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Zusammenfassung

Myxobakterien sind auf3ergewdhnliche Bodenbaktenenl vielseitige Produzenten von
zahlreichen biologisch aktiven Naturstoffen. Ziedsir Arbeit war die Charakterisierung von
neuen Sekundarstoffen dieser gleitenden Bakterien.

Im Rahmen dieser Arbeit wurde das Sauerstoff- uiectit empfindlichen Roimatacen2g)
aus dem Rohextrakt vd@ystobacter ferrugineus Stamm Cb G35 auf Grund einer Aktivitats-
basierten Isolierung identifiziert. Die milde Ismliungsstrategie beinhaltete neben weiteren
Stabilisierungstechniken die Zugabe des Radikad#&ng4-Ethoxyphenol. Die relative
Konfiguration von26 wurde mit Hilfe von Rychonovsky’s Acetonid Methost®vie 1D und
2D NMR Studien in Kombination mit Molekulardesigerjeleitet. Anschliel3end wurde die
absolute Konfiguration mit der Mosher Methode besit. Der Stamm Cb G35 produzierte
zusatzlich sechg-Hydroxyacteophenon Amide&4af. Die biologischen Vorstufen von
Roimatacene 26) und p-Hydroxyacetophenoniso-Butanamid 84a@ wurden durch
Futterungsexperimente mit den BC und*°N-Isotopenmarkierten Vorstufen ermittelt.

Die Strukturen der myxobakteriellen Sulfangol@e-d wurden mit Hilfe ihrer NMR Daten
verifiziert. Durch detaillierte NMR Analysen undmdeVergleich der modellierten B3 und
13S Diastereomere von Sulfangolid @5¢ wurde die relative Konfiguration als atians
13R’,14S ,15R ,16R,17S,195 ,20R ,26R,27R  hergeleitet.  Zusatzlich wurden die

biosynthetischen Vorstufen v@bcdurch Fltterungsexperimente bestimmt.



Abstract

Myxobacteria are an extraordinary group of soiltbaa and versatile producers of numerous
biologically active natural products. The aim oé tthesis was the characterisation of novel
secondary metabolites from these gliding bacteria.

An activity guided isolation procedure for the oryg and light-sensitive roimatacerizb)
from the crude extract dfytsobacter ferrugineus strain Cb G35 was developed. The mild
isolation strategy included among other stabil@atiechniques the addition of the free
radical scavenger 4-ethoxyphenol. The relative igontion of 26 was establishing by
applying Rychonovsky's acetonide method combinetth WD and 2D NMR studies and
molecular modelling. The absolute configuratior26fwas assigned by Mosher’s method. In
addition, strain Cb G35 was found to produce a fiawfi six p-hydroxyacetophenone amides
34af. The biosynthetic precursors of roimatace@é) (and p-hydroxyacetophenoneso-
butanamide 348 were studied by feeding experiments with B*C- and *°N-labelled
precursors.

The structures of the myxobacterial sulfangol®sd were verified from their NMR data.
The relative configuration of sulfangolid @50 was derived by detailed NMR analyses and
comparison of the modelled B3and 1% diastereomeres d5c to finally establish the
relative alltrans 13R,14S,15R,16R,175,19S,20R ,26R ,27R configuration. The

biosynthetic precursors @bcwere studied by feeding experiments.
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Introduction

1 Introduction

1.1 The Role of Natural Products in Drug Discovery

Human medicine has been revolutionized by the eafpdin of natural products, which have

assisted to double the life expectancy from 40s/&mmore than 77 years in thé"a@ntury*
1.1.1 Natural Products as a Source for Drug Development

The influence of natural products in medicine i®remus. By 2002 over 60% of the
approved drugs were derived from natural produe®@ drug themselves, derivative or as lead
structure” The power of Nature is already known for centur#es one example, Hippocrates
described the use of willow tree bark extracts mgjaiever and pain in thé"&entury B.C3
However it is just 200 years ago that morphine isakted from opium introducing purified
drugs from plants in drug applicatidrit was as late as the 1870s that microorganisnte we
recognized for their therapeutic potential, antbak until 1929, when Alexander Flemming
published his observation thBenicillium notatum inhibited the growth oftaphylococcus
aureus. Ten years later the first stable penicillin wassatibed and started the industrial
production of penicillin during the Second World kV&he antibacterial use of penicillin in
human and animal medicine initiated the goldenagetibiotics, and different classes of the
“wonder drug” were identified until the 19804l antibiotics are classified according to their
structural relations and targets. The commercitibentic classes include the most important
B-lactams, quinolones, tetracyclines, macrolidesnagiycosides, ansamycins, glycopeptides
and polypeptide3.A number of examples of the antibiotic classespaesented in Figure 1.
The golden age of antibiotics lead to the assumptiat infectious diseases were no longer
life threatening. But today resistances among rbiesofrom hospital and community-
acquired pathogens are continuously rising andciities diseases have become the third
major cause of death in developed nations ajah.aureus isolates resistant to penicillin G
were already found in the 1940s and today virtuallyS. aureus isolates are resistant fa
lactam antibioticd. The number of “superbugs” resistant to nearlyatibiotics has increased
enormously among hospital and also community-aequipathogens in the last years.
AbesidesS. aureus isolates resistant to methicillin and glycopeptjdé® vancomycin and
multidrug resistant enterococci sp. and multidregistant Gram-negative bacteria as e.g.

Pseudomonas aeruginosa are the new threats in infectious diseases wigh hiortality rates.
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Figure 1. Examples of different antibiotic clasgelsass and targets are given in parentheses)cipigni
G (1, p-lactame; transpeptidase cell wall); vanosami, (glycopeptide, cell
wall); chlortetracycline J, tretracycline, 30S-ribosome); erythromycin 4 (nacrolide, 50S-
ribosome); sulfamerazin 5(¢ sulfonamide, nucleic acid synthesis); streptamyq6,
aminoglycoside, 30S ribosome); moxifloxacify guinolone, gyrase inhibitor); polymyxin B
(8, polypeptides, cell membrane).

-2-
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1.1.2 Drug Development

New drugs and cellular targets are urgently nee¢ddight multidrug-resistant pathogens like
MRSA, VRE andPseudomonas aeruginosa.’ The combination of combinatorial chemistry
and high-throughput-screening (HTS) has failed teetmthese demands over the last 25
years™® Due to the high development cost and fast devedopnof resistances, large
pharmaceutical companies have abandoned theiri@itibesearch programs leaving this

field to biotechnology companies and universities.

/ Processing
| Initial bioactive sample \expewﬂents
[ , ‘
| Bioactive concentrate Bioassay-guided
\ fractionation
\
Structure
/\ Pure bioactive compound determination
\ |
1
\ Evaluation of 'natural SAR'
. . 'Shotgun' synthesis of derivatives
Known compounds Novel bioactive compound \Scale-up purification
|
|

Identification
of compounds

Medi |

( Potential lead > oI
1
|
I

\chemistry

/Development track candidate

i .

I
\ i
—

A
Amount of compound required a1-10 ug A 1-10 mg )i \1—10 g

Figure 2. Chemical processes involved in naturatipct discovery: Starting from a biologically aeti
sample, avoiding replication, purification and cwerization of the active natural product,
carrying out structure-activity relationship (SARdies to finally develop a lead compodfd.

The combination of synthetic libraries and HTS dedba fast screening of numerous
compounds, which were easily available through cbainsynthesis. The low “hit rate” of
purely synthetic libraries of < 0.001% induced siceeening of privileged libraries, which are
based on biological active drutf§> Although purified natural products can be applied
HTS, the purification costs of complex extractautisg from fermentation of microorganism
or other natural sources are extremely high. Thentification of an active secondary
metabolite from a complex fermentation mixture &mel effort associated with isolation and
identification are challenging. Known antibioticas for example streptomycin, can mask
other biological activities in crude extracts ardotcurs in 1% of soil actinomycetés.
Separation techniques like high-performance liqghdomatography (HPLC) can reduce the
complexity of crude extracts before applying biabed) assays. The combination of HPLC
and high-resolution mass spectrometry can avoilicegpn of known secondary metabolites.
-3-
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The biological test systems differ from whole-cetreenings, for example conducted with
MRSA strains as well as hypersensitive mutantsttier identification of selective protein-
inhibitors!®!” as well as target specific biochemical assaysge liknzyme-linked
immunosorbent assays (ELISA) for kinases actitfityNatural products are complex
structures with a high number of oxygen-contairsngstituent and stereocentf$or these
reasons, an unambiguous identification is time eonsg and larger amounts of material are
essential (Figure 2). Therefore, the supply hasbéosecured in order to successfully
accomplish the verification and development of aigdrcandidate through medicinal

chemistry*?

In order to provide the necessary amount of metihalifferent microbiological techniques
that include feeding strategies, mutagenesis andcaje fermentation are necessary. For
example, optimized producer strains are capabkywthesizing 1.8 g/L of penicillin, which
reduced the costs from 11.000 $/kg penicillin imt890 4.5 $/kg 50 years laterfter 40
years of “brute force” genetics to improve prodomsticombinatorial biology with genome-
based strain reconstruction and heterologous esipresre the new tools to increase the

biotechnological out-put of “biological engineefs”.

Today a large number of biologically active natyedducts are known, but only one out of
10,000-150,000 compounds is of medical use. OneodU?,600 active candidates from
pharmaceutical screenings is developed further, arig three functional antibiotics were
found in a screening of 400,000 microorganisms d¥eyears. Five out of 5,000 compounds

approached clinical trials, while only one was @ved by the FDA.

Discovery 54

Preclinical 152
Phase | 28
Phase Il 17

Phase IIl 7

Pre-
registration

6 2b 4b 6b Bb 160 12‘0 14‘0 16‘0
Number of molecules
Figure 3. Current status of antibiotic R&D actyviat each development stage (source IMS Health
2009)%°
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Figure 3 presents the current status of the dewsdop of new antibiotics. In 2009 there were
152 candidates in preclinical testing, but suchva humber as 52 candidates were in clinical
phase I/l and lll. The five candidates in pre-sdgition are ceftobiprole (new class of
cephalosporin, Basilea Pharmaceutica), dalbavan@tycopeptide, Pfizer), iclaprim

(dihydroholate reductase inhibitor, Arpida) andtarancin (glycopeptide, the Medicines
Company). Some of these were especially designaihstgresistant pathogens and the

majority is targeting MRSA?
1.2 Myxobacteria: a Promising Source for Secondary Metaolites
“Myxobacteria are a rich source of novel structitas.*

1.2.1 The Social Life of Myxobacteria

Myxobacteria belong to the Gram-negative bactetiacated at the delta branch of the
Proteobacteria. They have rod-shaped vegetative abbut 4-12um long and 0.7-1.2m
wide. Myxobacteria were first recognized by thedtraordinary and sophisticated social life:
they live in swarm colonies, which move by glidioger surfaces (Figure 4%)They have a
remarkable intercellular communication system farasning in colonies and forming
myxospores upon starving conditiofisThe formation of fruiting bodies guarantees thatst
of a new life cycle as a swarm rather as an ind&idell. The fruiting bodies can have simple
shapes of soft slime balls likdyxococcus fulvus (Figure 4b) or complex structures as the
trees of theChondromyces crocatus (Figure 4c), which consists of a brown slime staiid
bright yellow sporangioles. Fruiting bodies comeally in bright colours of yellow, orange,
red, brown, or black and measure 20-1060

Figure 4. (a) Swarming colony oforangium cellulosum from cellulose paper on agar, fruiting bodies of
(b) Myxococcus fulvus and (c)Chondromyces crocatus (pictures by K. Gerth, HZI).
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Living in large colonies is indispensable for myacteria. They are commonly known as soil
bacteria, even though some halo-tolerant myxobacteere isolated from the marine
environment of the Paciff¢:* The environment, from which the majority of myxoteria
were isolated, is rich in organic matter providisgfficient nutrition of soil, rotting plant
material or dung of various animals as well as othé&roorganismé® Myxobacteria are
specialized in degrading biomacromolecules, likkukse or other bacteria and fungi, using

extracellular enzymes.

These environmental niches are not only rich rdggrehutrition, but also accommodate
numerous microbial inhabitants. For this reasonscabgcteria are not only interesting
organisms for studying their remarkable life stydef are also a rich source for structurally
novel secondary metabolites with new modes-of-actibhat are excreted from their
biochemical defence systems in order to proteansiedves against other predators such as

bacteria or fungf-?’®
1.2.2 Secondary Metabolites from Myxobacteria

During a screening of 1708orangium cellulosum strains about 90% of the extracts were
found to be biological active. Some secondary nadit@bfamilies were frequently found
during this screening, like icumazol®) (unpublished data R. Jansen, H. Irschik, HZIg an
spirangien 10),%° while others are relatively rare, e.g. jerangdlid)®® was synthesised by
only 4 producer strains (Figure 8)The immense biological activity and high diversitfy
secondary metabolites from myxobacteria is presiyndbe to their microorganism-rich
habitat. In the three decades of myxobacterialarebeapproximately 7500 strains have been
isolated at the Gesellschaft fur BiotechnologisEbeschung (GBF, today Helmholtz Centre
for Infection Research, HZI) and about 100 distinote structures (about 67 have been
published) and about 500 derivatives have beeatisdf®
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Spirangien

Tartrolon

\83

lcumazole
L

Disorazol A ’8

?3 Jerangolid

Etnangien
Ratjadon
22> Eliamid
73 .
/ Sorangicin
Soraphen 6
Socein

31

Disorazol 427

Ambruticin 43

Epothilone

Chivosazol

Figure 5. Frequency of selected secondary metabfainilies in the screening of 1700 strains of the
genusSorangium cellulosum.®*

At the time of their publication 40% of these sadamy metabolites had a completely new
structural carbon skeleton, while others were stdv but contained structural elements
previously known from other microorganism &septomyces or marine microorganism
(sponges, tunicates and molluskKsMyxobacterial secondary metabolites not only pssse
high structural diversity, as the few examples iguFe 6 show, but exhibit remarkable new
modes-of-actio® The soraphen familylQ) for example was found to inhibit the growth of
yeasts and molds (MIC 0.03-4g/mL) by selectively targeting fungal acetyl-CoA
carboxylasé? Field trials with soraphen against numerous plaathogenic fungi were
carried out in cooperation with Ciba-Geigy, althbuigs teratogenic activity prevented a

commercial application as antifungal agént.
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14 R = Me
15 R = CH(OH)C(CH,)=CHCH,CH=CHCH,

0]

: NH N
Y ;@ T

A

17 18

Figure 6. Examples of the structural diversity ofnyxobacterial secondary metabolites:
icumazole A 9), spirangien A 10), jerangolid A (1), soraphen 4 (12), sorangicin A 13),
myxopyronin A (L4), corallopyronin A 15), epothilon B 16), tubulysin (7), agyrin F (8).

-8-



Introduction

Other antimicrobial metabolites proved to be achgainst known targets, but established a
new mode-of-action: the myxobacterial antibiotic xwogyronin  @4* and
corallopyronin{5)*** bind to bacterial RNA polymerase (RNAP) as dorifemycins® and
sorangicins 13),%"* but show a different mode-of-action. Figure 7 shdle mode-of-action

of myxopyronin (5) at the switch region of RNAP, which inhibits tbpening of the clamp
needed for DNA transcriptiof?.

