeds
Methanold,
Chloroform+d;

Acetonitrile-ds

Deutero GmbH
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4.2  General equipment and procedures
4.2.1 Analytical reversed phase high performanceduid chromatography (RP-HPLC)

The standard RP-HPLC and fractionations into wkltgs were carried out using an Agilent
1260 infinity series system equipped with two pumasfraction collector, an injection
system, column chamber and a UV diode-array detd@&D) [Agilent Technologies].
Additionally, the system was coupled to a coronaaudetector (Dionex GmbH). The
standard conditions for screening were: column 22%m, Nucleodur 120 EC, jim, Gg,
(Macherey-Nagel); temperature 40°C; solvent AOHRCN (95/5), 5 mmol NHAc, 0.04
mL/L acetic acid; solvent B: ¥D/ACN (5/95), 5 mmol NKAc, 0.04 mL/L acetic acid,
gradient: 10 % B increasing to 100 % B in 30 mimgimained at 100 % B for 10 min; and
finally to 10 % B post-run for 10 min, flow rate30mL/min; UV detection 200-450 nm.

4.2.2 Thin Layer Chromatography (TLC)

Analytical TLC was carried out on TLC aluminum sheets, silicagfelRs, (Merck 5554).
The standard TLC analyses of crude extracts and pompounds were done by applying
approximately 5 puL solution (20mg/mL of crude egtrand 2mg/mL of pure compounds) to
silica gel TLC plates which were developed with DI OH (9/1; v/v) under solvent vapor
saturation condition. Visualization under UV ligitt254 or 366 nm (Camag) and by spraying
with vanillin-sulfuric acid reagent (15g vanillim 250 mL ethanol and 2.5 mL conc. sulfuric
acid). The TLC plate was then heated to 420

4.2.3 Preparative reversed phase high pressure liguichromatography (pRP-HPLC)

Two preparative RP-HPLC systems were used: an atgmmAgilent 1100 series system
equipped with injection system, fraction collectowo pumps and DAD detector (Agilent
Technologies) and the second system equipped witiaiaual injection port (Rheodyne),
preparative K-1800 pump and a solvent mixing chamgaauer) connected to a UV-
detector (Techlab). In both systems the columnav@g Nucleodur 25021 mm, 100-10 EC
column (Machery-Nagel).
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4.2.4 Preparative reversed phase medium pressureqliid chromatography (RP-
MPLC)

RP-MPLC was carried out using a Buchi chromatogyapfstem equipped with two pumps
C-605, a fraction collector C-660, a UV photome@i635, and a control unit C-620

connected to a Kronlab RP-column (480x30 mm).
4.2.5 Silica-gel flash chromatography systems

Silica gel flash chromatography was carried ouhegitusing a manual Si-gel flash
chromatography system from Biotage and Si 40 claygs (Chromaborfil or an automated
flash chromatography system (Reveleris) equippeth WiV and ELSD detectors and a
fraction collector. The software and the cartidgese supplied by Grace Davison Discovery
Sciences.

4.2.6 Size exclusion chromatography

Size exclusion chromatography was performed onphh&kex LH-20 column connected to a
minipuls-3 pump (Gilson), a fraction collector, UWfetector and a plotter (Pharmacia

Biotech.) with methanol as solvent.
4.2.7 HPLC-Ultrahigh resolution mass spectrometry (HPLC-HRESIMS)

HRESIMS data were recorded on a Maxis ESI-TOF-M&spmeter (Bruker) coupled to an
Agilent 1200 series RP-HPLC system. HPLC-HRESIM®ditions: column 50x2.1 mm,
Acquity UPLC BEH C-18, 1.um (Waters), solvent A: 0.1 % formic acid in watssjvent B:
0.1 % formic acid in ACN, gradient 5 % B for 0.5rmincreasing to 100 % B in 19.5 min and
continued at 100 % B for 5 min, flow rate 0.6 muAmor NH,Ac-buffer gradient: column
100x2.1 mm, XBridgE! C18 3.5um (Waters), solvent A: ¥0/ACN (95/5) + 5 mM/L of
NH4Ac + 40uL/L of acetic acid; solvent B: #D/ACN (5/95) + 5 mM/L of NHAc + 40uL/L

of acetic acid, gradient from 10 % B increasind.®® % B in 30 min and continued at 100 %
B for 10 min, flow rate 0.3 mL/min, UV detection@@50 nm. The molecular formulae were
identified by including the isotopic pattern in tloalculation using the SmartFormula

algorithm of the Bruker software.
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4.2.8 NMR spectroscopy

'H NMR and™C NMR spectra of extracts and pure compounds fdtypcheck and structure
elucidation were recorded on Bruker FT-NMR DPX-388 300 MHz,*C 75 MHz), ARX-
400 ¢H 400 MHz,**C 100 MHz), or Bruker AVANCE DMX-600'H 600 MHz,**C 150
MHz) spectrometers. The instruments were calibratsithg deuterium solvent signals as
standards (CEDD, 6. 49.0,64 3.35, 4.87 ppm; CECOCD;, 8. 29.9,064 2.05 ppm; CDG 6¢
77.2,84 7.26 ppm; CBCN, 8¢ 1.6 and 118.654 1.93 ppm ). Multiplicity of**C signals were
deduced from DEPT and/or APT experiments; s = €QH, t = CH, q = CH. For complete
structural assignment of new compounds, 1B, *°C, DEPT, ROESY) and 2D'f-*H
COSY, 'H-C direct correlation (HMQC)*H, *°C long-range correlation (HMBC)] NMR
spectra were recorded. Data acquisition, procesanty spectral analyses were performed
with standard Bruker software and ACD/NMRWorkbodke chemical shifts are given in

parts per million (ppm) and coupling constants in H
4.2.9 Centrifugation

Centrifugation was carried out with Centifuge-54(Bppendorf) or/and Varifuge 20RS

(Heraeus Sepatech).
4.2.10 Evaporation

Vacuum rota-evaporation of organic solvents wagopeed on a Rotavapor R-200 system

coupled to a heating bath B-490 (Blichi) and a PC%0ies vacuum pump (Vacuubrand).
4.2.11 Optical rotation

Optical rotations were measured using a Perkin-Ef2dd MC polarimeter equipped with a

1 mL cell, cell length 10 cm.
4.2.12 UV spectra

UV spectrawere recorded on a Shimadzu UV/Vis-2450 spectrapheter using 1 cm quartz

cells.
4.2.13 IR spectra

Infra-red (IR)spectra wereecorded on a Bruker IR Tensor 27 spectrophotometer
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4.2.14 Melting points
The melting pointsvere measured on a Blchi-510 melting point apparatu
4.2.15 Large-scale fermentations

Large-scale fermentationsere carried out in 100 and 130 L bioreactors (B. Brawth
culture volumes of 70 L or 100 L in the presente2% Amberlite XAD-16 (Rohm and
Haas), respectively.

4.2.16 Milli-pore water
Milli-Q water was purified by a Millipore purificadn system (Millipore).
4.2.17 Microplate-shaker

The 96-well bioassay culture plates were incubate2D°C on a microplate-shakéreidolph
Titramax 1000).

4.2.18 X-ray crystallography

X-ray data set for marinoquinoline 89) and hyaladione4(/) was measured at 122 K on a
X8-Apex Bruker-AXS diffractometer (Mo & radiation), collecting 18376 reflections
(independent 5432 &) = 0.031). The monoclinic space groB@./n with a unit cell of a =
3.8875(8) A, b = 14.180(3) A, ¢ = 14.518(3) B,= 94.81(1)° was determined and the
structure solved by direct methods.Full matrix least-squares refinement agaifst with
anisotropic thermal parameters and free refineroktite hydrogen positions (133 parameter)
were used, resulting in Rl = 0.031 and wR2 = 0.@/th | > 20,. This was done by Dr. V.