A Transcription initiation
c D
Catalytic
cleft ",
E
f
Ayxopyroni DNA binding Clamp closure
Myxbpyronin
binding
Figure 7. Initiation of RNA polymerase (RNAP) tszniption: the RNAP can open (B) and close (A) by

a 30° rotation of the clamp domain (cyan) at thé@wregion. The clamp is open (B) in order
for DNA to bind to the catalytic cleft (C), befothe clamp is closed (D) and transcription is
promoted. Myxopyronin binds in the switch regiomlamhibits opening the clamp (£9.

Astonishingly, 10% of myxobacterial metabolites gfieally interact with the cytoskeleton
of eukaryote$! Epothilon (L6) was found to stabilize microtubule formation inkeryotic
cells. Consequently a semi-synthetic azaepothilomaB developed by Bristol-Myers Squibb
(Ixemprd) and is used currently as an antineoplastic ageyatinst Paclitaxel-resistant
tumours*“3In contrast to the microtubule stabilization ob#plon (16), the highly affective
antimitotic peptide tubulysin1{) dissolved microtubules (4 of 0.01-10 nM)** Further
investigation of the tubulysin family revealed 28tural metabolites as well as the initial
enzyme-free derivative pre-tubulysi®® Various synthetic approaches lead to optimized
tubulysin—folate conjugates specifically targetifgate-receptor enriched tumours with
especially goodn vivo activity and favourable toxicity profile as drugndidate$’° An
additional myxobacterial compound for therapeulycapplication against intestinal cancer is

the proteasome inhibitor (protein p27) argyti®)(which is currently under investigatich.
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The last three decades of research have demomusstretemyxobacteria are a rich source of
potent natural products. The number of myxobacwei@ed secondary metabolites
established these microorganisms as multiproducemsparable with the Cyanobacteria,
Actinomycetales (~ 8000 compounds), Bacilli (14@mpounds) and Pseudomonads (400
compounds). Genome analyses of myxobacteria ireditait the isolated 100 core structures
just scratch the surface of the true potentiahese bacteria With 13.0 Mbp the genome of
Sorangium cellulosum So ce56 is the largest bacterial genome kn®\ithe genome of the
model strain DK1622 fronMyxococcus xanthus assigns more than 8.5% to natural product
synthesis* A study comparing the metabolic profiles by liqeittomatography coupled mass
spectrometry (LC-MS) analysis of 98. xanthus strains collected worldwide insinuated the

numbers of non-ubiquitous compounds per strainedrigpm 6 to 24 metabolites.
1.3 Structure Elucidation of Natural Products

“Indeed, structural miss-assignments clearly previghportunities for synthetic chemists to
make discoveries through total synthesis, and iogytahow that there is still adventure to be

had in the process of structure assignm&ht.”
1.3.1 Structure Elucidation of Natural Products by 1D and2D NMR Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopyesrbst important method for structure
elucidation of natural products combined with higisolution mass (HRMS) spectrometry.
Improvement of hardware and development of mulits@sequences for NMR techniques
(discussed below) in the last years has made NMRtgyscopy a powerful tool in structure
elucidation of unknown complex natural productse Titimate tool for molecular structure
determination will remain X-ray crystallography,ttauitable monocrystals of X-ray quality
are rare in natural products reseatcNMR technology has been dramatically improved over
the last decade through the use of superconductyapenic probeheads, superconducting
cryogenic high-field magnets (1000 MHz) and smaflample volumes (3QiL) to enhance
sensitivity®® The new NMR hardware enabled liquid chromatograpbypled NMR (LC-
NMR) analysis for fast dereplication in high-thréwgit-screenings (HTS). This approach has
recently been further improved by Bruker Biospifnoshave developed a post column-solid-
phase-extraction unit (LC-SPE-NMR/MS) coupled HPNEIR/MS system in order to
reduce costs and accumulate the metabolite onidgetrsystems allowing smaller NMR

sample volumes (30L).>° Figure 8 shows the amount of natural product whiels required
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for complete structure analysis in the year 199%authe year 2009 to give an impression of

the practical advances in analytical technol&yy.

Year:1995 2009

Amount: 180 pmol 0.15 umol

- (A Hi?R) “'CI
Mo N “on [ 19: phorboxazole A 20: R = Me phorbaside A 21: muironolide A
186 mg ~1mg ~0.09 mg

Current Opinion in Biotechnology

Figure 8. Decrease in the required amount of tgereerations of marine natural products for coneplet
structure elucidation due to the continuous improeet in analytical technolody.

Practical structure elucidation begins with the ecalar formula predicted by HRMS.
Subsequently verification of the proposed molecfdanula is based on 1fH and**C NMR
experiments, as well as on the calculated degrassdturationand on information about
functional groups obtained from IR- and UV/Vis spac The skeleton of an unknown
compound can be further explored with 2D NMR expents. The first step is to uniquely
identify each proton directly bound to carbons Bing heteronuclear HMQC (heteronuclear
multiple quantum coherence) or the phase sensHiS®C (heteronuclear single quantum
coherence) experiments. HSQC provides informatioout carbon multiplicity, which can
also be gained by 1D NMR experiments like APT orPDHsee Table 1). The homonuclear
'H'H COSY (correlation spectroscopy) experiment idisi structural fragments by
through-bond coupling of geminal, vicinal and lagige protons. A TOCSY (total
correlation spectroscopy) experiment is helpfultfa analysis of polysaccharides or peptides
by revealing proton correlations within one spistsyn. After the assignment of structural
fragments, the overall skeletal connectivity isabBshed through a HMBC (heteronuclear

multiple-bond correlation) experiment, revealing rretations through intervening

" Degree of unsaturation = a + 1 — ¥%(b — dH§ONg
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heteroatoms and quaternary carbons linking thetstral fragments to an overall connectivity
of a compound’®* All NMR experiments mentioned are tabulated in [@abwhich provides

basic information about the experimeffts.

Table 1: Overview of the basic NMR experimentsduige structure elucidatioff.
Abbreviation Experiment Purpose Comment Enhanced Expéments
APT attached proton test 1D inverse techniqueincludes signals for quaternary DEPTQ
for 13C multiplicity carbons
DEPT distortionless 1D inverse technique standard diverse
enhancement by for 13C multiplicity
polarization transfer
HMQC heteronuclear 2D inverse H,C decoupleo“C NMR spectrum diverse, better HSQC
multiple quantum correlation
coherence
HSQC heteronuclear single 2D inverse H,C phase-sensitive gradient- gs-HSQC, E-HSQC
guantum coherence correlation selected version
COosy correlation 2D spin coupling most important 2D NMR Long-Range COSY,
spectroscopy nucleus experiment: possible nuclelild, COSY-45, E.COSY
19~ 31
F,>P
TOCSY total correlation 2D correlations of also called HOHAHA, used for gs-TOCSY, gs-
spectroscopy protons in one spin-  peptides and oligosaccharides SELTOCSY,
system
HMBC heteronuclear 2D long-range H,C 2)(C,H) and®J(C,H) coupling gs-HMBC, ACCORD-
multiple bond correlation HMBC
correlation
NOESY nuclear Overhauser 2D dipolar cross- assignment of peptide gs-NOESY,
enhancement relaxation of nuclei in  conformation and tertiary (3D): HN-NOESY-
spectroscopy close spatial structure of 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 low sensitivity, overlapping PS-HMBC, J-HMBC,

range coupling long-range C,H spin

coupling constants

signals and coupling constants HSQC-TOCSY,
of the same spin system, HSQMBC
enhanced versions

1.3.2 Assignment of the Relative Configuration of NaturalProducts

The biological behaviour of compounds is strondfe@ed, not only by the connectivity and
diversity of functional groups, but also by theratal arrangement. Disclosing the relative
and absolute configuration is therefore necessafyllty understand their chemical behaviour

and biological interactiof®

NMR techniques play an important role providing metric information of organic

compounds. The 2D NMR experiments NOESY (nuclearer@auser enhancement
spectroscopy) and ROESY (rotating frame Overhaass@iancement spectroscopy) provide
information about the dipolar cross-relaxation aftpns with close spatial relationships. The
cross peak intensities in these spectra are inyepseportional to the sixth power of the
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distance separating the interacting protons andharefore used in the assignment of relative
configurations* Another phenomenon in NMR spectroscopy is theas@aupling of nuclei.
The direct correlation of dihedral angles of pratororresponding to their vicindly
coupling constant was first described by Karplusl diecame a very essential tool for
conformation analysi® This method has been further developed for hetmlear coupling
constant$>Jc 4 and different substituent patterns. Murata’s natib@J-based configuration
analysis comparing experimental and prediéeg; and®3Jc 1 values of possible rotamers of
(1,2) or (1,3) acyclic carbon chaiffsThe 3Jc 4 values are measured using 2D HETLOC
(hetero half-filtered TOCSY) or PS-HMBC (phase s&res HMBC) NMR pulse-sequences.
Another approach is the comparison of carbon amtioprchemical shifts of an unknown
configuration with model compounds of defined steremistry’’ A compound library is
realized in the universal NMR database (UBBY Larger molecules with diverse
stereocentres like natural products can be dividedfragments for comparison with suitable
known compounds in the database, as shown in t@ge of oasomycin in Figure®8.

OH OH OH OH OH
HO Me HO Me
Me Me
Database 1 Database 2
OAc OAc OAc
AcO
OAc
Database 3
OH OH OAc OAc
22a oasomycin A: R=H HO Me AcO
22b oasomycin B: R = a-D-mannosyl Me Me
Database 4 Database 5
Figure 9. Example of an UDB approach for the ratproduct oasomycin and suitable fragments for the

library searcl?®

In the last decade computational developments antgum mechanical (QM) methods have
progressed into fast empirical methods for calouwgtNMR parameters useful for the
configuration assignment of natural products. Hbeee conformational search and geometry
optimization of all significant conformers of eastereocisomer are carried out by empirical
methods such as molecular mechanics (MM) or orsémiempirical level (PM3) followed
by a QM method for final optimizatioff. The**C and*H NMR chemical shifts are calculated
for each stereoisomer and compared with the exeatsh data. In addition, the resulting
geometries can be compared with calculated coummgstants analoguously to Murata’s

method and nOe interactiofis.
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The relative configuration of 1,3-diols can alsodstablished by the synthetic approach of
Rychonovsky’s acetonide methGdor this method a six-membered acetonide is syizbe
from the 1,3-diol. Asyn-1,3-diol furnishes a chair conformation of the -siembered
acetonide, which is indicated by distinct chemsfafts, likedc < 100 ppm for the quaternary
carbonCMe;, Jc of 20.0 ppm for the axial methyl group afglof 30.0 ppm for the one in the
equatorial position. Amanti-configuration of the 1,3-diol leads to a twistealhbconformation
with a characteristiCMe;, oc value > 100 ppm and an averadievalue for both methyl
groups at about 25.0 ppm. The two conformation @uedresulting characteristic chemical
shifts are shown in Figure 0 The relative structure of the natural productsraestatins A
and B were assigned by synthesising multiple at@¢snsimultaneously and subsequently

analysing their positions and their chemical shith 2D NMR spectroscop§’

OH OH + O>(O 20.0 ppm
H . %
RRO 30.0 ppm
RIJ\)\RZ 0 le\)\RZ R2 o) %
syn-1,3- diol /lk syn-1,3-acetonide <100 ppm
1
% R> ( Rl
OH OH ¥ o 0 J\
W ; L0
R R O R R R R2
anti-1,3-diol /lk anti-1,3-acetonide ) Q
1
F\’OO >< 25.0 ppm
~0
R2 ? 25.0 ppm
> 100 ppm
Figure 10. The chair and the twisted-boat confijon of the six-membered acetonides derived from

either syn-1,3-diols or anti-1,3-diols, with the resulting characteristié: shift for
Rychonovsky's acetonide meth@d.
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1.3.3 Assignment of the Absolute Configuration of NaturalProducts

Good quality monocrystals of a compound would bguired for an assignment of the
absolute stereochemistry by X-ray crystallographyfortunately they are rarely produced for
small natural products. Another common approadheasdegradation of natural products by
chemical synthesis using for example ozonolysisjrdlysis or olefin metathesis. The
degradation products can be compared to their gporeling enantiomeres by chiral HPLC or
GC (gas chromatography), as commonly used for anacid analysis of peptides after
hydrolyses*” Chiro-optical methods are instrumental approactiest include optical
rotatory dispersion (ORD) and circular dichroisnD{CThe differential absorption of chiral
molecules of either the specific optical rotationORD or the absorption bands in CD are
used to compare synthetic material to the origmatural product for determination of the
absolute stereochemistfy’’ The universal NMR database (UDB) uses chiral NMRents

to generate a chiral environment for the enantismdhis causes small chemical shift
differences allowing discrimination of the enantensy which are subsequently compared
with the NMR data of the natural product or degtimteproducts®® A larger chemical shift
difference is produced by covalent binding of arahreagent producing diastereomers.
Lanthanide shift reagents such as chiral complefesuropium (Eu), ytterbium (Yb) and
praseodymium (Pr) are used to determine enantionpeniity®* Mosher's method is most
widely used to explore the absolute stereochemddtigicohol and amine moieties by using
methoxy(trifluoro-methyl)phenylacetyl (MTPA) acids derivative$>® For this method the
compound is derivatized with both enantiomers ef MTPA acids to give diastereomers. The
ligand of the MTPA ester shields or deshields thetgn NMR signal of the neighbouring
protons next to the MTPA ester as is shown in Figlt. The shift differencas™ of the
neighbouring protons in the two distereomers iswdated by subtracting the chemical shift
on of the R-MTPA ester derivative from the chemical shifj of the §-MTPA ester
derivative. The resultings™ values (+/-) of the neighbouring protons are imteted to give
the configurational assignment based on the cloiatre of the auxiliary (Figure 11 ¢ and
d).84
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a b
&1 L shielded L, shielded
: L+ Lo ~ L4 e
OMe ' MeO Ph_/ C Ph OMe MeO_ Ph o L
P <:F30>\W T
MU O cr, O Cr,
(RIMTPA (S)-MTPA
or or
(§}MTPACI (R-MTPACI
c d

Figure 11. Mosher model of th&(MTPA ester (a) andg-MTPA ester (b) of an alcohol and the
interpretation of the observewb™ values of protons for both possible configurati¢nsand
d).84

Research of Reid et al. and Caffrey et al. on efgrecific ketoreductases (KR) enabled a
complementary genetic approach to assign the aesaonfiguration of ketoreductase-

derived hydroxyl-bearing stereogenic cenff8. The stereochemical determination of the
complex myxobacterial polyketide etnangieB5)( for example was established by a
combination of high-field NMR studies, molecular dedling, synthetic derivatization and by

biosynthetic studie¥.

The improvement of NMR and CD instrumentation pétedi the absolute structure
elucidation of muironolide A1) (see Chapter 1.3.1, Figure 8) with only |89 of material.
The absolute stereochemistry was assigned by usiogocryoprobe NMR spectroscopy,
high resolution mass spectrometry, circular dicsmo{CD), and synthesis.

The first results of a structural elucidation ofnatural product using atomic-resolution
scanning probe microscopy for structural deternmmathave been published recently,

suggesting a novel tool for structure elucidatibormanic natural products.
1.3.4 Structure Elucidation of Natural Products by Total Synthesis

The final step in the structure elucidation of makyroducts is the verification of a proposed
structure by checking all the data for consisteacgl by comparison of similar natural
products with common biosynthetic origins. Howevtre stereoselective total synthesis
remains the final proof. A review by Nicolaou anay8er investigated 300 revised structures
between January 1990 and April 2004 through asga of natural productsThe progress
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in spectroscopic skills has made structure elumdatf unknown compounds a routine task,

but does not rule out all pitfalls.