Huch, Department of Inorganic Chemistry, Saarland/ersity.
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4.3 Fermentation of PWU 25 and Isolation of Marinoquindines A-F

4.3.1 Isolation, identification and culture of stran PWU 25

Strain PWU 25 was isolated from a soil sample watant residues collected at Kukrail
Reserve Forest and Crocodile Research Centre, Btadesh, India in March 1995. The
strain was identified a®htaekwangia kribbensisy 16S rDNA analysis (Dr. K. Mohr, HZI).
The strain was isolated using procedures describedsolation of myxobacteri* For
maintenance it was grown on VY/2 agar plate [yed& %, CaG. 2 H,O 0.1 %,
cyanocobalamine 0.5 pg/ml, agar 1.5 %, pH 7.2]Juiddpatch cultures (100 mL) of the strain
were cultivated in 250 mL Erlenmeyer flasks in adimen containing 0.4 % skimmed milk,
0.4 % defatted soy flour, 0.2 % yeast extract, %.&tarch, 0.1 % MgS@7 H,O, 50 mM
HEPES (11.9 g/L), 8 mg/L Fe—EDTA, 0.5 % glycerirdéh % of Amberlite XAD-16 resin
(E-medium) and incubated at 80 on a gyratory shaker at 160 rpm for 3 days. Adtguof

stock cultures in eppendorf tubes were stored&aiC8
4.3.2 Large-Scale fermentation of strain PWU 25

A 3 L pre-culture ofO. kribbensisstrain PWU performed in shaking flasks and cutadafor

3 days were inoculated to 70 L of E-medium (with®lEPES) in a 100 L bioreactor
supplemented with 1.4 kg of Amberlite XAD -16 reslime culture was kept at 3G, aerated
with oxygen at 0.05 vvm per minute, pH regulated dt with 10 % KOH and 5 % 130,
solutions, and agitated with a flat-blade turbinereyr at 100 rpm. Foam formation was
suppressed by addition of 100 mL of 30 % tegosip@nmentation was terminated after three
days and XAD-16 adsorber resin and the cell mass Kg) were collected by sieving and

centrifugation, respectively.
4.3.3 Isolation of marinoquinolines A-F

The adsorber resin was washed with distilled watel packed in a glass column (70x8 cm).
Compounds were extracted by a three step process; golar compounds were extracted
with 50 % aqueous methanol (4 L) followed by exi@ac with methanol (4 L) and a final

elution with acetone (4 L), each at a flow rat@df per hour. The eluent from 50 % aqueous
methanol was discarded while methanol and acethusnts were vacuo-evaporated to yield

10.41 g and 7.08 g of crude extract, respectiveigophilic compounds in the methanol
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extract were removed by partitioning withheptane to yield 9.25 g accumulated in the
methanol layer. The compounds were further enridnedcid-base partitioning. First, they
were partitioned under acidic conditions betweenewaontaining 2 % formic acid (pH 2)
and ethyl acetate. Acidic and neutral compoundsiraatated in the acidic layer of ethyl
acetate weighed 2.5 g. The pH of the water layes stafted to 11 by addition of ammonia,
and subsequent partitioning and extraction withyleticetate yielded 692 mg of a basic
extract. This was separated by Sephadex LH-20 @&®D0m) column chromatography with
methanol as solvent and a UV detector set at 227 Tima fraction containing the major
compound39 (marinoquinoline A) was evaporated and subjeciedcrystallization and
recrystallization in acetone-petrol ether (1:1)Idileg 62.5 mg of colorless needle-shaped
single crystals whose X-ray crystallography dataemelentical to those described for 4-
methyl-3H-pyrrolo[2,3-c]quinoloné™* The byproducts were further purified by prepamtiv
RP HPLC [column 250x21 mm Nucleodugs@Viacherey Nagel), solvent A: 0.5 % HCOOH
in 80 % HO and solvent B: 0.5 % HCOOH in 50 % ¢bH; gradient 7 % B, 60 min to 83 %
B, 30 min 100 % CEDH; flow rate 20 mL/min, UV detection at 240 nmjatling 40 (16.5
mgq), 41 (7.5 mq),42 (23 mg),43 (15.3 mg) and4 (3 mg). All pure fractions 089 were
pooled to give a final yield of 232 mg.

Marinoquinoline A(39): colorless needles; mp 236-237 °C; UV (MeOM)ax (log €) 239
(4.561), 300 (4.034), 312 (3.959), 326 (3.792) mR(KBI): vmax 3442, 2924, 2854, 1631,
1587, 1441, 1366, 1125, 1026 ¢nNMR data see Table 2; HRESIMS/z183.0919 [M +
H]" (calcd for GoHioN,, 183.0922).

Marinoquinoline B(40): colorless amorphous solid; UV (MeOH)ax (log €) 226 (4.651),
240 (4.678), 301 (4.093), 314 (4.028), 327 (3.867) NMR data see Table 2; HRESIMSz
225.1382 [M + HJ (calcd for GsHieN2, 225.1386).

Marinoquinoline C(41): colorless amorphous solid; UV (MeOH)ax (Iog €) 228 (4.755),
239 (4.751) 302 (4.154), 314 (4.101), 329 (3.958) NMR data see Table 3; HRESIMS$z
259.1236 [M + HJ (calcd for GgH14N>, 259.1230).

Marinoquinoline D 42): colorless amorphous solid; UV (MeOH)ax (log €) 227 (4.823),
240 (4.816), 302 (4.233), 315 (4.186), 329 (4.088) NMR data see Table 3; HRESIMSz
275.1181 [M + HJ (calcd for GgH14N-0O, 275.1179).
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Marinoquinoline E(43): yellow amorphous solid; UV (MeOH)max(log €) 225 (4.563), 242
(4.451) 306 (4.018), 315 (4.009), 339 (4.009) nnMMRNdata see Table 4; HRESIMS8/z
284.1182 [M + H] (calcd for GgH1aN3, 284.1182).

Marinoquinoline F(44): yellow oil; UV (MeOH): Anax (log €) 210 (4.638), 222 (4.602, sh),
271 (4.050, sh), 328 (3.866), 361 (3.739) nm; fddRNdata in methanat, see Table 4*H
NMR (600 MHz, CRCN): 6 [ppm] 11.06 (1H, br s, H-3), 7.71 (1H, m, H-4 )18 (1H, tJ =
2.2 Hz, H-5), 8.34 (1H, m, H-6 ), 7.68 (1H, m, H-7)66 (1H, tJ= 2.8 Hz, H-8 ), 8.32 (1H,
m, H-9), 10.13 (1H, br s, H-1") 9.56 (1H,Hs 2.9 Hz, H-2"), 8.58 (1H, dd=6.6, 1.8 Hz, H-
4%, 7.32 (1H, tdJ = 7.2, 1.5 Hz, H-5") 7.34 (1H, td,= 7.3, 1.5 Hz, H-6") 7.59 (1H, dd,=
6.4, 2.0 Hz, H-7"); HRESIMS m/z 312.1138 [M + HJgalcd for GoH13N30, 312.1131).

4.4 Biological testing
4.4.1 Determination of the minimum inhibition concatration (MIC)

The MIC values of marinoquinoline A-F were deteredragainst the Gram-positive bacteria
Staphylococcusaureus Nocardia flava and Micrococcus luteysand the Gram-negative
bacteriaEscherichia coliand Chromobacterium violaceumn addition, the fungiMucor
hiemals, the yeast€andida albicansRhodotorula glutinisPichia anomalaand the fission
yeast Schizosaccharomyces pombere tested. MIC assays were conducted in 96 well
microtiter well plates in a serial dilution in EBBedium [0.5 % casein pepton, 0.5 % glucose,
0.1 % beef extract, 0.1 % yeast extract, 50 mM HEREL.9 g/L) at pH 7] for bacteria
pathogens and MYC-medium [1 % phytone peptone, dl#éose and 50 mM HEPES (11.9
g/L) at pH 7] for yeasts and fungi pathogens. FiBd pL aliquots of each of the
marinoquinolines A-F at 1 mg/mL in MeOH and 2 ulr fihe reference drugs (broad
spectrum antibacterial oxytetracycline hydrochler{digma) at 1 mg/mL in Millipore water
and antifungal nystatin (sigma) at 1 mg/mL in MeQt#re pipetted to the first row (A) of the
plate. Negative control wells were left blank. eftthe solvents were dried, 150 pL of a
mixture of the test pathogen and the culture mediuine ratio of 1:100, respectively, was
dispensed in all rows using a multichannel pipetife first row, an additional 150 uL of the
pathogen-medium mixture was added and mixed byatedepipetting, before transferring the
same amount to the second row. A 1:1 serial diluti@s done in the subsequent rows, and
150 pL discarded after the last row (H). The mitt@ plates were incubated on a micro-

plate- shaker with 600 rpm at 8G for 24 - 48 hours. The lowest concentration &f dnug
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preventing visible growth of the pathogen was tasrthe MIC. The concentrations tested
ranged from 33.5 to 0.052 pg/mL.

4.4.2 Cytotoxicity assay

In vitro cytotoxicity (IGg) was determined against a panel of mammalianlioel including
the breast cancer cell line MCF-7, the cervix cavma cell line KB-3-1, the established
mouse fibroblast cell line L929 and the non-transied human umbilical vein endothelial
cell line (HUVEC). KB-3-1 and L929 were cultured DMEM (Lonza), HUVEC in EBM-2
(Lonza), and MCF-7 in RPMI (Lonza) media, all suwgpented with 10 % of fetal bovine
serum (Gibco) under 10 % G@t 37°C. The cytotoxicity assay was performed according t
the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphengitazolium bromide) method in 96-well
micro-plates:>® Briefly, 60 pL aliquots of serial dilutions frommanitial stock of 1 mg/mL in
MeOH of the test compounds were added to 120 (guats of a cell suspension (50,000/mL)
in 96-well micro-plates. Methanol was used as aatieg control. After 5 days incubation at
37°C and 10 % CQthe MTT assay was performed, and the absorbancsumeshat 590 nm
using an ELISA plate reader (Victor). The conceidgraat which the growth of cells was

inhibited to 50 % of the control (Kg) was obtained from the dose-response curves ml.Lg/
4.4.3 Antiplasmodial activity

Antiprotozoal activity of the pure compounds wadedmined at the Swiss Tropical and
Public Health Institute (Swiss TPH) by Prof. R. Brand M. Kaiser. Antimalarial activity
was tested by a variation of the semiautomatedadiktion assay against intraerythrocytic
forms of Plasmodium falciparunderived from asynchronous stock cultuf&sThe reference
strain used was K1 (Thailand; resistant to chlonoguand pyrimethamine). Activity against
hemoflagellates which cause human sleeping sickfi@gpanosoma brucesubspRhodesia
and Chagas diseas@rypanasoma cruyiand also activity against rat skeletal muscle

myoblast (L-6) cells were assessed as describ&hminsky and Brutr’
4.5 Fermentation and Isolation of hyaladione fronstrain NOCB-2"
4.5.1 lIsolation of strain NOCB-2

Strain NOCB-2 was isolated in 1992 and characterized as belongindpe myxobacteria

Hyalangium minutumby Prof. Dr. Reichenbach of the former German @enfor
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Biotechnology (GBF) currently HZI and deposited the German Resource Centre for
Biological Material (DSMZ) as a type strain withcassion number DSM 14724

4.5.2 Large scale fermentation of strain NOCB-2

Large-scale fermentation dfl. minutum strain NOCB-2' was performed in a medium
containing 0.2 % soya meal, 0.2 % glucose, 0.2 &styextract, 0.8 % starch, 0.1 % CaCl
0.1 % MgSQ x 7 H,0, 8 mg/L Fe-EDTA (H-medium) and 2 % of AmberlitéR-16 resin in
a 70 L bioreactor that was inoculated with a 6 Lsléke-flask cultures grown for 7 days in
the same medium. The bioreactor was kept at 30a&@ated at 0.05 vvm per minute, pH
regulated at 7.4 with 2.5 %,80, or 2.5 % KOH solution and agitated with a flatd#a

turbine stirrer at 100 rpm.

4.5.3 Extraction and isolation of hyaladione (47)
The fermentation was terminated after 7 days aadattsorber resin collected by sieving and
extracted sequentially in a glass column (70 x § with methanol (7 L) and with acetone
(4 L) at a flow rate of 2 L per hour. The combirsadutions were evaporated to yield 34 g of
extract. Enrichment 047 was achieved by eliminating lipophilic compoundspartitioning
between methanol amdheptane to give 24 g of an enriched crude methextohct. A further
solvent-solvent partitioning with EtOAc/water retgal in 8.4 g residue from the EtOAc layer.
2 g of this extract (8.4 g) were separated byaitjel flash chromatography (Biotage Flash+)
with a gradient of 2 % to 10 % methanol in DCM #éag in 330 mg of enriched hyaladione
(47) according to TLC and HPLC analyses fR0.7, DCM/MeOH (24/1) and {R= 6.4 min,
respectively). Further enrichment was performed rbyerse phase preparative Medium
Pressure Liquid Chromatography (RP-MPLC) on a KabnDDS-AQ 120/16 column (97 x
4 cm) connected to a Buchi chromatography systeth avigradient of 25 % B to 35 % B
(solvent A: MeOH/HO 1/1, solvent B: MeOH) in 30 min. at a flow rate3® mL/min and
UV detection at 360 nm. Hyaladiond7) eluted at a retention time of 9.5 minutes. The
fraction containingl7 was evaporated to eliminate MeOH and the compoecaovered from
the water layer by extraction with EtOAc to yiel8 ghg of47. Crystallization in acetone at
room temperature yielded 23 mg of pink hyaladioA®) (crystals that allowed structure
determination by X-ray crystallography.
Hyaladione (47): pink needles; mp 235-23&; UV (methanol)Amax (log €) = 353 (3.743)
nm; IR (KBr): vmax3438, 3308, 3056, 1673, 1662, 1638, 1604, 1566418335, 1318, 1261,
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1246, 1088, 1039, 952, 877 ¢m'H NMR and*C NMR data are presented in Table 9;
HRESIMSmM/z203.9882 [M+H] (calcd for GHeCINO,S [M+H]", 203.9880 ).

4.6 Extraction and isolation of hyafurones

4.6.1 General remark

The hyafurones with a polyene type UV chromophoesenwprotected against light by use of

amber glassware and stored in methanol solutiopleoented with nitrogen gas at -ZD)
4.6.2 Isolation of hyafurones A-D and hyapyrone A