An exciting discussion of structure elucidationtle case of maitotoxin28), the largest
polyether from marine organism and a highly actbietoxin®°* The gross structure of
maitotoxin was described in 1993 by Yasumoto &t ahd the relative structure by Kishi et
al.”® contemporaneously with the absolute stereochegmistrTachibana et al. in 1996
Biosynthetic studies of polyethers by Gallimore aBgencer suggested an opposite
configuration of two stereocentres connecting tb&giher rings J and K (marked red in
Figure 12)®° Nicolaou et al. applied computational chemistry sopport the original
published structuré and finally proved the molecular architecture bynteesis of the
GHIJKLMNO ring system of maitotoxin 2008.A total synthesis of the largest natural

polyether known has not been accomplished as yet.

M v ow oweM
Na0;SO, A .0 o_: A_ _OH
HO Me Me
o o H on LG IH |1 ]I [ KIHH oH
Me Me ) S H O'H
OB |C|D|E]|F H™H H™HEZ&H LMl oy
A SNENOTEINEN0 “OH HO S0
HYH: H H - H
Na0;SO. OH':|o H™H o' ™ oH OH OH
OH
H . H
Mex Aoy oy HO o
HO Me HoMeJHoH O N
o OH
OH O\ S JRIQ AP LM “H G,
b H H o U Me H M “oH
; 4 H Me e
OH Me Me‘-o W Vv o e
X O Me H
Me,[ Y Me
3 "y
Me.| Zz [*H
A H,[ A TH
H O~ N\¢©
Me H —% B J'H
Me H 0X C Z
H D OH
HO HO < E Me
X F' %O Me
HO Me
23
Figure 12. The structure of the largest polyettsaiated so far, maitotoxin28). The stereocentres

questioned by Gallimore and Spencer at the cororectd the J and K ether ring system are
highlighted in red.

This is one of many examples in which the finalgbrof stereochemistry will be clarified by
total or partial synthesis. Total synthesis caro gisovide confirmation if the proposed

structure correlates with the assigned biologicsivy.*
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1.4 Outline of this Work

Since myxobacteria have proved to be very versaifeducers of biologically active
secondary metabolites, the aim of the presentgheas to identify novel natural products
from this extraordinary group of gliding bacterighis thesis comprises the process of the
isolation of a biologically active metabolite froemcomplex crude extract, as well as the
structure elucidation not only the planar structutaut also the determination of the relative
and absolute configuration of the complex compoungl@pplying chemical derivatization
techniques, and detailed 1D and 2D NMR studies aosabwith molecular modelling.

»

' X A . aa

Figure 13. Fruiting bodies 6f theystobacter ferrugineus strain Cb G35 on agar plates (pictures by K.
Gerth).

The Cystobacter ferrungineus strain Cb G35 was isolated from a soil sample lguk Gerth
at the Helmholtz Centre for Infection Research (HZhe crude extract of this strain was
found to inhibit growth ofStaphylococcus aureus, Nocardia flava, Escherichia coli, Mucor
hiemalis, andRhodotorula glutinis in an antimicrobial screening of myxobacteria. B@in
was found to produce myxalamide €4¢), which is responsible for thBocardia flava,
Mucor hiemalis, and Rhodotorula glutinis growth inhibition by the crude extra®® Four
homologues metabolites of the myxalamide familyg(ifé 14) were previously described

2 ’101,102

from Myxococcus xanthus Mx x1 and were further reported from the gene cluster

analysis ofSigmatella aurantiaca Sg al5°® The aim of this work was to identify the
unknown secondary metabolites synthesized by trasnsand to subsequently elucidate their
structures. Of special interest was the compourspamsible for theEscherichia coli

inhibition, due to the low number of effective dmbtics against Gram-negative bacteria.
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B_/OH
NH myxalamide A (24a) R = 1-methylpropyl
myxalamide B (24b) R = iso-propyl

myxalamide C (24c) R = ethyl
24 myxalamide D (24d) R = methyl

Figure 14. The myxalamide family described fristyxococcus xanthus andStigmatella aurantiaca.

This thesis presents the developed isolation proeedf the light- and oxygen-sensitive
polyunsaturated carboxylic acid roimatacen26).( The absolute stereochemistry of
roimatacened6) was derived by 1D and 2D NMR spectroscopy, dé@adon to acetonides
and Mosher’'s esters as well as by molecular maodellin addition, six novelp-
hydroxyacetophenone amide®t&f) were isolated from the crude extract of strain @b
and their structures were elucidated. The biosyittipeecursors 026 and34a were studied

by feeding experiments and are presented in theseaf this thesis.

Another project involved the family of sulfangolif@bad). Sulfangolid A 2538 and B @5b)
were first reported in the annual report of the GB6:%* Further the sulfangolids were
mentioned in numerous review articles as frequefdlynd metabolites from the genus
Sorangium cellulosum.*3+°11%|n the past the four myxobacterial sulfangol2a-d were
isolated from different strains &rangium cellulosum and the planar structures presented in
Figure 15 were postulated in the research groupsalf Dr. H. Reichenbach and Prof. Dr. G.
Hofle, but unfortunately not described exhibitinge trequired data (unpublished data H.
Augustiniak, M. Herrmann, R. Jansen, H. SteinmktzGerth, H. Irschik, H. Reichenbach,
W. Kessler, G. Hofle at HZI, former GBF). During rdiploma thesis | concentrated on the
isolation and further structure elucidation of anfjjolids A 258 and C 5¢). Subsequently
to the isolation, complete sets of NMR data26h and25c were measured and analysed. In
my diploma thesis | presented a first proposalhef telative configuration of sulfangolid C
(250, subsequently | continued to verify the proposethtive configuration of25c by
molecular modelling studies and extensive comparigbthe NMR data. In addition, the
biosynthetic precursors of sulfangolid £5¢ were studied by feeding experiments as a basis
for further genetic studies. Further | verified pHoposed structures of sulfangolidSa-d
from their NMR data and summarized the combinediitbet data (Manuscript is to be
submitted).
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OH
sulfangolid A (25a) R=H sulfangolid C (25c)

sulfangolid B (25b) R = OMe

sulfangolid D (25d)

Figure 15. The proposed planar structures of tiffarsgolid family @5a-d) isolated from different strains
of the genusSorangium cellulosum in the research groups of Prof. Dr. Reichenbach Ruof.
Dr. Hofle at the HZI (former GBF).
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2 Results

2.1 Roimatacene, a Polyunsaturated Carboxylic Acid fromCystobacter
ferrugineus Cb G35

2.1.1 Development of an Isolation Procedure for Roimatagee (26)

The antibiotic activity ofCystobacter ferrugineus, strain Cb G35, againgt coli was detected

in a broad antimicrobial screening. The crude extwas fractionated by HPLC and each
fraction was tested against coli. Thus, the growth inhibition dE. coli was correlated to an
unknown compound with a HRESIMS molecular ion @ugM-H] at nVz 515.3021 and a
corresponding molecular formula okd440; (calc. 515.3014). Accordingly, the unknown
compound was isolated from the Amberlite XAD-16@ter resin of fermentation (70 L) in
a bioactivity-guided procedure. Because the compgowpeatedly decomposed during the
isolation process, several fermentations were sacgdor the development of a protective
protocol for the oxygen- and light-sensitive polgerimatacene 26). General aspects
stabilizing the compound during the isolation weoasidered to finally result in the isolation
strategy presented in Figure 16. Especially, ditaets had to be kept dissolved in methanol
containing 4-ethoxyphenol as free radical scaverigeor to use, all solvents were saturated
with nitrogen gas and all operations were carrigdumder nitrogen atmosphere. Ethyl acetate
was filtered over aluminum oxide to remove perogjdand extracts and fractions were

handled in amber glassware.

XAD-16 resin +—p»{ Elution MeOH P E;?Qgg%?ate P Bﬂg&ﬁne, MeOH —p»{ Acid-base partition

I
pH9
v

Water layer | E;?é{c%iﬁate
- All solvents were saturated withlgas pH}s
. . . n-Heptane
- All ethyl acetate was filtered over aluminum axid W [y % extraction
- All extracts were kept in solution T
Water layer g extr)glction
- All evaporations and extractions were carriedunder N-protection gas %
o HPLC
- 4-Ethoxyphenol was present as antioxidant chromatography
Strata X cartridge
Figure 16. Isolation procedure for roimatace2®,(starting from Amberlite XAD-16 resin.
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The Amberlite XAD-16 resin was harvested from tharfentation by sieving and was then
eluted with methanol. Subsequently to evaporatiath® organic solvent, the water layer was
extracted with filtered ethyl acetate, and aftempmration of the ethyl acetate am
heptane/methanol partition was carried out, in otdeemove lipophilic by-products from the
crude extract. The antibiotk6 was further enriched by an advanced acid-basdipartThe
partition started with an ethyl acetate extractminthe alkaline water layer, which was
subsequently acidified to pH 4.5. An additionalragtion of the acidic water layer with
heptane removed large amounts of fatty acid, wioitterwise interfered with the further
purification process by RP-chromatography. The obed roimatacene2f) was extracted
from the acidic water layer with ethyl acetate. Timal purification was carried out by RP-
chromatography using Msaturated solvents and providing 4-ethoxyphenoédaoh HPLC
fraction. The methanol of the combined roimatac@® fractions was evaporated vacuo
and the residual water was applied on a stratatidge (phenomenex) under nitrogen
atmosphere. The newly established isolation pragegermitted the isolation of sufficient
material for a complete structure elucidation al agfor all biological assays.

2.1.2 Structure Elucidation of the Core Structure of Roimatacene (26)

The biological active roimatacen2g], isolated according to the isolation protocolatdsed

in chapter 2.1.1, was analysed by HRESIMS, as agllD and 2D NMR spectroscopy for
structure elucidation. Due to the instability ofmatacene Z6) meaningful IR data were not
obtained. HRESIMS of the molecular ion cluster [NI-ldt m/z 515.3021 established the
molecular formula gH440; (calc. 515.3014) foR6 with 9 degrees of unsaturation. The

molecular formula was supported by the NMR datas@nted in Table 2.

— COSY —> HMBC

26

Figure 17. Structural elements A to D of roimatee®6) assigned from théH,*H COSY spectrum and
selectedH,*C HMBC correlations.
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All protons were assigned to their directly bouradbons from théH,**C HMQC spectrum.
The interpretation of théH,*H COSY spectrum furnished four structural elemeht® D
presented in Figure 17. The connection of the sirat elements was accomplished by the
interpretation of the'H,*C HMBC spectrum, allocating the carboxylic acidbzar C1 to
subunit A by its HMBC correlations with 2H and 3Fhe quaternary carbon C8c(134.4
ppm) was verified by*C ATP NMR spectroscopy under the overlappif@ signal of C13
(6c 134.4 ppm). C8 was correlated to methyl group @B8 subsequently identified as
connection between the structural fragments A arfcbB HMBC correlations with 7H and
9H, and correlations of methyl group C28 with tleme protons (7H and 9H). Further,
methines C7 and methine C9 showed mutual HMBC laroas securing the connection of
subunits A and B. Similarly, the quaternary carl@i6 and the directly bound methyl group
C29 showed HMBC correlations with 15H of subunita, well as with 17H and 1$Hof
subunit C. The final connection of structural ubitvas indicated by HMBC correlations of
C20 with 18H and 22H, as well as by mutual corretet of the methyl group C30 at C20
with methines 19H and 21H. In addition, methinesl B&d 21H showed the expected mutual

HMBC correlation between subunit C and D.

The interpretation of th&H NMR spectrum of roimataceng@) clearly indicated thérans-
configurations of the double bonds by vicinal canglconstants of 15 Hz. Theans
configurations were additionally supported by tberesponding nOes (Table 2).

The resulting planar structure of the polyunsatdatarboxylic acid roimatacen@€] is

presented in Figure 18. The structure revealednasual accumulation of reactive functional
groups, like a tertiary alcohol at C16, as weltrasea-polyunsaturated alcohol groups at C5,
C15 and C19, an acrylic acid residue and polyeaksgether providing a well-founded

justification for the observed sensitivity 2.

@) OH OH OH OH
1 8 15 20
HO ~ B oH = N N
29
26
Figure 18. The planar structure of roimatacet@. (
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Table 2: NMR data of roimatacer#sf (*H 600 MHz,**C 150 MHz, [R]DMSO).

Atom 6y H m J[Hz] COoSsY S HMBC ROESY!

1 - - - - - 167.1 3,2 -

2 579 1 d 16.0 3,4 1236 4>3 (3)

3 6.80 1 ddd 16.0,7.0,7.0 2,4 1456 4 (2) >(4),5

4 235 2 - 3,54 40.0  3,2,6,50H >(5), 2, (3)

5 418 1 ddd 11.0,6.7,55 4>6,50H 69.9 7,634 7,(4,6),3

50H 501 (1) s(r) - 5 - - -

6 567 1 dd(br) 15.8,5.9 7.5 1320 7,4 28, {745

7 625 1 d 15.8 6 1336  28,6,9,10 9,5, (6)

8 - - - - - 1348  28,10,7, 8 -

28 180 3 s - 9 126 7,9 6, 10

9 610 1 il - 10, 12 131.0  7,11,28 7,11

10 6.47 1 dd 14.6,11.6 7,9 126.9 12 28,12

11 627 1 dd 14.6,10.6 10, 12 1339 13,9 13,9

12 616 1 M - 11,13 131.7  10,11> B 10

13 582 1 ddd 15.1,7.3,7.3 12814 1344 144p, 11 11, 15, (14/p)
14a 235 1 ! - 13,15, 18 346 12,13 > 150H (B415, 13), 12, 17
148 202 1 dddd 15.4,7.7,7.7,1.5 @415, 13 - - (14, 13)

15 351 1 dff 9.7,1.¥ 150H, 14 734 29,18 13, 17, (14), 29, 18/B
150H 452 (1) s(br) - 15 - - -

16 - - - - - 743 29,18 -

160H 4.43 (1) s(br) - 17 > 150H - - -

29 093 3 s - - 18.2  170H 17,15 > 12018
17 329 1 dff 105, 1.4 18p 735 24 183 19, 15, (18), 29, 30, 21
170H 4.08 (1) s(br) - 17 - - -

180 1.70 1 ddd 13.8,10.2,1.3 19,18p 361 >18 (188, 17), 15, 29
183 149 1 ddd 13.8,10.2,6.4  19,d817 - - 30, 15, (19)

19 414 1 dd 7.0,6.4 W8p>190H 749  29,30,21, 48 21,17, (18/p)
190H 4.85 (1) s(br) - 19 - - -

20 - - - - - 140.2 30, k8B > 22 -

30 167 3 s - 21 116 21,19 19, 22

21 6.00 1 d(br) 11.2 22,30 1252 30, 23,19 23 (#2), 17
22 6.37 1 dd 14.5,11.2 23,21 126.9 21,23 30(231,21)
23 614 1 M - 22,24 1322 21,25 21, (22) > 25, 30
24 614 1 H - 25,23 129.9 22,26 26, (23, 25)

25 574 1 ddd 14.3,7.1,7.1 24, 26 135.6  27,26,23 (24, 26), 27

26 208 2 dt 71,75 27,25 252  27,25,24 (37,24

27 097 3 t 75 26 135 26,25 (26), 25

The compound was stabilized with 4-ethoxyphefdl fMR (600 MHz, [Q]DMSO) d ppm 1.26 (tJ = 6.97 Hz, 3 H) 3.89
(9,J = 6.97 Hz, 2 H) 6.65 (d] = 8.80 Hz, 2 H) 6.72 (d] = 8.80 Hz, 2 H);"*C NMR (150 MHz, [Q]DMSO) ¢ ppm 14.8,
63.3, 115.3, 115.7, 151.0, 151@ multiplet of 4 protons at 6.15 ppm, one AA'-systeamsisting of 23/24H and an overlap
with 9H and 12H. All proton shifts were taken frahe HMQC spectrunt® overlap of 4H and 14éd Proton shifts from the
HMQC spectrum® 13C shift from APT spectrum after H/D exchanffedata after H/D exchange.
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2.1.3The Relative Configuration of Roimatacene (26)

In order to establish the relative configurationtbé polyol fragment C15 to C19, three
acetonides 48-30) were prepared from roimatacene methyl es?&j by the reaction with

2,2-dimethoxypropane presented in Scheme 1.