A second 100 L large-scale fermentation of stral@OB-2" was performed in H-medium
under conditions similar to the first fermentatidh.kg of XAD were recovered. Upon
washing with distilled water, the resin was packeda column, washed again with 50 %
agueous methanol (4 L), extracted with 9 L of metihand finally eluted with 6 L acetone.
The methanol extract was evaporated to yield 1188 gude extract. Partitioning in 90 %
aqueous methanokheptane resulted in 9.3 g accumulation in the arathlayer. Further
partitioning in DCM/water resulted in 5.6 g of esfted compounds in methylene chloride
layer. This residue was loaded to a 80 g silicafigeh cartridge and run on the automated
flash chromatography system (Reveleris) with a igraicof 20 % to 30 % acetone in DCM for
73 minutes. 20 fractions were collected accordmgrtalytical TLC und UV-absorption. The
fraction containing hyafurone ;A48) (689 mg) was purified by MPLC with a gradient of
70 % to 80 % aqueous methanol to yield 82 mg oé gér Hyafurone A (49) was isolated
from an isomerization of 25 mg dB. The purification was performed by preparative I@PL
on a Gg Nucleodur column, 250 x 21 mm with a gradient 6f % to 72.5 % aqueous
methanol and a flow rate of 20 mL/min to obtain in§ of 49. All subsequent hyafurone
derivatives were purified by preparative HPLC uding same column but different gradients
in aqueous methanol. Hyafurone ) was purified from a fraction containing 143 mgtwi

a gradient of 72.5 % to 85 % aqueous methanol etdy8 mg of pure hyafurone B5(@).
Hyapyrone A $1) was purified from a fraction containing 154 mgtbe same column with a
gradient of 75 % to 85 % aqueous methanol to Wefdmg of51. For hyafurone C52), a
fraction containing 33 mg was purified with a geadiof 70 % to 80 % aqueous methanol to
yield 3.5 mg of52, whereas hyafurone »3) was purified from a fraction containing 79 mg
with a gradient of 72.5 % to 80 % aqueous methamgileld 3 mg 063,
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4.6.3 Fermentation of strain Hym 3 and isolation ohyapyrone B

Although hyapyrone54) was detected il. minutumstrain NOCB-2, its low production of
less than 0.3 mg/L was insufficient for isolatidmckily, other strains oH. minutumwere
also found to produce the hyafurones and hyapyramesrying proportions. The strains
include NOCB-10, Hym 3 and Hym 23. Of these, Hym&® found to be the best producer of
54 with a production of ca. 0.5 mg/L. A 70 L fermemnieas run in a medium containing 3 %
probion, 3 % starch, 2 % Mg3@nd 0.5 % CaGl(Pol-medium) in the presence of 2 % of
XAD-16 adsorber resin. The extract was eluted ftbmresin with methanol and acetone to
obtain 17 g of crude extract. An ethyl acetate watgtitioning resulted in 7.5 g of crude
material accumulated in the ethyl acetate phaseh&uenrichment was done by partitioning
between MeOHi-Heptane with 4.6 g raw extract accumulated in tMeOH layer.
Fractionation by silica gel flash chromatographyL& g of the extract with a gradient from 2
% to 5 % MeOH in DCM yielded 297 mg of an enricliexttion. Several runs of preparative
RP-HPLC with 75 % of acetonitrile in water in theepence of 0.1 % formic acid were run to
obtain 7 mg ob4.

Hyafurone A (48): yellow amorphous oil:d]?*p = — 49.6 € = 0.52, CHOH); UV (MeOH):
Amax (10g €) 280 (4.404, sh), 293 (4.498), 307 (4.563), 32498) nm:'H, 1°C, and 2D NMR
data, see Table 12; HRESIM$z[M +Na ]*547.3027 (calcd for £H440sNa, 547.3030).

Hyafurone A (49): yellow amorphous oil:d]*’ p = — 11.8(c = 0.16, MeOH); UV(MeOH):
Amax(log €) 279 (4.687, sh), 291 (4.799), 305 (4.882) (4.792) nm!H, *C and 2D NMR
data, see Table 13; HRESIMSz[M +Na ]"547.3040 (calcd for £H440sNa, 547.3030).

Hyafurone B(50): yellow amorphous oilfa] o= — 31.8 (c = 1, MeOH); UV (MeOH)Amax
(log €) 294 (4.856, sh), 308 (4.948), 322 (4.879) fh; *C, and 2D NMR data, see Table
14; HRESIMSmM/z[M +Na |" 529.2923 (calcd for £H4,0sNa, 529.2924).

Hyapyrone A(51): yellow amorphous solidp] %p = — 69.1 € = 0.43, MeOH); UV (MeOH):
Amax(l0g €) 294 (4.656 sh) 308 (4.774) 321 (4.700) rhh; *°C, and 2D NMR data, see Table
15; HRESIMSmM/z[M +Na |" 529.2923 (calcd for £H4,0sNa, 529.2924).
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Hyafurone C(52): deep yellow oil; §] 5= —54.2 € = 0.24, MeOH); UV (MeOH)imax(log
€) 294 (4.821), 307 (4.973), 321 (4.920) ntat, °C, and 2D NMR data, see Table 16;
HRESIMSm/z[M +H ]* 568.3634 (calcd for £HsoNOs 568.3633).

Hyafurone D(53): yellow oil; [o] 5= — 22.8(c = 0.25, MeOH); UV (MeOH)max(l0g €)
294 (4.340), 307 (4.462), 321(4.412) ni, °C, and 2D NMR data, see Table 16;
HRESIMSm/z[M +H ]* 582.3788 (calcd for £§Hs,NOs, 582.3789).

Hyapyrone B(54): yellow oil [a] = + 10.8(c = 0.65, MeOH); UV (MeOH)Anax(log €)
265 (4.943), 274 (4.978), 284 (4.907) nfh, °C, and 2D NMR data, see Table 17;
HRESIMSm/z[M +H ]* 505.3306 (calcd for 5H4s04, 505.3312).

4.6.4 Determination of absolute configuration of hgfurone A; (48)

Two attempts were made to determine the absolutbgtmation of hyafurone A(48) using
the advanced Mosher methtd.The first involved the reaction of MTPA-CI for the
derivatization of the chiral hydroxy groups. Vacuwned hyafurone A (48) [5 mg, 9.5
pmol] was transferred to a dry 5 mL amber glasEwith a Teflon-coated magnetic stir bar.
500 pul of anhydrous Ci€l,, 200 ul of pyridine and 15 pl oRI—-MTPA-CI (Fluka) were
dispensed into the vial. The reaction mixture wisesl at room temperature (ca. 22) and
was monitored after 4 hours by TLC analysis [diohioethane/ethyl acetate/ petroleum ether
(18:2:1)]. Additional 15 pul of R-MTPA-CI were added. After 20 hours the reactiomtore
had changed from colourless to orange-yellow ansl queenched by addition of 3 mL of 1 %
NaHCG; and extracted three times with DCM in a 3:1 réd&€M:H,0). 15.7 mg raw product
was recovered after rota-evaporation of the DCMeidaand a further TLC analysis showed
two bands for the products. However, preparativefipation on a 20 x 20 cm preparative
silica gel glass plate (5 mm) eluted with the sasoé/ent mixture as used above was

unsuccessful.

In a second attempt, Mosher acid was used. Dryungaé A (48) [7.3 mg, 13.9 umol] in
300 pul of anhydrous dichloromethane was stirredh {#®-MTPA-OH [14.7 mg, 62.7 pmol,
4.5 equiv.], 1,3-dicyclohexylcarbodiimide (DCC) [92mg, 62.7 umol, 4.5 equiv.], and 4-
dimethylaminopyridine (DMAP) [7.6 mg, 62.7 umol54equiv.] at ambient temperature. The
reaction was monitored by TLC analysis as abovéerAi4 hours, all hyafurone;A48) had

been used up, unfortunately the products werelgldagraded as only smears were observed.
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The quenching was done as described above and-exaporation of the DCM extraction
afforded 25.6 mg of degraded product.
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6 Appendix

6.1 Author’s effort in publications

Marinoquinolines A-F, Pyrroloquinolines from Ohtaekwangia kribbensis (Bacteroidetes)

Dereplication screening experiments were perfortnethe author in consultation with Dr. R.
Jansen. Medium optimizations, antibacterial andwargal activity testing were performed by
Dr. K. Mohr. The author monitored secondary meti#gbroduction during large-scale
fermentation. Anti-parasitic assays were performaethe Swiss Tropical and Pubic Health
Institute. The author performed the isolation dftlaé marinoquinolines and elucidated their
structures with the help of Dr. R. Jansen and @p#gted in the cytotoxicity assays in Dr. F.