@] OH OH OH OH
15 17 19
No N NN NS
OH
27
l a
>< >( 1 B(
OH O° O o O OH R o 0 R-C.H..O
5 1z J1e, 215 117 19, 15 Jaz 119, 167 213
R g R R R 0] g R ,
HO ™ HO \kO R”- CgH,4
28 29 30
Scheme 1. Preparation of acetonid28 to 30 from roimatacene methyl ester27; a) 2,2-

dimethoxypropane, PPTS, 4°C, 18h.

Subsequent to the isolation of all three acetonithesr complete NMR data were intensely
studied. The analysis of the 17,19-acetordieevealed a typical shift @k 98.9 ppm for the
quaternary carboMe, (C32) anddic 20.0 and 30.1 ppm (Table 3) for the methyl groups
C33/34, characteristic for a chair conformationacétonides as analyzed by Rychnovsky’s
method’? The chair conformation was further supported by mOrrelations of 33H, 17H and
19H in coaxial positions. Supplementary, 18id the equatorial position was distinguished
from the axial 18ld by nOes with 17H and 19H. A chair conformatiorordy possible for
syn-1,3-diols, and therefore 170H and 190H takes{imeconfiguration.

Conversely, the second product assigned as 15¢t@rade29, showed chemical shifts 6¢
100.2 ppm for the quaternary carbGMe, (C32) and very similar carbon shifts &f 25.2
and 23.7 ppm for the methyl groups C33/34, unandugly indicating a twisted-boat
conformation and thus thanti-configuration of 150H and 170H (see Table’4)An
unambiguous assignment of the relative configunabd stereocentre C16 considering the
nOe correlations from théH,'H ROESY spectrum is impossible from this twiste@bo

conformation.
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Table 3: NMR data of 17,19-acetonigie (*H, 600 MHz,*C 150 MHz, CDGJ)
Atom o H m J [Hz] COosy Joc HMBC ROESY
31 374 3 s - - 51.5- -
1 - - - - - 166.731,3>2 -
2 594 1 d 15.8 3>4 123.7 ()
3 6.98 1 ddd 15.7,7.2, 2.2 4,2 1444 (2, 4)
4 251 2 m - 5,3>2 40.3>2, 6,3 @3),2,(5), 6
5 437 1 ddd 12.0,7.0,1.8 4,6 7187,6 7, (4) > 3, (6)
50H 143 1 m - 5 - -
6 57 1 dd 15.4,7.0 7,5 129.4>7 (7,5), 28, 4
7 632 1 d 154 6 136.128, 9 5,(6),9, 4
8 - - - - - 139.7 - -
28 187 3 s - 9 12.89 10, 6
9 609 1 m - 10, 28 132.228,7, 11 7,9
10 650 1 dd 13.6,11.4 9,11 127.9 (11, 9), 28
11 6.28 1 dd 15.0,11.2 12,10 133.28, 9 (20), 13
12 6.26 1 dd 15.0,11.0 11,13 133.20 > 14/p 10, (13)
13 5.86 1 ddd 14.4,7.3,7.3 12, a8 132.1 140, 11,10 11, 15, (14P)
140 251 1 m - 14, 15, 13 35.911 29, (14), 160H, (15) 17, 12
148 221 1 ddd 14.5,10.1, 7.7 %413, 15 (14w), 17, 29, 13, 12
15 358 1 ddd 10.3,8.1,2.2 P 77.3 29, 14/p 29, 160H, (14), 13, 17
150H 258 1 m - 15 - -
16 - - - - - 73.7 150H, 14, -
160H 2.84 1 - 29 - -
29 1.06 3 - - 18.8160H 17, 15, 160H, 150H, 8
17 411 1 dd 11.6,2.4 18P 72.9 29, 181 ig: 3, 18, 29, 1508, 1608,
18¢ 1.84 1 m - 19,17, 18 28.6 - (188), 29, 160H
183 145 1 m - 18, 19, 17 (18w), 29, 19, 17
19 431 1 dd 11.7,1.8 18P 740 29,30,21  33,21,17,30,A8
32 - - - - - 98.9 33, 34 -
33 152 3 - >34 20.034 17,19
34 145 3 - >33 30.133 -
20 - - - - - 136.4 50 22 2L
30 180 3 s - 21 12.921 22,19
21 609 1 m - 22,30 126.030, 22,19 19
22 634 1 dd 14.5,11.0 21,23 126.23, 30 30, (21), 24
23 621 1 dd 15.0,11.0 22,24 133.85 25, (22, 24)
24 6.09 1 m - 23>25 129.626 26
25 576 1 dt 15.0, 6.8 24, 26 136.86, 27, 23 23, (24, 26) > 27
26 2.13 2 quintet 7.3 27,25 25.827, 25, 24 (27, 25), 24
27 103 3 t 7.3 26 13.5-

The compound was stabilized with 4-ethoxyphefdINMR (600 MHz, CDC}): 6 1.39 (t,J = 7.2 Hz, 3 H) 3.99 (q) = 7.0

Hz, 2 H) 6.78 ppm (g] = 9.2 Hz, 4 H)X3C NMR (150 MHz, CDGJ): 6 14.9, 64.1, 115.6, 116.0, 149.4, 153.2 ppm.
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Table 4: NMR data of 15,17-acetonig@(*H 600 MHz,**C 150 MHz, CDCJ).

Atom 6, H m J [Hz] COSY dc  HMBC ROESY
31 374 3 s - - 51.5- -
1 - - - - - 166.7 31, 3 -
2 594 1 d 15.8 3 123.64 (3)>4
3 698 1 dt 15.4, 6.6 4,2 144.8 ), (4)
4 250 2 t 7.3 5,3 40.32 (3),(5),2>6
5 436 1 q(br) 6.4 4,6, 50H 71.87>4,6

50H 1.76 1 s (br) 5 5
6 568 1 dd 15.8,7.0 7.5 129.3,7 28, (7,5)> 4
7 632 1 - 6 136.2 9, 28 5,9
8 - - - - - 135.428>9 -
28 188 3 s - >>9 12.87,9 6, 10
9 611 1 - 10> 28 132.47, 10 (10), 7, 11
10 6.44 1 dd 13.2,11.7 9,11 1274 (9,11), 28
11 626 1 m? - 10, 12 134.39, 13 (10), 13, 9
12 626 1 m? - 13,11 132.510 (13), 10
13 579 1 ddd  15.0,7.515 14, 12, 14 132.2 140/ (12), 11> 15
140 241 1 ddd 14.9,7.4,1.8 B413, 15 32.1- (148,15)> 29, 12, (13)
148 215 1 ddd 14.9,10.0,7.4  15,d413 - - (140), 29 > (15)
15 365 1 s - 14> 140 72.3 29 33/34, 19, 17 > 13, (i}
16 - - - - - 85.2 29, 18 -
29 118 3 s - - 19.3- 17>> 30, 18, 18
17 400 1 dd 6.0, 3.5 18 78.5 29, 18 (18), 33/34, 29, 15
32 - - - - 100.2 33/34 -
33 135 3 m - - 25.2 34 15, 17
34 135 3 m - - 23.733 15, 17
18 193 2 m - 19, 17 37.1- (17, 19), 30 >29
19 467 1 dd(br) 86,68 18 84.0 30 > 21 21, 15, 18 > 30
20 - - - - - 133.6 > 30 -
30 1.75 3 s - >21 12.119, 21 >22,19
21 615 1 nm?® - 22 126.530,23,19 19
22 633 1 m? - 21,23 126.330, 23 (23),30
23 619 1 nm?® - 24,22 > 30 133.425 > 22 19, 21
24 612 1 m? - 25, 23 129.726, 22 >26
25 575 1 dt 7.2,14.7 24,26 136.27,26>23  (24), 23, (26)
26 213 2 quint 7.2 27> 25 25.@7 > 25> 24 (27) > (25), 24
27 1.02 3 t 7.3 26 13.526 > 25 (26)

The compound was stabilized with 4-ethoxyphefidINMR (600 MHz, CDCY): 6 1.39 (t,J = 7.2 Hz, 3 H) 3.99 (q) = 7.0
Hz, 2 H) 6.78 ppm (qJ = 9.2 Hz, 4 H):®C NMR (150 MHz, CDCJ): 6 14.9, 64.1, 115.6, 116.0, 149.4, 153.2 pfin.
multiplet of 8 protons in between 6.35 — 6.10, proshifts fromH,**C HSQC spectrum
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In order to establish the relative configurationstéreocentre C16 in roimatacer2®)( the
NMR data of bis-acetonid@0 were studied in detail (Table 5). Thg-configuration of the
17,19-acetonide was secured by the observationhefsame chemical shifts and nOe
correlations in bis-acetonid® as for28. Further, the relative configuration of theti-15,17-
acetonide29 was considered, before the two possible diastezepmf C16 were modelled
applying the “Conformational Search” module of Hg@leem (Version 8.5) using MM+
calculations. Both optimized alternative conformessre then carefully compared with the
NMR data of30 (Table 5, Figure 19).

— observed nOe = = missing nOe

Figure19. Partial view 080 resulting from modelling studies with HyperChend aelected nOe &0, a)
the relative 15,16R,17S,19R isomer and b) the relative $5165,17S,19R isomer of the
bis-acetonid&0.

The nOes of the chair conformation of the 17sfi9-acetonide unit ir80, differentiating the
equatorial 18 (o4 1.41 ppm) and axial 18H(oy 1.77 ppm) protons as &8, are presented
in Figure 19b. The methyl group C29 at C16 in tfel@-acetonide unit 080 showed
ROESY correlations with 18Hand 17H of the 17,18/n-acetonide. These nOe correlations
are feasible for both isomers 8d presented in Figure 19a and b. However, the ststnmgOe
of methyl group C29 was indicated with 15H, thusitdimg a discrimination between both
isomers, because this observation is only comatilth the distance of 2.5 A in the relative
155,165,175 ,19R configuration in Figure 19b. The distance of 3.8 iA the
15S,16R,17S,19R" configuration (Figure 19a), besides thans-orientation of methyl group
C29 and 15H, would not allow a strong nOe. Inst@adirong nOe between 15H and &8H
would be expected from a distance of 2.6 A in thedet, which is missing in théH,'H
ROESY spectrum a30 (Figure 19a). Further, a nOe between 17H and3ldfHhe side chain

was observed, which is impossible for 8¢R',S,R" isomer (Figure 19a), even after rotation
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of the side chain. However, the observation isyfatbmpatible with the distance of 2.5 A
between 17H and 14Hin theS,S,S,R configuration (Figure 19b). A strong nOe between
19H and 21H strongly supports the orientation efttiene side chain as it is presented in the
S,S.,S,R model, although the expected nOe between metloylpgBOH §; 1.79 ppm) and
18Ha (9n 1.71 ppm) could not be observed, due to their appihg'H NMR signals.

The extensive NMR analyses and the comparison tvehresult of the molecular modelling
of both possible 18 and 16 -diastereomeres strongly support theS1B6S,17S,19R

configuration of roimatacen@®) as presented in Figure 20.

O OH OH OH OH
1 _ 5 15: 17 19
HO Z = N N
28 v OH 30
26
Figure 20. The relative 85,165,175 ,19R" configuration of roimatacen@®).
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Table5:  NMR data of 15,16,17,19-bis-acetonig@(*H 600 MHz,"*C 100 MHz, CDGJ).
Atom o H m J[HzZ] COSY dc  HMBC ROESY
31 374 3 s - - 51.5(31) -
1 - - - - - 166.7 31,3 >2 -
2 594 1 dd 158,1.1 3 123.64 (3)
3 698 1 dt 15,7 2,4 144.%,5 (2) > (4)
4 251 2 ddd 7.4,6.2,1.3 5,3 40.3,3,5,6 (5:3),2,6
5 438 1 m - 4,6 71.77,4,6>3 4),7
6 570 1 dd 15,7 7.5 126.64,7,5 28, (7),4, (5)
7 633 1 d 154 6 136.128,9,5 5, (6), (9 overlap with 22)
8 - - - - - 134.128,6,79 -
28 188 3 s - - 12.87 6, 10
9 612 1 o - 10 132.228, 7 (10), 11, 7
10 6.48 1 dd 15,11 9,11 127.28 28 > (9,11)
11 6288 1 n®¥ - 10, 12 133.89, 13 (12), 9, 13
12 62 1 @ - 13,11 132.714w/p, 10 10, (13,11)
13 581 1 ddd 14.6,7.9.6 12 >4 131.6 15, 14/ (12),11
140 274 1 ddd 1596 1815 32.4>12 (1)
148 255 1 m - 141, 15 (140)
15 391 1 dd 81,55 14/B 84.2 29> 14/p 33,29
16 - - - - - 82.1 29,18, 140 -
29 118 3 s - - 23.015 15>17, 1B
32 - - - - - 108.0 33,34 -
33 138 3 s - - 26.834 34,15
34 153 3 s - 33 26.833 -
17 376 1 m - 18/p 71.6 29,18, 15  36,19>29,18,183
180 177 1 m - 18,19, 17 29.4- 183
183 141 1 m - 18 180>17,19, 29
19 426 1 dd 11.9,1.7 >18p 74.2 30>181,21  36,21,17,30,18
20 - - - - - 136.930>22,19 -
35 - - - - - 98.5 36,37 -
36 150 3 s - - 19.637 19,17,33
37 147 3 s - - 30.136 -
30 179 3 s - - 12.921,22>>19  >22,19
21 6108 1 nf® - 22 >30 125.830>23,22,19 19, (22)
22 6347 1 dd 1511 21,23 126.4>23,21/24 24, (23)
23 620 1 dd 15,11 22,24 133.25,24,22 25, (22,24)
24 613 1 nf¥ - 25,23 129.726, 22 22, (25)
25 575 1 dt 13.6,6.6 26, 24 136.87, 26,23  (24) >23, (26)
26 213 2 quin 7.2 27 >25 25.827,25,24  (27)>(25),24
27 1.02 3 t 73 26 13.526,25 (26)

The compound was stabilized with 4-ethoxyphefidINMR (600 MHz, CDC)): 6 1.39 (t,J = 7.2 Hz, 3 H) 3.99 (q] = 7.0
Hz, 2 H) 6.78 ppm (qJ = 9.2 Hz, 4 H);"*C NMR (150 MHz, CDGJ)): § 14.9, 64.1, 115.6, 116.0, 149.4, 153.2 pfh.

multiplet of 8 protons between 6.35 — 6.10 ppmi@icshifts fromtH,*C HSQC spectrum
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2.1.4 The Absolute Stereochemistry of Roimatacene (26)

The absolute stereochemistry of roimatacef6) (was established applying Mosher’s
method®® Exasperatingly, the methoxy(trifluoro-methyl)phoetyl (MTPA) esters
prepared directly fror26 or from the acetonideZ8, 29 decomposed during isolation. In order
to stabilize the MTPA esters, roimatacer®)(was completely hydrogenated under mild
conditions, although two additional isomeric stemdres at C8 and C20 were created. A
separation of the four resulting diastereomeres wais accomplished. Neither a more
selective hydrogenation procedure was successdiplhlied. The octahydroroimatacer8d)(
was then further esterified witlp-bromophenacyl bromide to give the UV-actiye
bromophenacyl octahydroroimatacene estg). (Finally, the tris-R)- and the tris§-MTPA
esters 33a/b were derived by Yamaguchi esterification gfFbromoacetophenone-
octahydroroimatacene est&2.*°® Without further optimization 36.6 mg of roimataee6)
finally yielded 2.8 mg of the tris§-MTPA ester and 2.1 mg of tri&R-MTPA ester of thep-
bromoacteophenone-octahydroroimatacene &3af The synthesis route is presented in
Scheme 2.

l a-b
Br
@) OH OH OH OH
31 1 5 15| 17| 19
O 8 20

O OH
32

Br
@ o) OMTPA MTPAO OH OMTPA
31 1 5 15 17 19
OJWW

o) OH
33a- (S)-MTPA 33b - (R)-MTPA

Scheme 2. Preparation of the td#§- and the trisH-MTPA esters of p-bromoacetophenone-
octahydroroimatacene es&3ab. a) Pd/C (10%), K RT, 4.5 h; bp-bromophenacyl bromide,
3A mol sieve, BN, acetone, 19 h; ¢) MTPA, 2,4,6-trichlorobenzoljlatide, DMAP, E%N,
0°Cto RT, 4 h.