Sasse’s laboratory. The author wrote the manuscript

Hyaladione, an S-Methyl Cyclohexadiene-dione froriyalangium minutum

The producer strain was selected by Dipl.-Ing. kkirinetz. The author participated in
antibacterial and antifungal activity testing, aperformed the isolation and all the
spectroscopic analyses of the compound. X-ray a&ltggiraphy analysis was performed by

Dr.V. Huch. The author wrote the manuscript.
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6.2  Spectra and X-ray data tables of marinoquinolies A - F
6.2.1 Spectra of marinoquinoline A (39)
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Spectrum 1:  *H NMR spectrum of marinoquinoline 89) (*H 600 MHz, acetonek).

ACETONE-d6

da
Q o~R
® N <
Q75 N
— <
N S &
S T S by
[*)] Te)
Sg N 5 |
(o]
3 3 |
“[ P ‘j
|

144 136 128 120 112 104 96 88 80 72 64 56 48 40 32 24
Chemical Shift (ppm)

100



References and Appendix

Spectrum 2:  *3C NMR spectrum of marinoquinoline 89 (**C 150 MHz, acetoné).
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Spectrum 3:  *3C DEPT spectrum of marinoquinoline 89) (**C 150 MHz, acetone).
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Spectrum 4:  *H, 'H COSY NMR spectrum of marinoquinoline &9 (*H 600 MHz, acetonek).
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Spectrum 6:

'H,**C HMBC NMR spectrum of marinoquinoline 89 (*H 600 MHz, *C 150

MHz, acetoneds).
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Table 1:

Crystal data and structure refinement of marinogjine A (39).

Empirical formula Gz Hio N

Formula weight 182.22

Temperature 153(2) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group P2(1)2(1)2

Unit cell dimensions a=18.0708(8) A o= 90°.
b =20.2174(10) A B=90°.
c=5.1124(2) A o = 90°.

Volume 1867.79(14) B

z 8

Density (calculated) 1.296 Mg/n$

Absorption coefficient 0.079 mml

F(000) 768

Crystal size 0.37 x 0.23 x 0.13 mfh

Theta range for data collection

Index ranges
Reflections collected

Independent reflections

1.51 to 27.10°.
-22<=h<=23, -25<=k<=25, -6<=|<=6
12803

4110 [R(int) = 0.0811]

Completeness to theta = 27.1099.8 %

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on &

Final R indices [I>2sigma(l)]

R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

None
0.9895 and 0.9715

Full-matrix least-squares oreF
4110/0/333
1.298

R1=0.0629, wR2 4539
R1=0.0723, wR2 = 0.1594
13)

0.332 and -0.313 eR
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Table 2:  Atomic coordinates ( x fb and equivalent isotropic displacement paramc{ﬁe?s
1@) of marinoquinoline A39) U(eq) is defined as one third of the trace of the
orthogonalized U tensor.

X y z U(eq)
N(1) 9805(1) 3020(1) 2487(4) 18(1)
N(2) 8105(1) 3890(1) 477(4) 20(2)
C(1) 9734(1) 2494(1) 746(5) 18(1)
C(2) 10283(1) 1998(1) 825(5) 22(1)
C(3) 10248(1) 1469(1) -876(6) 25(1)
C(4) 9677(1) 1416(1) -2715(5) 24(1)
C(5) 9138(1) 1894(1) -2799(5) 22(1)
C(6) 9149(1) 2436(1) -1073(5) 19(1)
C(7) 8598(1) 2941(1) -1007(5) 19(1)
C(8) 7940(1) 3068(1) -2416(5) 23(2)
C(9) 7662(1) 3649(1) -1462(5) 24(1)
C(10) 8686(1) 3457(1) 809(5) 18(1)
C(11) 9290(1) 3485(1) 2544(5) 17(1)
C(12) 9360(1) 4033(1) 4517(5) 21(1)
N(3) 2818(1) 9814(1) 7453(4) 18(1)
N(4) 3752(1) 8278(1) 5380(4) 20(1)
C(13) 2236(1) 9772(1) 5715(5) 18(1)
C(14) 1698(1) 10281(1) 5780(5) 22(1)
C(15) 1113(1) 10276(1) 4050(6) 25(1)
C(16) 1038(1) 9765(1) 2208(5) 24(1)
C(17) 1546(1) 9261(1) 2130(5) 22(1)
C(18) 2151(1) 9251(1) 3871(5) 17(1)
C(19) 2701(1) 8744(1) 3931(5) 18(1)
C(20) 2828(1) 8158(1) 2472(5) 22(1)
C(21) 3472(1) 7895(1) 3416(5) 22(1)
C(22) 3279(1) 8804(1) 5723(5) 17(1)
C(23) 3329(1) 9345(1) 7501(5) 17(1)
C(24) 3941(1) 9397(1) 9452(5) 22(1)
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Table 3:  Bond lengths [A] and angles [°] of marinoquinolitg39). Symmetry transformations
used to generate equivalent atoms.

N(1)-C(11) 1.323(3)
N(1)-C(1) 1.392(3)
N(2)-C(9) 1.364(3)
N(2)-C(10) 1.377(3)
C(1)-C(2) 1.412(3)
C(1)-C(6) 1.413(3)
C(2)-C(3) 1.379(4)
C(3)-C(4) 1.400(4)
C(4)-C(5) 1.374(3)
C(5)-C(6) 1.406(3)
C(6)-C(7) 1.428(3)
C(7)-C(10) 1.406(3)
C(7)-C(8) 1.413(3)
C(8)-C(9) 1.367(3)
C(10)-C(11) 1.408(3)
C(11)-C(12) 1.505(3)
N(3)-C(23) 1.324(3)
N(3)-C(13) 1.379(3)
N(4)-C(21) 1.365(3)
N(4)-C(22) 1.376(3)
C(13)-C(14) 1.417(3)
C(13)-C(18) 1.422(3)
C(14)-C(15) 1.379(4)
C(15)-C(16) 1.405(4)
C(16)-C(17) 1.371(3)
C(17)-C(18) 1.410(3)
C(18)-C(19) 1.428(3)
C(19)-C(22) 1.394(3)
C(19)-C(20) 1.418(3)
C(20)-C(21) 1.368(3)
C(22)-C(23) 1.425(3)
C(23)-C(24) 1.493(3)
C(11)-N(1)-C(1) 119.49(19)
C(9)-N(2)-C(10) 108.1(2)
N(1)-C(1)-C(2) 117.4(2)
N(1)-C(1)-C(6) 123.60(19)
C(2)-C(1)-C(6) 119.0(2)
C(3)-C(2)-C(1) 120.0(2)
C(2)-C(3)-C(4) 121.1(2)
C(5)-C(4)-C(3) 119.3(2)
C(4)-C(5)-C(6) 121.2(2)
C(5)-C(6)-C(1) 119.3(2)
C(5)-C(6)-C(7) 124.2(2)
C(1)-C(6)-C(7) 116.5(2)
C(10)-C(7)-C(8) 107.3(2)
C(10)-C(7)-C(6) 117.9(2)
C(8)-C(7)-C(6) 134.8(2)
C(9)-C(8)-C(7) 106.5(2)
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N(2)-C(9)-C(8)
N(2)-C(10)-C(7)
N(2)-C(10)-C(11)
C(7)-C(10)-C(11)
N(1)-C(11)-C(10)
N(1)-C(11)-C(12)
C(10)-C(11)-C(12)
C(23)-N(3)-C(13)
C(21)-N(4)-C(22)
N(3)-C(13)-C(14)
N(3)-C(13)-C(18)
C(14)-C(13)-C(18)
C(15)-C(14)-C(13)
C(14)-C(15)-C(16)
C(17)-C(16)-C(15)
C(16)-C(17)-C(18)
C(17)-C(18)-C(13)
C(17)-C(18)-C(19)
C(13)-C(18)-C(19)
C(22)-C(19)-C(20)
C(22)-C(19)-C(18)
C(20)-C(19)-C(18)
C(21)-C(20)-C(19)
N(4)-C(21)-C(20)
N(4)-C(22)-C(19)
N(4)-C(22)-C(23)
C(19)-C(22)-C(23)
N(3)-C(23)-C(22)
N(3)-C(23)-C(24)
C(22)-C(23)-C(24)

110.4(2)
107.6(2)
130.1(2)
122.3(2)
120.2(2)
118.7(2)
121.1(2)
119.93(19)
107.6(2)
117.6(2)
123.79(19)
118.6(2)
120.4(2)
120.6(2)
120.1(2)
120.7(2)
119.5(2)
124.3(2)
116.2(2)
107.3(2)
118.2(2)
134.4(2)
106.1(2)
110.7(2)
108.3(2)
129.4(2)
122.26(19)
119.6(2)
118.6(2)
121.8(2)
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Table 4:  Anisotropic displacement parameter32(</3103) of marinoquinoline A39). The
anisotropic displacement factor exponent takesdhe: -271[ h2 a*2ull + . + 2 h k

a* b Ul2].
ull u22 u33 u23 ul3 ul2
N(1) 16(1) 18(1) 19(1) -2(1) 2(2) -1(1)
N(2) 19(1) 19(1) 22(1) -2(1) -2(1) 2(2)
Cc() 20(1) 15(2) 18(2) 2(1) 6(1) -3(1)
C(2) 21(1) 23(1) 24(1) 3(1) 4(1) 0(1)
C(3) 27(1) 18(2) 30(1) 2(1) 8(1) 4(1)
C(4) 28(1) 20(1) 25(1) -4(1) 9(1) -3(1)
C(5) 25(1) 23(1) 18(2) 1(2) 0(1) -4(1)
C(6) 19(1) 18(2) 19(2) 3(1) 5(1) -5(1)
C(7) 21(1) 20(1) 16(1) 2(1) 1(2) -4(1)
C(8) 23(1) 25(1) 21(1) -1(1) -3(1) -3(1)
C(9) 23(1) 26(1) 22(1) 1(2) -1(1) 0(1)
C(10) 15(1) 20(2) 19(1) 2(2) 4(1) 0(2)
C(11) 18(1) 18(1) 15(1) 1(1) 1(1) -3(1)
C(12) 22(1) 20(2) 22(1) -4(1) 0(1) -1(1)
N(3) 18(1) 19(1) 18(1) 0(1) 0(1) -1(1)
N(4) 20(1) 18(1) 22(1) 0(1) 1(1) 1(1)
C(13) 13(1) 22(1) 19(1) 2(2) 4(1) -1(1)
C(14) 22(1) 21(2) 23(2) 2(2) 1(1) 0(2)
C(15) 17(1) 25(2) 32(2) 6(1) 3(1) 4(1)
C(16) 14(1) 35(2) 23(2) 6(1) -4(1) -2(1)
c@an 21(1) 29(1) 17(2) 1(2) 0(1) -3(2)
C(18) 14(2) 21(1) 17(2) 5(1) 1(2) -2(1)
C(19) 17(2) 18(1) 20(1) 2(1) 4(1) -2(1)
C(20) 22(1) 24(1) 20(1) -2(1) 3(1) -4(1)
C(21) 23(1) 20(1) 23(1) 0(1) 4(1) -1(2)
C(22) 13(2) 19(2) 20(1) 4(1) 3(1) 1(2)
C(23) 15(2) 18(1) 18(1) 4(1) 3(1) -2(1)
C(24) 22(1) 24(1) 21(1) -1(2) -4(1) -3(2)
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Table 5:  Hydrogen coordinates (x i})and isotropic displacement parameter§>(A03)
of marinoquinoline A 89).

X y z U(eq)
H(1) 10677(18) 2088(15) 2010(70) 44(9)
H(2) 10639(14) 1148(13) -920(60) 24(7)
H(3) 9655(16) 1029(15) -3710(70) 41(9)
H(4) 8744(15) 1915(12) -3950(60) 24(7)
H(5) 7685(15) 2801(12) -3740(60) 25(7)
H(6) 7191(13) 3878(11) -2040(50) 12(6)
H(7) 8077(16) 4276(15) 1310(70) 42(9)
H(8) 9429(16) 4464(16) 3840(70) 44(9)
H(9) 9828(15) 4016(11) 5510(60) 18(6)
H(10) 8900(20) 4064(17) 5630(80) 64(11)
H(11) 1789(13) 10628(12) 7200(50) 16(6)
H(12) 745(14) 10640(12) 4000(60) 23(7)
H(13) 681(15) 9752(12) 1100(60) 22(7)
H(14) 1484(15) 8930(13) 680(60) 31(8)
H(15) 2546(15) 7971(12) 970(60) 28(7)
H(16) 3725(13) 7513(12) 2910(50) 19(6)
H(17) 4260(20) 8193(15) 6170(70) 47(9)
H(18) 3809(19) 9801(17) 10460(70) 58(10)
H(19) 3996(16) 9004(13) 10510(60) 31(8)
H(20) 4446(18) 9497(14) 8380(60) 43(9)
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6.2.2 Spectra of marinoquinoline B (40)
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Spectrum 8:  'H NMR spectrum of marinoquinoline B@) (*H 600 MHz, acetone).
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Spectrum 9:  **C NMR spectrum of marinoquinoline B@) (**C 150 MHz, acetonek).
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Spectrum 10: **C DEPT NMR spectrum of marinoquinoline 80§ (**C 150 MHz, acetone).
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Spectrum 11: *H,*H COSY NMR spectrum of marinoquinoline Bg) (*H 600 MHz, acetonek).
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Spectrum 12: 'H,**C HMQC NMR spectrum of marinoquinoline BiQ) (*H 600 MHz, *C 150
MHz, acetoned;).
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Spetrum 13:  'H,**C HMBC NMR spectrum of marinoquinoline Bi@ (*H 600 MHz, **C 150
MHz, acetoned;).
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6.2.3 Spectra of marinoquinoline C (41)
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Spectrum 14: *H NMR spectrum of marinoquinoline @%) (*H 600 MHz, acetones).
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Spectrum 15: **C NMR spectrum of marinoquinoline @1) (**C 150 MHz, acetonds).
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Spectrum 16: 13C DEPT NMR spectrum of marinoquinoline4dy (**C 150 MHz, acetonds).
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Spectrum 17: *H,'"H COSY NMR spectrum of marinoquinoline €1 ("H 600 MHz, acetonek).
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Spectrum 18: *H,**C HMQC NMR spectrum of marinoquinoline @1 (*H 600 MHz, **C 150
MHz, acetoned;).