-31-



Results

The structure elucidations of the trR and tris-§-MTPA esters op-bromoacetophenone-
octahydroroimatacene estéBab were accomplished by using complete NMR data skts
each ester. Due to the epimeric centres at C8 @0dtWwo of the four possible diastereomers
were visible in the NMR data in the vicinity of éaepimeric centre. In Table 6 and Table 7
the consequential assignments of the protons armbms based ofH,**C HMQC, *H,*H
COSY, 'H,**c HMBC, and'H,'H ROESY spectra are presented. The integrals optb®n
signals were defined for each visible isomer ahlagimeric centres.
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Table 6: Tris §-MTPA ester ofp-bromoacetophenone-octahydroroimatacene e38g) (

Atom oy H m J[Hz] COSY Jc HMBC ROESY calc.d¢
36 - - - - - 128.8 34,34’ - 129.1

35,35’ 765 4 dbr. 8.4 34,34’ 132,3 (35,35),35,35 34,34’ 132.3

34,34’ 777 4 dbr. 84 35,35’ 129.2 (35,35 31 9w
33 - - - : 132.9 35,35’ - 133.0
32 - - - - - 1919 34,34'31 - 190.7
31 527 4 d 0.7 - 65.7 - 2 65.5
1 - - - - - 189.2 31,2 - 173.0
2 244 4 tbr 7.0 3 333 >34 31 33.9
3a 167 ¢ m - 2,4 20.3 2>4 5,4 20.8
B 1599 ¢ m -
4 1.7 ¢ m - 53 328 2 - 33.1
5 512 2 m - 4,6 778 >63 4,36 74.8
6a 1.6 ¢ m - - 31.3 - (5) 32.7
B 160 ¢ m - 5,7 (5),8
7 [f
8 138 d m - 28,9 32.7 28 (28,9)>6 32.6
28 084 6 thr 7.0 8 194 - (8),9 20.2
9a 1244 d m - CH 36.47 28 9) 37.2
B 1.0 d m - 8,CH 28 (9)

10-13 CH

140, 182 ¢ m - 15 2813 - - 30.9
B 157 ¢ m - 15
15 516! 2 m - 14 788 29 29,CH 77.6
16 - - - - - 749 29 - 76.8
29 1.04 6 d 5.9 - 17.2 - 18,17,15 16.7
17 33 1 m - 18 7081 29 29,18,15,19 72.8
184 191 d m - 17,19,18 31.2 30 20,19 315
B 179 ¢ m - 18 - - -
19 525 1 m - 20,18 78% 30 (18,20),CH 76.6
20 1.7% ¢ m - 19,CH 36.1 30 18,30 374
30 078 3 d 7.0 20 150 - 20 14.7
17 3408 1 m - 18’ 7.8 29 29,15 72.8
18’ 1867 ¢ m - 17,19’ 30 - (18" 315
19’ 512 1 m - 30',18u 79.88 - 30’ 76.6
20’ 162 ¢ m - 19° 353 30’ 30’ 374
30’ 080 3 d 6.6 20° 134 - 20’ 14.7

21-24 CH

250 124" d m - 25,CH 31.8 27,26 - 32.0
B 129 d m - CH -
26 13 d m - 27,25 22.6 27,25 (27) 22.7
27 089 6 td 71,13 26 141 - (26) 14.1
37 U 168.9
38 - - - - - 848 44>40,40° - 84.0
39 - - - - - 128.3 41,41’ - 1325

40,40° 756 12 m - 41,41'42 1274 - 41,41',42 w7.

41,41 740 12 m - 42,40,40° 129.5,128.4 - - 128.4
42 743 6 m - 41,41',40,40’ 129.9, 128.6 41,4140, - 128.7
43 U 127.5
44 356,350 18 m - 55.5, 55.4 40,40' 55.5

33acontains two isomeric centres at C8 and C20 aadrtegrals are normalized for each visible isoateeach epimeric
centre; some signals are doubled or broad, thalsigrom C15 to C20 could be assigned to each isdfhproton shift from
14 B¢ HSQC ! 13C shift from the'H,*3C HMBC; I integral of overlapping protons between 1.90 -5pm of 26 protons;
[ integral of overlapping protons between 1.35 5Jppm of 53 protons® H shift from theJ-resolved spectrun? not

assigned, due to the low amount of compound.
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Table 7: Tris R)-MTPA ester ofp-bromoacetophenone-octahydroroimatacene e384) (
Atom oy H m J[Hz] COSY Jc HMBC ROESY calc.d¢
36 - - - - 129.81 34343535 - 129.1
3535 765 4 d 8.4 34,34’ 132.3 35,35’ 35,35’ 2.
3434 777 4 d 84 35,35’ 129.2 34,34',3535 34,31 129.4
33 - - - - 133.# 3535’ - 133.0
32 - - - - 191.68! 31,34,34 - 190.7
31 529 4 s - - 65@ - 34,34’ 65.5
1 - - - - 172.81 31,23 - 173.0
2 251 4 tbr 6.6 3 334 4 4 33.9
30 1797 © m - 2,4 208 245 5,2 20.8
B 1.74
4 178" @ m . 5 329 236 45 33.1
5 5111 B mo . 4,6 77.8 3,7 3,8 74.8
6 1607 © m - 5,7 309 - 5,4 32.7
B 1.564
7o 1228 @ m 6,1,8 3167 285 - 33.1
B 1.0 © m . Ta -
8 1281 © m . 7 32.81 28,286 >28,28',9 326
28 080 3 d 66 - 195 9 8 20.2
288 078 3 d 66 - 193 9 8
9¢ 1.208 @ m - 8 36.7 28,28 - 37.2
B 102 @ m - - - - -
10-13 CH
140 1888 © m . 15 28.8 CH - 30.9
B 1580 € m . 15
15 510 © m - 14 78 29.CcH CH, 77.6
16 - - - - 75.80 29,1517 - 76.8
29 097 6 d 66 - 16.9+16.8 >15 cH 16.7
17 33 1 m - 18 7080 29>18 15 72.8
18¢ 1.888 © m - 17,18,19 28.8 - 18 315
p 1580 I m - 181,19 18,19
19 520 1 m - 18 78.4 30,8 17,18 76.6
20 167 @ m - 30,19 358 30 30,18 37.4
30 084 3 d 66 20 13.1 - 20 14.7
177 328 1 m - 18’ 71.0 29,18 19',20">30’ 72.8
18" 1688 @ m - 17,19’ 30.7 17 19',17',30’ 315
19 5.0 B m . 18 79.9 30’ 17',30° 76.6
20 176 @ m - 30’ 36.0 30,18 19° 37.4
300 0.9d? M m - 20° 135 - 20° 14.7
2124 Ch
26 129 @ m - 27,CH 22.6 27,CH (27).CH, 22.7
27 090 M m - 26 15.3+14.1 CH (26) 14.1
37 - - - - 167.2+166.8+166°1 5,15,19 - 168.9
38 - - - - 84.¥ 44, Aromatic - 84.0
39 - - - - 128.7+132.3+131% Aromatic - 132.5
40,40’ 757 12 m - Aromatic 127.6+127.5+127.4 Artima Aromatic 127.4
41,41',42 7.41 18 m - Aromatic 129.5-128.4 Aromati Aromatic 128.4
43 - - - - m. - 127.5
44 357 6 Er - - 55.4 - - 55.5
353 12 m - - 55.3 - -

33b contains two isomeric centres at C8 and C2; ilslsgvere normalized for each visible isomer atepameric centre;
some signals are doubled or broad; the si%nals @afto C20 could be assigned to each isofflgroton shift fromH,*C
[of

HSQC; ™ carbon shift fromtH,**C HMBC;

integral of overlapping protons 1.88- 1.57 ppm =p26tons; proton shift

from H,'H COSY correlation®! integral of overlapping protons 5.13 — 5.06 ppt& protons? no assignment, due to low
amount of compound, proton shift frolid,*H ROESY;9 integral of overlapping protons from 1.32- 0.99rpp 70 protons;
I integral of 9 protons at 0.90 ppfhicould not be assigned.
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The presence of thebromophenacyl residue was indicated by the expesigmals in théH
and'®C NMR spectra as well as several HMBC correlatioresented in Figure 21. Between
31H and 16H only very small shift differences weigble and for both MTPA estef33a/b
the common values of this structural element wered in the NMR tables (Table 6 and
Table 7). The partial structure between C17 and @2luding methyl group C30, the two

isomeric structures were separately identifiedathkester83a/h.

Figure 21 shows the structural elements assigred fhe'H,"H COSY spectra and selected
HMBC correlations of the tris§-MTPA esters of p-bromoacetophenone-
octahydroroimatacene est&Ba The position of the MTPA ester residues weredat#id by
their characteristic acyl shifts of 5Hy(5.12 ppm), 15Hdy 5.10 ppm) and 19H( 5.25 and
5.12 ppm). A COSY sequence between 2H and 6H wsigresl and supported by HMBC
correlations (Table 6). The COSY sequence betwesthyhgroup C28 and 9H was allocated
from unambiguous correlations between 28H and &Hyell as 8H with 9. All protons
between 31H of the-bromophenacy! residue and 9H showed a doublirteif *H signals
with small shift differences due to isomerisatitrCa.

The doublet signals of methyl groups 30H 0.78 ppm) and 30'Hds(; 0.80 ppm) were used
as starting points to establish the COSY sequerteden C17 and C20 of both isomers,
which were confirmed by mutual HMBC correlation$ielfurther connection was revealed by
the HMBC cross correlations of C17 with 29H and F29The methyl groups C29/29’
identified the quaternary carbon C16 by a broad KIMiBoss peak. The signal of C15 was
identified from its HMBC correlation with methyl gup C29. Additionally, 15H showed a
COSY correlation with 14Hj,c 1.82 and 1.57/28.7 ppm).

Br
(e} OMTPA MTPAO OH OMTPA
33 2 1 3 5 15 OH |47 19
o A\_/ 8 CHj
S ) \C
CHY
28

CHs CHs
29 30

MTPAO OH OMTPA MTPAO OH OMTPA

— COSY sequence
a 15 OH 17 19 R 15' OH 17' 19'
—» HMBC correlations R
R R
R side chain of p-bromoacteophenone-octahydro- A\A
CHy CHg
30 29'

roimatacene ester CHjy CH3

29 30

Figure 21. COSY sequences of the tBsTPA esters ofp-bromoacetophenone-octahydroroimatacene
ester 33a and selected HMBC correlations. The two separatsgigned isomers from
C15/C15’' to C20/C20’ are presented with their COS¥quence and selected HMBC
correlations.
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The R)-MTPA ester ofp-bromoacetophenone-octahydroroimatacene &8iewas assigned
analogously to33a (Figure 22). The methylene group C7 was identiffedm HMBC
correlations with methyl group 28C and 5H, as wasll7H revealed a COSY correlation with
6H and 8H. The methyl groups C3&,(0.84 ppm) and C30%9( 0.90 ppm) were separately
assigned and used as starting point for the COfYesees of each isomer up to 17/17'H.
The quaternary carbon C16 was assigned from HMBEelations with 15H, 17H and
29/29'H. The'H chemical shift of the narrow singlets of methybgp 29H and 29'H was
averaged t@y 0.97 ppm. Oxymethine C15 was assigned from HMBgetations with C16
and mutual HMBC correlations with the methyl group29/29’. In addition 15H showed
COSY cross peaks with 14H @&t 1.85 and 1.58 ppm.

\V 0 OMTPA MTPAO _ OH  OMTPA
7 OH
& R D@ < P QU =

w O lk/ 5 ks A( CH3
o)
CHg CHg CHg
28 29 30
——  COSY sequence MTPAO oH OH OMTPA MTPAO oH OH OMTPA
—» HMBC correlations 15 17 19 R 15 17" 19 R
R  side chain of p-bromoacteophenone-octahydro- R H} t R H} A\
roimatacene ester
CHj3 CHj CH3 CHg
29 30 29' 30'
Figure 22. COSY sequences of the tR3-MTPA esters ofp-bromoacetophenone-octahydroroimatacene

ester 33b and selected HMBC correlations. The two separatdgigned isomers from
C15/C15' to C20/C20’ are presented with their COS¥quence and selected HMBC
correlations.

After detailed NMR assignment of the diastereom®iEPA-esters33a and 33b, the 'H
chemical shifts of the two Mosher est8&a/bwere compared to calculate thé™ values in
the vicinity of the MTPA esters (Table 8).

Table 8: A6F values of the tris§- and tris-R)-MTPA esters of p-bromoacetophenone-
octahydroroimatacene est&3@a/b)

H @ drsmrea) D On RmTPA) AST H D On(smrea) D n RMTPA) ASF
31 5.27 5.29 -0.02 ™M 1.82 1.85 -0.03
2 2.44 251 -0.07 » 1.57 1.58 -0.01
3a 1.67 1.79 -0.12 15 5.10 5.10 0.00
3B 1.59 1,74 -0.15 29 1.04 0.97 0.07
4 1.71 1.76 -0.05 17 3.39 3.30 0.07
5 5.12 511 0.01 18 1.91 1.83 0.08
6a 1.67 1.60 0.07 18 1.75 1.66 0.09
6B 1.60 1.56 0.04 18 1.80 1.68 0.12
8 1.35 1.26 0.09 19 5.19 5.14 0.05
28 0.84 0.79 0.05 20 1.69 1.72 -0.03
9 1.24 1.20 0.04 30 0.79 0.87 -0.08
9B 1.07 1.02 0.05
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Consequently, the absolute configuration of theesigentres C5, C15 and C19 were
assigned. Theg-configuration of C5 was indicated by negativé™ values for 31H to 4H
and positive values for 6H, 8H, 9H and methyl gr@8pl (Figure 23). Similarly, the B5and
19R-configurations were identified from completely jiv® AS™ values between both

stereocentres C15 and C19, and from negati%& values of 14H, 20H and 306h both
sides (Figure 23,Table 8).