F 60

F 80

- 100

F1 Chemical Shift (ppm)

- 120

o C

o

@ o F 140

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5
F2 Chemical Shift (ppm)

Spectrum 19: 'H,**C HMBC NMR spectrum of marinoquinoline @&1) (*H 600 MHz, **C 150
MHz, acetoned;).
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6.2.4 Spectra of marinoquinoline D (42)
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Spectrum 20: *H NMR spectrum of marinoquinoline 22) (*H 300 MHz, CROD).
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Spectrum 21: **C NMR spectrum of marinoquinoline B2) (**C 75 MHz, CROD).
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Spectrum 22: **C DEPT NMR spectrum of marinoquinoline B2f (**C 75 MHz, CQOD).
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Spectrum 23: *H,'H COSY NMR spectrum of marinoquinoline 4%) (*H 300 MHz, CROD).
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Spectrum 24: *H,**C HMQC NMR spectrum of marinoquinoline 48) (*H 300 MHz*C 75 MHz,
CD,OD).
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Spectrum 25: 'H,**C HMBC spectrum of marinoquinoline B2) (*H 300 MHz}*C 75 MHz,
CD;OD).
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6.2.5 Spectra of marinoquinoline E (43)
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Spectrum 26: 'H NMR spectrum of marinoquinoline B) (*H 600 MHz, acetonek).
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Spectrum 27: **C NMR spectrum of marinoquinoline B3) (**C 150 MHz, acetoné).
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Spectrum 28: **C APT NMR spectrum of marinoquinoline &3} (°C 150 MHz, acetones).
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Spectrum 29: **C DEPT NMR spectrum of marinoquinoline &3 (**C 150 MHz, acetond).
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Spectrum 30: *H,*H COSY NMR spectrum of marinoquinoline £3 (*H 600 MHz, acetones).
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Spectrum 31: *H,**C HMQC NMR spectrum of marinoquinoline) (*H 600 MHz*C 150 MHz,
acetonedg).
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Spectrum 32: *H,**C HMBC NMR spectrum of marinoquinoline E3) (*H 600 MHz**C 150 MHz,
acetonedg).
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6.2.6 Spectra of marinoquinoline F (44)
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Spectrum 33: *H NMR spectrum of marinoquinoline B4) (*H 600 MHz, acetones).
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Spectrum 34: **C NMR spectrum of marinoquinoline B4) (**C 150 MHz, acetonds).

123



References and Appendix

N~
o
X<
3 gH ﬁgo 8
3 o &2 I &9 o <
; 1 - N kv b ™
o ) N Qo o )
G al 7 oS g
a K//J —
— o
| g
-
—
L I o L L o o e LA B e e N A B
140 135 130 125 120 115 110 105 100

Chemical Shift (ppm)

Spectrum 35: *C DEPT NMR spectrum of marinoquinoline &4 (**C 150 MHz, acetones).
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Spectrum 36: *H,*H COSY NMR spectrum of marinoquinolineddj (‘H 600 MHz, acetone).
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Spectrum 40: **C NMR spectrum of hyaladiond?) (**C 150 MHz, acetones).
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Spectrum 41: **C DEPT NMR spectrum of hyaladion&7j (*C 150 MHz, acetone).
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Spectrum 42: *H,*H COSY NMR spectrum of hyaladioné? (*H 600 MHz, acetone).
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Spectrum 42: 'H,'H ROESY NMR spectrum of hyaladioné7j ("H 600 MHz, acetonek).
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Spectrum 43: 'H,**C HMQC NMR spectrum of hyaladiond?) (*H 600 MHz*C 150 MHz,
acetoneds).
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Spectrum 44: 'H,**C HMBC NMR spectrum of hyaladiond?) (*H 600 MHz;°C 150 MHz,
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Spectrum 45: IR spectrum of hyaladiondT) (1 mg, 160 mg KBR).

129



References and Appendix

:-'2 59 I L] I
aanob, A 4
4,800 \ b
\\ / £ .-\\\
\ 4 N
0,600} / \ -
/
S
0,400 —
£
0,200 \ - 4
_,—o—'—// e
—, .
\\"“\_
o =
0,018 I I I
230,00 260,00 300,00 350,00 405,00
Am.
Measurement Properties No. PIV Wavalangth Abs. Dascription
Wavelength Range (nm.): 230,00 to 405,00 1 @ 352 B0 D 762
Scan Speed: Medium — —— 5 -
Sampling Interval: 0,20 = o 280,40 o11e
Auto Sampling Interval: Enabled
Scan Mode: Single

Spectrum 46: UV/vis spectrum of hyaladiondT) in Uvasol methanolc(= 0.5 mg/100 mL).

130



References and Appendix

6.3.2 X-ray data of hyaladione (47)

Table 6: Crystal data and structure refinement of hyaladide

Empirical formula GHsCINO, S

Formula weight 203.64

Temperature 122(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2(1)/n

Unit cell dimensions a=3.8875(8) A o= 90°.
b = 14.180(3) A B=94.808(11)°
c=14.518(3) A o = 90°.

Volume 797.5(3) B

yA 4

Density (calculated) 1.696 Mg/n®

Absorption coefficient 0.692 mml

F(000) 416

Crystal size 0.98 x 0.19 x 0.03 m#

Theta range for data collection  2.01 to 41.83°.

Index ranges -7<=h<=7, -26<=k<=26, -27<=I<=27

Reflections collected 18376

Independent reflections 5432 [R(int) = 0.0309]

Completeness to theta = 41.83° 98.2 %
Max. and min. transmission 0.9769 and 0.5514

Refinement method Full-matrix least-squares or?F
Data / restraints / parameters 5432/0/133
Goodness-of-fit on 1.036

Final R indices [I>2sigma(l)] R1 = 0.0305, wR2 ©139

R indices (all data) R1=0.0473, wR2 = 0.0812
Largest diff. peak and hole 0.646 and -0.349 eR
Absorption correction Multiscan

131



References and Appendix

Table 7: Atomic coordinates (x 1) and equivalent isotropic displacement parame(ré?:x

103) of hyaladione 47). U(eq) is defined as one third of the trace oé th
orthogonalized Utensor.

X y z U(eq)
S 4734(1) 5820(1) 2400(1) 13(1)
Cl 7234(1) 8950(1) 4516(1) 16(1)
C(3) 4172(2) 7412(1) 5140(1) 12(1)
C(2) 5551(2) 7820(1) 4396(1) 12(1)
C(6) 4222(2) 6351(1) 3455(1) 11(1)
C(1) 5642(2) 7347(1) 3522(1) 12(1)
C(5) 2746(2) 5943(1) 4166(1) 13(1)
C(4) 2542(2) 6447(1) 5029(1) 12(1)
0(2) 1108(2) 6122(1) 5680(1) 18(1)
N(1) 4085(2) 7794(1) 5972(1) 17(1)
0(2) 6860(2) 7703(1) 2845(1) 18(1)
C(7) 3252(2) 4635(1) 2576(1) 15(1)
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Table 8: Bond lengths [A] and angles [°] of hyaladiod&), Symmetry transformations used

to generate equivalent atoms.

S-C(6)

S-C(7)

CI-C(2)

C(3)-N(1)
C(3)-C(2)
C(3)-C(4)
C(2)-C(1)
C(6)-C(5)
C(6)-C(1)
C(1)-O(1)
C(5)-C(4)
C(4)-0(2)

C(6)-S-C(7)

N(1)-C(3)-C(2)
N(1)-C(3)-C(4)
C(2)-C(3)-C(4)
C(3)-C(2)-C(1)
C(3)-C(2)-Cl

C(1)-C(2)-ClI

C(5)-C(6)-C(1)
C(5)-C(6)-S

C(1)-C(6)-S

O(1)-C(1)-C(2)
O(1)-C(1)-C(6)
C(2)-C(1)-C(6)
C(6)-C(5)-C(4)
0(2)-C(4)-C(5)
0(2)-C(4)-C(3)
C(5)-C(4)-C(3)

1.7340(8)
1.8018(9)
1.7350(8)
1.3277(10)
1.3717(10)
1.5112(10)
1.4391(11)
1.3522(10)
1.5171(10)
1.2327(9)
1.4505(11)
1.2268(9)

102.57(4)
125.90(7)
115.03(6)
119.07(6)
122.59(7)
118.65(6)
118.75(5)
121.69(6)
125.19(6)
113.12(5)
123.54(7)
119.47(6)
116.97(6)
120.40(7)
122.80(7)
118.18(7)
119.02(6)
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Table 9: Anisotropic displacement parameter@(oﬁl03) of hyaladione47). The anisotropic
displacement factor exponent takes the forn#h? a*2U11l+ . + 2 h k a* b* U2]
ull u22 u33 u23 ul3 ul2
S 16(1) 13(1) 10(1) -1(1) 3(2) 0(2)
Cl 21(1) 12(2) 16(2) -1(2) 4(1) -4(1)
C(3) 14(1) 12(1) 10(1) 0(1) 2(1) 0(2)
C(2) 15(2) 10(2) 11(2) 0(1) 3(1) -1(2)
C(6) 13(1) 11(1) 10(1) 0(1) 2(1) 0(2)
C(2) 14(1) 11(2) 10(2) 1(2) 3(1) 0(1)
C(5) 16(1) 12(1) 11(1) 0(1) 3(2) -2(1)
C@4) 15(2) 12(1) 10(2) 1(2) 2(1) -1(2)
0(2) 24(1) 18(1) 12(1) 1(2) 7(2) -5(1)
N(1) 25(1) 17(2) 11(2) -3(2) 6(1) -5(2)
0(1) 26(1) 16(1) 12(1) 1(2) 8(1) -3(1)
C(7) 17(2) 13(2) 15(2) -2(1) 3(1) 0(1)
Table 10: Hydrogen coordinates (x i})and isotropic displacement parametergx(AO 3) of
hyaladione 47).
X y z U(eq)
H(1) 1710(30) 5344(10) 4138(8) 22(3)
H(3) 3100(40) 7479(12) 6381(12) 44(4)
H(2) 4960(40) 8302(11) 6087(10) 30(3)
H(5) 970(30) 4622(10) 2659(9) 24(3)
H(4) 4640(30) 4363(10) 3096(10) 25(3)
H(6) 3620(40) 4308(10) 2023(10) 30(3)
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6.4  Spectra of hyafurones and hyapyrones

6.4.1 Spectra of hyafurone Al (48)
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Spectrum 47: 'H NMR spectrum of hyafurone,A48) (*H 600 MHz, CQOD).
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Spectrum 48: **C NMR spectrum of hyafurone;448) (**C 150 MHz, CRQOD).
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Spectrum 49: **C DEPT NMR spectrum of hyafurong A8) (**C 150 MHz, CROD).
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Spectrum 50: *H,*H COSY NMR spectrum of hyafurone, /48) (*H 600 MHz, CROD).
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Spectrum 52: 'H,**C HMQC NMR spectrum of hyafurone,@8) (*H 600 MHz,**C 150 MHz,
CD;0D).
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Spectrum 53: 'H,**C HMBC NMR spectrum of hyafurone;8) (*H 600 MHz,"*C 150 MHz,
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6.4.2 Spectra of hyafurone A(49)
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Spectrum 54: 'H NMR spectrum of hyafurone £49) (*H 600 MHz, CROD).
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Spectrum 55: **C NMR spectrum of hyafurone,A449) (**C 150 MHz, CROD).
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Spectrum 56: *C DEPT NMR spectrum of hyafurone #49) (*°C 150 MHz, CROD).
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Spectrum 57: *H,*"H COSY NMR spectrum of hyafurone, /49) (*H 600 MHz, CROD).
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Spectrum 58: *H,'"H ROESY NMR spectrum of hyafurone A49) (*H 600 MHz, CROD).
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Spectrum 59: *H,**C HMQC NMR spectrum of hyafurone,£49) (*H 600 MHz,"*C 150 MHz,
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Spectrum 60: 'H,**C HMBC NMR spectrum of hyafurone,£49) (‘H 600 MHz,°C 150 MHz,
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6.4.3 Spectra of hyafurone B (50)
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Spectrum 61: 'H NMR spectrum of hyafurone BQ) ("H 600 MHz, CQOD).
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Spectrum 62: **C NMR spectrum of hyafurone B (**C 150 MHz, CROD).
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Spectrum 63: **C DEPT NMR spectrum of hyafurone Bg) (**C 150 MHz, CRQOD).
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Spectrum 64: *H,'H COSY NMR spectrum of hyafurone BQ) (*H 600 MHz, CROD).
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Spectrum 65: *H,*"H ROESY NMR spectrum of hyafurone BQ) (*H 600 MHz, CROD).
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Spectrum 66: *H,**C HMQC NMR spectrum of hyafurone B@) (*H 600 MHz,*C 150 MHz,
CD,OD).
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Spectrum 67: *H,**C HMBC NMR spectrum of hyafurone B@) (*H 600 MHz,"*C 150 MHz,
CD,OD).
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6.4.4 Spectra of hyapyrone A
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Spectrum 68: *H NMR spectrum of hyapyrone A1) (*H 600 MHz, CROD).
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Spectrum 69: **C NMR spectrum of hyapyrone A7) (**C 150 MHz, CROD).
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Spectrum 70: **C DEPT NMR spectrum of hyapyrone B1) (**C 150 MHz, CQOD).
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Spectrum 71: *H,*H COSY NMR spectrum of hyapyrone 34) (*H 600 MHz, CROD).
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Spectrum 72: *H,'H ROESY NMR spectrum of hyapyrone B1j (*H 600 MHz, CQOD).
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Spectrum 73: *H,**C HMQC NMR spectrum of hyapyrone A1) (*H 600 MHz,**C 150MHz,

CD;OD).
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Spectrum 74: 'H,**C HMBC NMR spectrum of hyapyrone A1) (*H 600 MHz,"*C 150 MHz,
CD;OD).
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6.4.5 Spectra of hyafurone C (52)
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Spectrum 75: 'H NMR spectrum of hyafurone G2) (*H 600 MHz, CQOD).
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Spectrum 76: **C NMR spectrum of hyafurone G2) (**C 150 MHz, CROD).
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Spectrum 77: **C DEPT NMR spectrum of hyafurone 82 (**C 150 MHz, CQOD).
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Spectrum 78: *H,*H COSY NMR spectrum of hyafurone 62 (*H 600 MHz, CROD).
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Spectrum 79: *H,'"H ROESY spectrum of hyafurone 62 (*H 600 MHz, CROD).
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Spectrum 80: *H,**C HMQC NMR spectrum of hyafurone 62) (*H 600 MHz,*C 150 MHz,
CD,0D).
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Spectrum 81: *H,**C HMBC NMR spectrum of hyafurone 62) (*H 600 MHz,*C 150 MHz,
CD,OD).
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6.4.6 Spectra of hyafurone D (53)
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Spectrum 82: 'H NMR spectrum of hyafurone 38) (‘*H 600 MHz, CROD).
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Spectrum 83: **C NMR spectrum of hyafurone 33) (**C 150 MHz, CROD).
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Spectrum 84: *C DEPT NMR spectrum of hyafurone B3j (*°C 150 MHz, CROD).
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Spectrum 85: COSY NMR spectrum of hyafurone B3) (‘H 600 MHz, CROD).
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Spectrum 86: H,"H ROESY NMR spectrum of hyafurone B3j (*H 600 MHz, CROD).
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Spectrum 87: 'H,**C HMQC NMR spectrum of hyafurone B3) (*H 600 MHz,**C 150 MHz,
CD;0D).
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Spectrum 88: *H,**C HMBC NMR spectrum of hyafurone B3) (*H 600 MHz,*C 150 MHz,
CD,0D).
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6.4.7 Spectra of hyapyrone B (54)
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Spectrum 89: *H NMR spectrum of hyapyrone B4) (*H 600 MHz, CRQOD).
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Spectrum 90: **C NMR spectrum of hyapyrone B4) (**C 150 MHz, CROD).
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Spectrum 91: **C DEPT NMR spectrum of hyapyrone 84 (**C 150 MHz, CROD).
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Spectrum 92: *H,'"H COSY NMR spectrum of hyapyrone B4 (*H 600 MHz, CROD).
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Spectrum 93: *H,"H ROESY NMR spectrum of hyapyrone 84 (‘H 600 MHz, CQOD).
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Spectrum 94: 'H,**C HMQC NMR spectrum of hyapyrone B4) (*H 600 MHz.*C 150 MHz,
CD;0D).
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Spectrum 95: *H,**C HMBC NMR spectrum of hyapyrone B4) (*H 600 MHzC 150 MHz,
CD,OD).
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