AO<O AO>0 A< 0 AO>0 AO<O
f 1 ] 1

Br
@Y\ O OMTPA MTPAO OI‘PH OMTPA
O{W\A)ls\‘w

O

6
AS>0 R—, 5 MeO, Ph AS>0 R— 152)/Ie0 Ph as>0 RE, 0 00, "
AS<0 R/l/ 7(4 Fs as<o R—M/]/ %C% AG<0 R/f

(S) ) ) (R) (S)

R - side chain of the tris-MTPA esters of p-bromoacetophenone-octahydroroimatacene as numbered

Figure 23. A6F values after comparison of tHel NMR data of the tris-MTPA esters 8a/b and the
evaluation of the stereocentres C5, C15, C19.

The Mosher-derived I519R-configuration agrees with the relative configuvatiof 26
assigned from the acetonide derivati28s30 of roimatacene methyl este27) described in
chapter 2.1.3. Thus, the absolute configuratodnroimatacene 26) was unambiguously

derived as altrans-5S5 155165175 19R configuration presented in Figure 24.

26

Figure 24. The absolute configuration oftains-5515516S,17S 19R roimataceneZ6).
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2.1.5 The Biosynthetic Precursors of Roimatacene (26)

In order to determine the biosynthetic precursofs r@imatacene 46), Cystobacter
ferrugineus strain Cb G35 was fed with different amounts oktate, methionine and
propionate in pre-experiments to evaluate the agdtiimeding concentration for the labelled
precursors. For this reason 100 mL cultures of Gb ®ere fed with 25, 50, and 100 mg of
the precursors. The roimatace2é)(production of these cultures are presented inrei@5.
Feeding acetate increased the roimatac2@epfoduction from 1.08 mg/L to 1.20 mg/mL in
100 mL cultures. This observation was transfercethé up-scale fermentation feeding 1.15-
1.75 g/h sodium acetate (100g/kg). The feeding x@ats were conducted with 100 mg of
[1-*C]- and [2*°C]-labelled acetate and 50 mg of labellé¥CHs]-methionine and [£3C]-
propionate.

Feeding Experiments with different Precursors

1,4 -
2 12-
s —
E —
5
S 08
8
o
& 0,6 -
N
2 04
8
ks
£ %%
<)

0 T T T T T T T
25 35 45 55 65 75 85 95
amount precursor [mg/100mL]
‘ —e— acetate —s— methionine —a— propionate
Figure 25. Different concentrations of acetate,hiogtine and propionate were fed to a Cb G35 culture

controlling the roimatacene) production under feeding conditions to evaludi limiting
concentration of the labelled precursors.

After feeding [13°C]- and [22°C]-labelled acetate, as well d&GHs]-methionine and [£3C]-
propionate to 100 mL cultures of strain Cb G35, ldteelled roimatacene2§) was isolated
and **C NMR spectra were measured. According®® NMR analysis, the £starter unit
derives from S-adenosyl-L-methionine (SAM) and atets in the case of the biosynthesis of
apicularert?’” The remaining carbon chain of roimatace@6) (was exclusively assembled

from acetyl-CoA. The labelling of all methyl groupsginated from F¥CHs]-methionine. For
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this reason, roimatacen26j derived from the [£°C]-propionate feeding showed no enriched

13C signals. The results of the feeding experimergsammarized in Figure 26.

O OH OH OH OH

HO
OH

26 m [1-13C]-acetate
& [2-13C]-acetate
® [*CH,]-methionine

Figure 26. Incorporation dfC-labelled precursors in roimatace26)(
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2.1.6 Biological Activity of Roimatacene (26)

Roimatacene2b) was screened against various Gram-positive aram&@regative bacteria,
yeasts and the funguglucor hiemalis (Table 9)'® 26 exclusively showed antimicrobial
activity against Gram-negative bacteria. Due to itistability of roimatacene2), 26 was
introduced in methanolic as well as in DMSO solutinto the serial dilution test assays. In
addition, the supernatant of &ncoli tolC assay was analysed by HPLC-HRESIMS to prove
the stability of roimataceneé) during incubation of the assays (Appendix, Speutrl6).
Accessorily, the test solutions were stabilizedthy radical scavenger 4-ethoxyphenol. The
radical scavenger showed no growth inhibition up twoncentration of 3.4g/mL. Thus, the
maximum concentration of 4-ethoxyphenol used inrtmatacene-test solutions was limited

to 3.0pg/mL. The MICs of roimatacen€) in thepg/mL range are rather moderate.

In the proliferation assay of the mouse fibroblzedt line L-929 the 16, of roimatacene is
18 ug/mL. At this dilution the 1G, (8.8 ng/mL) of the radical scavenger 4-ethoxyphenol in
the roimatacene2@)-test solution limited the experiment and therefoo explicit results are

available.

Table 9: MIC of roimatacen@6) in DMSO (1.28 mg/mL + 0.46 mg/mL 4-ethoxyphenaiid in methanol
(1.34 mg/mL + 0.44 mg/mL 4-ethoxyphenol)

MIC MIC MIC

organism (ng/mL, (ng/mL, organism (ug/mL, MeOH and
DMSO) MeOH) DMSO)

Escherichiacoli 2 DC 14 PS 2.2 2.3 Micrococcus luteus >9.0
Pseudomonas stutzeri 4.2 4.4 Schizosaccharomyces pombe >9.0
Escherichia coli tolC 0.1 0.1 Pichia anomala >9.0
Escherichia coli CG 8.6 9.0 Rhodotorula glutinis >9.0
Chromobacterium violaceum 0.3 0.3 Candida albicans >9.0
Klebsiella pneumonia >8.6 >9.0 Mucor hiemalis >9.0
Bacillus subtilis >8.6 >9.0 Nocardia flava >9.0
Saphylococcus aureus >8.6 >9.0 Pseudomonas aeruginosa >9.0

- 40 -



Results

2.2 Six p-Hydroxyacetophenone Amides Isolated from Cystobacter

ferrugineus Cb G35
2.2.1 Isolation of the p-Hydroxyacetophenone Amides 34a-f

In addition to roimatacen&6), Cystobacter ferrugineus strain Cb G35 was found to produce
myxalamide C 24c) and a family of six noveb-hydroxyacetophenone amidadgaf. These
were isolated from one fermentation (70 L), whidhowed a significantly decreased
production of roimatacene2§). A chromatogram of the crude extract, showing té
spectra ofp-hydroxyacetophenoniso-butanamide34a at 8.2 min, a tremendously decreased
roimatacened®) signal at 13.5 min and the myxalamide24d), peak at 21.5 min, presented

in Figure 27.
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Figure 27. Standard analytical HPLC of the crugigaet of fermentation KVT 268, showing signals of
roimatacened6) (peak at 13.5 min)p-hydroxyacetophenoniso-butanamide 34@) (8.2 min)
and myxalamide C260) (21.5 min), detected at 200-500 nm.

The Amberlite XAD-16 absorber resin was recoveneanf the culture broth by sieving and
was eluted with methanol. After evaporation of trganic solvent the remaining aqueous
mixture was extracted with ethyl acetate. Lipoghidy-products were removed from the raw
extract by a methanalkheptane partition yielding 17.5 g of polar raw eral. 1.0 g of the
methanol extract was fractionated by silica gettilahromatography and further purified by
RP-HPLC to yield 59.6 mg 0B4a 7.1 mg of34b, 3.3 mg of34c and 6.9 mg of34d,
respectively. In order to isolate the minor metébs| 4.4 g of the polar crude extract was
processed similarly to yield 0.8 mg 8#eand 1.1 mg o84f after RP-chromatography. The

isolation process is displayed in Figure 28.
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XAD resin
1549 ¢
 /

MeOH

550 mL

Ethyl Acetate

Extraction

1857 g

A
MeOH n-Heptane
1747 g 0.15¢g
1.0 g Si-Flash-C..—+—+—4.4 g Si-Flash-C.——————
Fraction 2 Fraction 1 Fraction 1 Fraction 2
124.4 mg 221.2 mg 48.6 mg 568.8 mg
\ \ \
RP-HPLC LRP—HPLC RP-HPLC RP-MPLC
v v
34c 34b 34a 34d 34e 34f
3.3 mg 7.1 mg 59.6 mg 6.9 mg 0.8 mg 1.1 mg
Figure 28. Isolation of the sip-hydroxyacetophenone amidddaf from XAD-16 resin of the Cb G35

fermentation KVT 268

2.2.2 Structure Elucidation of the p-Hydroxyacetophenone Amides 34a-f

The structures of thp-hydroxyacetophenone amid8da-f were unambiguously elucidated
using a combination of HRESIMS, as well as 1D aDd\VIR spectroscopic data.

Table 10: NMR data gf-hydroxyacetophenorieo-butanamide 34a)
34a
No. On H m J [Hz] COSY oc HMBC
1 164.2 3/5>2/6
2/6 6.90 2 d 8.7 3/5 116.4
3/5 7.94 8.7 2/6>8 131.6
128.2 2/6
7 194.6 8>3/5
4.66 2 S >3/5 46.6
9 176.0 8,10>11
10 2.21 d 7.1 11>8 46.2 12/13 > 11
11 2.14 1 m 12/13 > 10 27.4 12/13, 11
12/13 1.03 6 d 6.6 11 22.8 12/13, 11

The main componen84a was crystallized from methanol as white needled bad a
molecular formula of @Hi;NO; for the [M+H]" ion at mVz 236.1287 (calcd. 236.1281)
according to HRESIMS analysis. Subsequent to tegament of the directly bound protons
to the corresponding carbons frdf,**C HSQC, théH,*H COSY and'H,**C HMBC NMR
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data revealed two substructureq-aydroxybenzoyl and a 3-methylbutanoyl unit (Tab@
Figure 29). One characteristic key fragment inHIRESIMS was found atvz 152.0710 with
an elemental compositiorng;0NO, indicating the presence of an amidic nitrogenihgkhe
two subunits. This observation was confirmed byratiristic chemical shifts of the attached
carbon atoms C&jc 4.66/46.6 ppm) and the amide @8 (76.0 ppm), as well as congruent
long-range HMBC correlations shown in Figure 29.p@fticular importance, the position of
the carbonyl group C7 in the aromatic subunit waanubiguously evident from the HMBC
correlations with 3/5H and 8H as well as from tharacteristic chemical shift a& = 194.6
ppm. Compatible observations were reported for spiégptin A 89), a cyclic peptide

containing an analogous aromatic ketone tHit.

2
HO
’/—\ O
( 4\p/\ N cosY
8 , —» HMBC
~7 NH'k§<;// ------ ESIMS

O —_—
m/z 152 34da
Figure 29. The structure @Fhydroxyacetophenoniso-butanamide34a with COSY derived structural

elements, selected HMBC correlations and the kagnfient in the ESI mass spectrum.

In addition t0344a five secondary metabolites of this family werelased from the crude
extract of strain Cb G35 presented in Figure 30e $tructures op-hydroxyacetophenone
amides34b-f derived from NMR studies analogously3daand the NMR data are presented
in Table 11-12.

LESEE:
T

34a 34b 34c¢ 34d 34e

Figure 30. p-Hydroxyacetophenone amidd4af isolated fromCystobacter ferrugineus, strain Cb G35.
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Metabolite 34b had a HRESIMS molecular ion at/z 222.1125 and a corresponding
molecular formula of gH;7NOs for the [M+H]' ion (calc.m/z 222.1125). IrB4b ann-propyl
residue replaced theso-butyl side chain of34a The smallest metabolit84c with an
HRESIMS molecular ion atwz 194.0809 for the molecular formula;d811NOs; (calc.
194.0812)xhowed an acetyl residue with the characteristithyghsinglet atvy = 2.05 ppm as
amide side chain. The main UV absorption of compo84d, which had a HRESIMS
molecular ion amm/z 220.1331 and a corresponding molecular formul&gH;7/NO, (calc.
220.1332), shifted from 278 nm to 285 nm due tordmacement of the C7 carbonyl group
by a trans-double bond ¥ = 14.5 Hz) conjugated to the aromatic system (Appen
Spectrum 17 and 18). Analogously3da the amide moiety d34d was anso-butyl residue.
The minor compounds4e and 34f were lipophilic isomers with a common molecular
formula of G4H19NOs corresponding to their [M+H]Jions atnvz 250.1447 (calc. 250.1438).
Their NMR structure elucidation revealed the difere of their side chains, i.e. @o-pentyl

group in34eand am-pentyl group ir34f.

Table 11: NMR data gfi-hydroxyacetophenorebutanamide 34b) andp-hydroxyacetophenone acetamide
(349 (*H 300 MHz,"*C 75 MHz, CROD)

34b 34c
No. 64 H m J[Hz] COSY éc HMBC No. 64 H m J[Hz] COSY éc HMBC
1 164.2 3/5, 2/6 1 164.4 3/5, 2/6
2/6 6.90 2 d 8.7 3/5 116.42/6 >3/5 2/6 6.86 2 d 8.8 3/5 116.62/6 >3/5
3/5 793 2 d 8.7 2/6 > 8 131.63/5 3/5 7.90 2 d 8.8 2/6 131.73/5
4 128.1 2/6 > 8 4 128.2 2/6 > 8
7 194.6 3/5, 8 7 194.7 3/5, 8
8 466 2 S > 10, 3/5 46.6 8 4.62 2 S >10 46.9
9 176.5 10, 8, 11 9 173.8 8, 10
10 2.33 2 t 74 11,8>12 38.811, 12 10 2.05 3 S >8 225
11 172 2 tq 74,74 12,10 20.310, 12
12 1.03 3 t 74 11 14.010, 11

Table 12:  NMR data gi-hydroxyethenphenybo-butanamide34d) (*H 400 MHz,"*C 100 MHz, CRQOD)

34d

No.  on H m J[Hz] cosy oc HMBC

1 157.6 3/5, 2/6
2/6 6,75 2 d 8.7 3/5 116.52/6
3/5 719 2 d 8.7 2/6 127.77, 3/5

4 129.2 2/6, 8

7 6.18 1 d 145 8 114.83/5> 8

8 731 1 d 145 7 121.57

9 172.9 11, 8

10 218 2 m 11 46.212/13 > 11
11 216 1 m 12/13, 10 27510, 12/13

12/13 1.02 6 d 6.6 11 22.712/13 > 10, 11
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Table 13. NMR data op-hydroxyacetophenonéso-pentanamide 346 and p-hydroxyacetophenone-
pentanamide34f) (*H 600 MHz,*C 150 MHz, CROD)

34e 34f
No. o4 H m J[Hz] COSY Jc HMBC No. o4 H m J[Hz] COSY oc HMBC
1 164.5 2/6,3/5 1 - - - - - 164.4 3/5,2/6
2/6 691 2 d 88 3/5 116.63/5 2/6 6.86 2 d 8.8 3/5 116.63/5
3/579 2 d 88 2/6 131.72/6 3/57.90 2 d 8.8 2/6 131.72/6
4 128.2 2/6 4 - - - - - 128.3 2/6
7 194.8 8,3/5 7 - - - - - 194.4 3/5,8
8 4.66 2 S 46.8 8 4.62 2 S - - 46.8 -
9 177.0 10,8,11 9 - - - - - 176.9 8,7>11
10 2382 m 11>12 35.211>12 102.31 2 t 7.5 11 37.111
11160 2 m 10,13/14,12  36.110,13/14,12 111.66 2 quintet 7.5 12,10 26.810
12 166 1 m 13/14,11 29.113/14,11,10 121.39 2 m - 11,13,14 32.7 14,12,11
13/14 099 6 d 6.6 12,11, 13/14 229 13/14,11,12 131.38 2 m - 14,12 23.614,12,11
14 0.93 3 t 6.6 13,12 14.4-
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2.2.3 Biosynthetic Precursors ofp-Hydroxyacetophenone so-Butanamide (34a)

The biosynthetic precursors of the main metaboBa were determined by feeding
experiments with D-!°C- and **N-labelled amino acids in 100 mL cultures. Theseewe
supplemented with traces of unlabelled methioninei¢rease the production 8flain strain

Cb G35 under feeding conditions.

Feeding [Q¢]-leucine resulted in HRESIMS molecular ion clusteat m/z 236.1268 for
[M+H]™ of the unlabelled compour@4a and atnvz 245.1834 for [GH/DgNOs+H]" of the
[Dg]-labelled metabolite84a showing an incorporation of 65% of the precursopgéndix,
Spectrum 59). Consistent with the high incorporati deuterium, théH NMR spectrum of
the raw sample showed decreased intensities ofttheignals for theN-acyl residue oB4a

(Appendix, Spectrum 58).

Table 14:  **C Incorporation in labelle@4afrom feeding experiments with®C,,°N]-tyrosine.

Position 13C incorporation [%] from **C NMR 13C incorporation [%] fromH NMR
1 53 -
2/6 53 51[
3/5 53 539
4 53 -
7 53 -

8 53 n.a.
9 gl n.a.
10 7-8 n.a.
11 7-8 n.a.
12/13 ra n.a.

n.a. = signals were not analyzéﬂ;calculation with reference C® calculated from labelled to naturdc signal ratio:'°
[ calculated®C incorporation from th&H NMR spectrum.

After feeding {°Cq,°N]-tyrosine the complete molecuBslawas found to bé°C-enriched in
the *C NMR analysis, which is presumably due to parsialambling of the precursor by
primary metabolism via fumarylacetoacetate to dpubiC-labelled acetate. The NMR
analysis of the'fCq,**N]-tyrosine labelledb-hydroxyacetophenoniso-butanamide 34a) are
presented in Table 14. Due to the scrambling, tyerasidue showed a loWC incorporation
of 7-8%, which was calculated from the doublet algrof the'*C-labelled C9 and the methyl
groups C12 and C13 compared to their correspondatgral singlet signals (Appendix,
Spectrum 573X In contrast, the'*C signals of thep-hydroxyacetophenone unit i84a
showed complex signal patterns due to the intairpporation of the completefyC-labelled
tyrosine (Appendix, Spectrum 57). Representative tfis structural unit, a 53%°C
incorporation of carbonyl C7 was calculated, coradap the natural singlet signal of C9, the
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second carbonyl group iB4a ReferenceC signals for the other carbon types were not
available. In addition, tht#H NMR spectrum showed broad doublets for the arinpabtons

of the *C-labelled part of the sample with a direct CH dingp of *Jcy ~ 150 HZ
Compared to the unlabelled aromatic proton signgis, doublets indicated 52%°C
incorporation, fully supporting th&C NMR result (Appendix, Spectrum 56). In order to
assess the incorporation BN, the'H doublet signal of thé°N-labelled NH proton with a
direct coupling of-Jyn ~ 95 Hz was compared to the unlabelled singletsigral in the'H
NMR spectrum to give &N incorporation of 30% (Appendix, Spectrum 56). STtesult was
supported by HRESIMS of the sample, which showeeé tmtural key fragment
[CeHoNO,+H]" at mVz152.0701 and two labelled monoisotopic ions (AmglenSpectrum
60). One peak at/z 161.0938 for °CsHy™NO,+H]* with 29% incorporation of the complete
labelled fragment and a second ion with 309%nét 160.0966 for CgHeNO,+H]* missing
the labelled nitrogen. The tot&C incorporation of 59% for the fragment ion ®#ais in

good agreement with the results from the NMR areslys
2.2.4 Biological Activity of p-Hydroxyacetophenone Amides 34a-f

The p-hydroxyacetophenone amideéaf were tested up to a concentration of 1§0mL but
did not show any significant antibiotic activity agst Mucor hiemalis, Gram-positive
bacteria $aphylococcus aureus, Nocardia flava, Micrococcus luteus), Gram-negative
bacteria Escherichia coli, Chromobacterium violaceum) or yeasts Candida albicans,
Rhodotorula glutinis, Pichia anomala, Schizosaccharomyces pombe). In addition34af were
screened against various micro alg&eerfjedesmus bajacalifornicus, Chlamydomonas sp.,
Bracteacoccus sp., Pseudococcomyxa simplex and Botryococcus brauni), and only 34d
induced growth inhibition oPseudococcomyxa simplex at the highest concentration tested
(100pg/mL). Similarly, 34af showed no cytotoxic effect or growth inhibitiongell culture
assays with human leukemic U-937 cells up to aeoimation of 10Qug/mL.
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2.3 Sulfangolids, Macrolide Sulfate Esters fromSorangium cellulosum

2.3.1 Verification of the Proposed Structures of Sulfangtds 25a-d

Sulfangolid A @58 was isolated fronorangium cellulosum strain So ce666 during my
diploma thesis. In the HRESIM&ashowed a molecular ion cluster [M-Hitn/z 663.3208
for the molecular formula £Hs1010S (calc. 663.3206). In the direct chemical ion@atinass
spectrum25a provided a highly abundant negative charged fragroan atm/z 566 (100%).
The characteristic loss of 97 u suggested the editiin of a HS@ residue. The sulfate
residue was also present in the IR spectrum witingtbands at 1252 (s) and 1011 (s)’cm
The absorption at 342 nm in the UV spectrum in@dad tetraene chromophore conjugated

with a carbonyl group and a second absorption at28 suggested a dienone chromophore.

The detailed structure was elucidated by 1D and\NBIR spectroscopy (Table5). A'H,**C
HMQC spectrum correlated the protons to their diydzound carbons and the analysis of the
'H,'H COSY spectrum furnished four structural elemewtd (Figure 31). The exchangeable
protons of the alcohols were assigned to oxygenaetthiines C14 and C17 from thét,*H
COSY correlations, thus locating the sulfate moietythe oxygenated methine C1&y€
4.36/77.4 ppm). The lactone carbon @4 165.1 ppm) showed HMBC correlations with 2H
and 3H of subunit A. Due to the high order spinteysof the olefinic protons, the coupling
constants in Table 15 were deduced from a simuf#tespectrum using ACD/C+H Predictor
(Version 11) to match the observid NMR signal pattern o25a (Appendix, Spectrum 69).
All double bonds of the tetraene in subunit A weems-configured according to their vicinal

coupling constantdJ of 15 Hz.

The structural elements A and B were connecteadatibonyl C15dc 217.5 ppm) by HMBC
correlations with 14H, 140H of subunit A and 16Hdamethyl group C32 of subunit B.
Carbonyl C21 §c 202.2 ppm) displayed cross peaks in the HMBC spetiwith methyl
group C33 of subunit B and with the unsaturatedhmes 22H and 23H of subunit C.
Subunit C was further connected to the quaternaryan C24 4c 134.2 ppm) and subunit D
following several HMBC correlations: the mutual Hi@Borrelations between methyl group
C34 and methines 23H and 25H, as well as betweeahimes 23H and 25H, and the
quaternary C24 with 22H and 34H. Theans-configuration of the double bonds was
unravelled from the vicinal coupling constaid, 3 of 15.4 Hz and théH,'H ROESY
correlation of methyl group C34 with 22H and 25K veell as correlations between 23H and

25H. The last double bond equivalent was useddsecthe macrolide ring of sulfangolid A
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(258 at position C27, which was indicated by a chamastic acyl shift of 27H quic
4.91/74.2 ppm).

25a 25b

H,*H COSY sequence

—» 'H,*3C HMBC correlation

Figure 31. The structures of sulfangolid 266 and sulfangolid B25b) with the COSY sequences and
selected HMBC correlation.

Sulfangolid B 25b) was isolated fronsorangium cellulosum strain So cel92 (H. Irschik, R.
Jansen) and showed a molecular ion cluster [Mad]m/z 693.3314 in the HRESIMS
establishing the molecular formula 0§853011S (calc. 693.3308). Similar to sulfangolid A
(259), variant B 25b) showed analogue COSY sequences and HMBC comefapiresented
in Figure 31. Sulfangolid B26b) differed from25a by an additional methoxy group in the
unusual position at C2 (Table 16). The positiorthef methoxy group was indicated by the
chemical shift of quaternary carbon C2@tl45.5 ppm showing HMBC correlations with the
methoxy groupduc 3.75/60.8 ppm) and with methines 3H and 4H (Fidire

Sulfangolid C 25¢ was isolated fromSorangium cellulosum strain So cel2 during my
diploma thesis. The compourbc showed a molecular ion [M-Hat nVz 681.3314 in the
HRESIMS establishing the molecular formulassiss0.:S (calc. 681.3317). The UV
maximum at 311 nm indicated the loss of one congdydouble bond from the unsaturated
lactone chromophore compared 26a Subsequently tdH,*C HSQC analysis, th&H,*H
COSY data revealed five structural fragments A-igFe 32). The lactone C1 was connected
with fragments A and D from HMBC correlations widtd and the acyl proton 27Hc
4.94/74.4 ppm). The quaternary carbon C15 was ledecsk with 13H and 14H of fragment A
and 16H and methyl group C31 of fragment B. In addj C15 showed a characteristic

carbon shift of a hemiketal a4 100.4 ppm. A six-membered ketal ring was formethwhe
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oxymethine C19 quc 3.84/68.3 ppm) of fragment B, which was supported nOe
correlations between 150H, 17H and 19H. Furthévarayl C21 showed HMBC correlations
with methyl group C32 and 23H of subunit C. The tquzary carbon C24 connected
fragment C and D, evident from various HMBC cortielas of C24 with 22H and 23H, as
well as with 25H. In addition the directly bound timg group C34 showed HMBC
correlations with 23H, and the mutual HMBC crosakzebetween C23 of subunit C and C25
of subunit D (Figure 32). The final connection bétso-butyl side chain was accomplished

by HMBC correlations of C27 and C29, as well asuaUHMBC cross peaks between the
methyl groups C30, C31 and C28.

25c 25d

'H,'H COSY sequence

—» !H,'3C HMBC correlation

Figure 32. The structures of sulfangolid Z5¢ and sulfangolid D2Z5d) with the COSY sequences and
selected HMBC correlations important for the stuoetelucidation.

Sulfangolid D 25d) was isolated fronsorangium cellulosum strain So cel1375 (K. Gerth, M.
Herrmann). The HRESIMS analysis showed a moledalarcluster [M-H] at m/z 677.3343
for the elemental compositionsgEls3010S (calc. 677.3365). AftdH,**C HSQC analysis, four
structural subunits were assigned from thie'H COSY spectrum of5d. Subunit A was
correlated by HMBC correlations of C1 with 2H anld, 3and on the other side to carbonyl
C15 by HMBC cross peaks of C15 with 14H. On theeothand, C15 showed HMBC
correlations with 16H and 32H of fragment B. Theatgunary carbon C21 was HMBC
correlated with a methoxy groupn(c 3.15/49.8 ppm) while its characteristic carborftsdi
oc 103.2 ppm indicated a ketal carbon. This ketal weamed within subunit B as six-
membered ring with the ether at C17, due to theadteristic chemical shifts @y 3.63 ppm
andoc 72.5 ppm. Further C21 was connected to fragmehy EIMBC correlations of 22H
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and 23H. The quaternary carbon C24 and the metioylpgC33 interconnected fragment C
and fragment D according to various HMBC correlagiof C24 with 22H and 23H, as well
as mutual HMBC correlations of methyl group C34h28H and 25H presented in Figure 32
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Table 15:  NMR data of sulfangolid £%a) (*H 600 MHz;**C 150 MHz, [QR]DMSO)
Atom  dy m J [Hz] cosy® ROESYP! dc HMBC
1 - - 165.1 2>>3
2 576 d 144 3 40.5>>34 119.8
3 688 m 14.8, 1118 40.5,2 4 0.5>>34 145.2
4 635 m 11.0, 15'8 3,60.7 2 0.3>>33, 34 1284 2
5 636 m 15.0, 1118 3,60.7 2 0.3>>33, 34 1421 60.7
6 623 m 15.0, 1118 40.5,8 40.5,9>33 1289 40.5
7 622 m 15.0, 1118 40.5,8 40.5,9>33 138.6
8 614 m 14.8, 1118 70.6,9 (9), 19 130.6
9 5.67 ddd 14.8, 10.1,4.8 8,dp (100),108, 6 0.7 139.0
100 230 m 16, 9, 1%/p (108) 32.1
108 1.92 m 10, 9 (1Gy, 9), 8
11« 1.69 m 18, 128>100/p (100), 9, 8 24.9
118 126 m ig’ 13>100/B, 1359
12¢ 1.00 m 19, 11p>13 (13)>9 284 14
128 1.47 m 12, 11a/p, 13 (13)
14on, 128,
13 4.36 dd 10.0,2.1 14, &/B 11]3>12§B>11a>10a 774 144
14 446 dd 6.6, 2.1 13, 34 32, (14, 16 77.2
140, 5.76 d 6.6 14
32, 16, 14,
15 - - - 217.5 1,
16 3.01 dq 9.3,7.2 17,32 (1372 1%n, 183>180, 14, 479 32
32 1.00 d 7.2 16 (16), 17>37, 14 14.6
9.3,7.3,1.3,
17 3.34 dddd(br) g'¢ 16, 18:>183 32,19, 18, 1% 713 32
1704 4.39 7.3 17 32, 16>19
18« 133 m 18, 1%, 17 33 33.8 134
183 0.83 m ¥32. 47 18u, 19u/B, 17 (19), 16>20
1 1.92 m igg 18>110/8. (20, 199, 22, 145 289 33
198 0.89 m ¥31.4" 19, 180/p >17
20 2.34 ddq 9.5,7.0,25 33,dp 22, 19>18p 456 33
33 095 d 76 20 (20), 22>4 0. 5 154
21 - - - 202.2 33>22,23
22 6.20 d 15.4 23 34, 20>49 122.8
23 720 d 15.4 22 25 145.9 34>25
24 - - - 134.2 34>22
34 152 s 25 26, 22>3>2>4 0. 5 126 23,25
25 5.98 d 11.2 26, 34 23,285 142.3 35, 34>23
26 2.93 ddq 11.2,115,7.0 25, 35>27 34, (27>35) 5.43 30, 31, 35
35 0.95 d 746 26 25>27, 28, (26) 159 26,25
27 4.91 ddd 11.5,45,2.0 26,28 35, 31, 26, 29, (49 742 35
28 158 m 28, 27 25 353 35
286 133 m 28, 27, 29 35, (27)
29 147 m 2B, 30, 31 27 24.2 30,31
30 0.85 d 6.4 29 (29) 234 31
31 0.81 d 6.4 29 (29), 27 210 30
NH,” 7.03 s(br)

[l signals are sorted by intensit{ vicinal nOe are indicated by brackef3. sorted by intensity of the cross peaks.

[ overlapping signals of higher order, coupling d¢anss were calculated by ACD/C+H NMR Predictor (Slen 11).
! overlapping signald! data fromJ-resolved spectrum.
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Table 16:  NMR data of sulfangolid B%b) (*H 600 MHz;**C 150 MHz, CROD)

Atom o m J [Hz] cosy o HMBC
1 - - - - 164.6 3,27
2 - - - - 1455 3, OMe
OMe 3.75 s - - 60.8 -
3 655 n - 4 128.2 5.4
4 655 n - 3,5 1252 6
5 636 m - 4.6 140.6 3,7
6 6.29 - 57 1311 4,8
7 6.29 ™ - 6,8 138.6 5,9
8 619 m - 7,9 1325 6,10
9 578 ddd 14.8,10.1,4.7 8,10 139.1 B1DIB
100 246 m - 9,11 337 -
13 208 -
1o 1.80 m - 10,12 261 9
113 150 m -
120 163 m - 11, 13 29.6 14,10
128 128 m -
13 475 dt 10.1,2.2 12, 14 816 -
14 479 d 2.2 13 788 -
15 - - - - 2175 14,16,32
16 318 - 32,17 48.7 -
32 1.20 d 7.1 16 14.4 17,16
17 366 ddd  105,9.3,1.9 16, 18 73.7 32,19
18 157 m - 17,19 35.0 16
18 112 m -
19  2.08 - 18, 20 30.7 17,33
198 123 m -
20 258 qt 7.0,6.7 19,33 473 -
33 1.14 d 6.7 20 16,5 19
21 - - - - 205.9 22,23,20,33,19
22 634 d 15.5 23 1241 -
23 737 d 15.5 22 148.4 25,34
24 - - - - 136.3 22,26,34
34 170 d 3.9 - 13.1 26,25,23
25 603 d 10.9 26 143.7 27,35, 34, 23
26 3.18 - 27,25,35 37.0 -
35 1.09 d 6.9 26 16.3 25,26
27 512 ddd 11.4,4.8,20 26,28 773 25
28 168 m - 27,29 37.1 30,31,26
283 150 m -
29 163 m - 30,31,28 259 27
30 099 d 6.6 29 24.0 28,31
31 09 d 6.6 29 216 29,30

[ multiplet of 3H and 4H at 6.55 ppf multiplet of 6H and 7H at 6.29 pprf? multiplet of 16H and 26H at 3.18 ppm;
@ multiplet of 10K and 19+ in between 2.12 and 2.03 ppm.
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Table 17:  NMR data of sulfangolid @5c (*H 600 MHz,**C 150 MHz, [R]DMSO)

Atom  dy m J [HZ] cosy® ROESY®Y! oc HMBC
1 - - - 165.1 2, 3>27
2 581d 15.2 3 (3), 4,33 120.3
3 6.91 dd 15.2,11.2 2,4 (2,4),5,33 1445
4 6.31 dd 14.7,11.2 35 (3,5), 2>6 1275-3,6
5 6.44 dd 14.7,10.6 4,6 (4, 6), 3, 7>832 141.33,4,7
6 6.19 dd 15.1, 10.6 5,7 (5), 4u8 130.3 4>8u.
7 5.87 ddd 15.1,9.3,5.3 6,08 (6, &/p), 5 >>32 140.85>8,
8a 2.08 m 7, P, %/p (7, QB), 6 31.06
88 2.19 m 7, 8, 9u/B (80, 9u/p), 6>5
90 1.45 m /B, 10 28.9 >>8a/p
98 1.32 m /B, 110, 10
10 1.26 m 11, 9/p 13 27.7 8a/p
11a 1.41 m 12, 10 13 26.3
118 1.26 m 12
12 1.51 m 13 30.713,6
13 439 t(br) 6.4 12,14 (14), ¥, (128), 11,33  78.111
14 3.87 d (br)  7.55, (1.41) 140> 13 > 15y (13, 14y), 1%k, 32,16 75.1140,, 1504
140y 4.73 d (br) 14 (14>15,), 16
15 - - - 100.4 32, 16, 14y, 154> 14, 13
1504 5.49 s 13, 14, 19 (17, 32)
16 1.65 dq (br) 10.4,6.6 17,31, 34 (32,17), 184, 14on, 14 41.6 150, 140y, 14
32 0.86 d 6.6 16 14, 13>150> 1404 11.2 16>>17
17 3.39 ddd (br) 10.4,10.8, 5.3 1816, 1§ (180, 170), 19, 32>15,, 67.6 32, 1%, 16
1704 4.33 d 5.3 17 (>17, 1®), 16
18« 1.77 ddd(br) 11.7,4.5,1.8 P819, 17 (13m 19, 17) 39.0
183 0.88 ddd®  11.7,11.8,10/8 18q, 19,17 (19, 17), 20
19 3.84 ddd(br) 11.8,10.0,1.8 20,48 (20, 18), 17, 33 68.333
20 2.68 dq 10.0, 7.2 19, 33 (33, 19), 225123 51.4 33
33 1.05 d 7.2 20 (20), 19, 22, 5, 13>7 1520>>19
21 - - - 201.5 33>23, 22>20
22 6.34 d 15.5 23 (23), 34, 20>32 124.2
23 7.18 d 15.5 22 (22), 25, 34>>20 146.24>25
24 134.2 34, 22>23, 26
34 1.61 d(br) 0.8 25 22, 26>3 12.23>25
25 6.0d 11.0 26, 33 23>(26), 34, @8 142.7 34, 23>27
26 3.01 ddd 11.0, 7.2, 4.6 27,25, 35 (35, 25, 27), 34289, 35.2 35
35 1.00 d 7.2 26 27, 25, (26), B8 15.8 26, 25
27 4.94 ddd 11.5,4.6,2.8 26, 2 34,35,30,29, (FB26)  74.435,26>28
280 1.58 ddd(br) 14.2,115,42  27,B8 (283), 25, 27 35.630, 31, 26
283 1.36 m 27,28, (27), 35>>25, 26
29 1.49 m 30, 34, 28 27 24.2 30, 35, 27
30 0.88 d 6.8 29 23.431, 28p
31 0.84 d 6.8 29 27,26 21.130>281/B
NH," 7.06 s(br) 1%m, 1don, 1704

[ signals are sorted by intensif{f.vicinal nOe are indicated by brackétssignals are sorted by intensity of the cross peaks
[ after H/D-exchangé® data fromJ-resolved spectrum.
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Table 18:  NMR data of sulfangolid R%d) (*H 300 MHz,**C 75 MHz, CROD)

Atom On m J[Hz] cosy® oc HMBC Y]
1 - - - - 168.3 2 >3
2 580d 15.5 3 121.5-
3 711m - 2,40.5 147.0-
4 6.469 m - [d] 130.5 3,2
5 6.459 m - [d] 143.33>60.7
6 6.339 m - [d] 131.140.5
7 6349 m - [d] 139.2 -
8 6.269 m - [d], 9 132.9-
9  5.69 ddd 14.2,10.6, 3.7 1B, 8 140.2 -
100 252 m - 9, 1@, 11a 34.2 -
108 2.02m - 9,1, 11a/p
11a  1.98 m - 12/p, 11B, 100/B 26.3 -
118 136 m - 12/, 110
12¢  1.60 m - 110/B, 13,13 30.5 14
128 130 m - 110/B, 13,12
13 4.40 dt 10.7, 1.5 14, 12> 83.1 14
14 476 d 1.5 13 80.6-
15 - - - - 218.3 14,32>16
16  3.12 dq 9.6,6.9 17,32 49% 32,17
32 1.20d 6.9 16 15.4>16
17 363 m - 16,18/p 72.5 32>16
18  1.60 m - 17,19, 18 32.1 -
188 1.09 m - 19,18
19 164 m - 181, 20 28.733
20 157 m - 19, 33 40.333
33  1.04d 6.8 20 16.4>20
21 - - - - 103.2 23,22,33 >>OMe
OMe 3.15s - - 49.8) >20
22 515d 16.4 23 128.0>23
23 6.22d 16.4 22 138.235, 22
24 - - - - 136.2 35, 23, 22
34  1.60d 0.9 - 13.723
25 5.44d 10.5 26>35, 23 133.35,36,23
26  3.06 m - 25,36> 27 36.236
3  1.07d 6.8 26 16.7>26,25
27  5.04 ddd 10.5,4.7,2.4 26,28 77.1 36
28¢  1.63m - 27,29 37.430,31
288 146 m - 27
29 165m - 30,31,28 26.1 30,31
30 0.98d 6.4 29 24.131 >29
31 094d 6.4 29 21.930 >29

[ signals are sorted by intensit§l. signals are sorted by intensity of the cross pd8kmultiplet from 6.46 to 6.26 ppm
containing 5 protond¥ Overlapping COSY cross correlations in the mudtiftom 6.46 to 6.26 ppnif! °C shift from the
HMBC correlation.
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2.3.2 The Relative Configuration of Sulfangolid C (25c)

The relative configuration of sulfangolid @50 was determined utilizing 1D and 2D NMR
studies (Table 17) assisted by molecular modelvith HyperChem (Version 8.5). The 28-
membered macrolide ring of sulfangolid €5¢ contains three large inflexible structural
elements, the triene lactone, the six-membered Wetali ring and the dienone, which
alleviated the modelling. Analogously to sulfandoX (253), the double bonds of the lactone
and the unsaturated ketone 28c maintain the altrans-configuration.The six-membered
hemiketal formed the basis for the elucidationh# telative configuration. Initially, the seat
conformation of the hemiketal was assigned from r@gelations of 150H, 17H, 19H
indicating their coaxial positions (Figure 33). thar nOes of 150H, 17H and 19H with
18Ha and methyl group C32 defined the equatorial pms#ti of 18H and C32 in the
hemiketal. The axial position of 18H(0y 0.88 ppm, ddd) was supported by thteans
coupling constants between 11.8 and 10.8 HZJor1g, 2Jig1g, and the geminialig, 1g5
coupling constants observed in theesolved NMR spectrum (Appendix, Spectrum 91).
Further, the vicinal coupling constafitis 17 of 10.4 Hz between 16H and 17H was only
feasible for a coaxial relation of both protons.oftrer large vicinal coupling constai¥g -0

of 10.0 Hz positioned 20Hnti to 19H, which is realized in the model (Figure 38) a
dihedral anglep;on 204 0f 165.9°. Thisanti-position was supported by the nOe of 20H with the
axial 18Hp (2.4 A) while the methyl group C33 at C20 pointsoi the macrolide ring as
indicated by nOe correlations with 19H, 13H, 5H attdl The nOe observations are fully
compatible with the modelled configuration (Fig®®) by the calculated distances of 2.4 A
between 33H and 13H, as well as 1.7 A between 38H5# and 2.4 A between 33H and 7H
across the macrolide ring. The methyl group C348tuuling thetrans-diene inclines towards
the lactone ring according to the nOe correlatidth ®H. The vicinal couplingJ,s ¢ of 11.0
Hz indicates dransoid-relation between both methines 25H/26H which impatible with
the dihedral anglesu 261 Of 167.3° in the model. This position is additibpandicated by
the nOe between 26H and methyl group C34. Consdguehe exocyclic orientation of
methyl group C35 was supported by the nOe with ZBi¢ position of the macrolide at C27
was assigned on the basis of the small couplingtaot®,s »; of 4.6 Hzcompatible with a

calculated torsion anglgen 271 0f 57.2° and the nOe correlation between 27H diidl 3

On the opposite side of the ketal ring, the positd 14H was indicated by nOe correlations
with the axial 16H and the equatorial methyl graL@2 feasible for amnti-orientation of
14H and 150H. The small coupling constaht 14 of 1.1 Hz observed after H/D-exchange
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reflects the calculated torsion angpesy 144 Of 75.5° in the model. In addition, the nOe
between 13H and 33H crossing the lactone ring veasmwed in théH,"H ROESY spectrum
of sulfangolid C 25¢). Both relative configurations, the R3and the 18 of 25c, were
modelled with HyperChem (Figure 33 and Figure Bdeach case the configuration with the
lowest global minimum showed very similar torsiotgkes forgisp 1ar (13R = 75.5°, 1% =
82.9°) and a similar distance between 13H and 38H %6 and 2.4 A (Table 19 and Table
20), well matching the observed nOes. Howeverhim 13 -model the smaller distances
across the macrolide ring between methyl group @88 5H (1.7 A) and 7H (2.4 A) agree
with the observed nOes of 33H far better than treesponding distances of 3.7 and 4.2 A in
the 13 -model (Table 20). Additionally, the E3-configuration included two hydrogen
bonds stabilizing the position of the sulfate estesidue. For these reasons theR13
configuration of sulfangolid @6¢ is favoured. The resulting dlans
13R’,14S ,15R,16R,17S,195 ,20R ,26R,27R  configuration of sulfangolid C 260 is
presented in Figure 35.

— nOe enhancement

Figure 33. The model of altans 13R,14S,15R,16R,17S,195,20R ,26R ,27R" sulfangolid C 250
with selected nOe correlations. Two hydrogen bamdsformed between the sulfate group at
C13 and 150H and between 150H and 140H.
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Table 19.  The proton/proton distances and dihedngles¢ of all-trans 13R',14S,15R,16R,17S,19S,
20R ,26R’,27R model of sulfangolid C25¢) presented in Figure 33.

Position dihedral angle atom distance [A] Position dihedral angle atom distance
[degree] ¢ [degree] [A]
13H,14H 75.5 33H,5H 1.7
13H,33H 2.4 33H,7H 2.4
14H,32H 3.3 22H,34H 1.8
14H,16H 2.4 23H,25H 2.4
16H,17H 169.2 34H,3H 3.8
17H,18H 174.1 34H,26H 1.8
17H,18Hx 25 25H,35H 2.8
18HB,19H 176.7 25H,26H 167.3
18HpB,20H 2.4 25H,28k 25
19H,33H 2.7 26H,27H 57.2
19H,20H 165.9 35H,27H 2.6
33H,22H 2.8 27H,29H 2.3

— nOe enhancement

Figure 34. Model with the lowest global minimumsafifangolid C 25¢) with 135,14S,15R ,16R ,17S,
195 ,20R’,26R’,27R configuration and selected nOe enhancements.

Table 20: The measured proton/proton distances aliledral angles ¢ of the modelled
13S,14S,15R ,16R,175,19S ,20R ,26R ,27R  configuration of sulfangolid C26¢) presented in

Figure 34.

Position dihedral angle atom distance Position dihedral angle atom distance

[degree] [A] [degree] [A]
13H,14H 82.9 33H,5H 3.7
13H,33H 2.6 33H,7H 4.2
14H,32H 3.0 22H,34H 1.8
14H,16H 2.2 23H,25H 24
16H,17H 1715 34H,3H 3.7
17H,18H3 173.8 34H,26H 1.8
17H,18Hx 56.9 25H,35H 2.6
18HB,19H 176.6 25H,26H 1745
18Hp,20H 2.6 25H,28K 2.2
19H,33H 2.6 26H,27H 46.7
19H,20H 173.5 35H,27H 2.6
33H,22H 1.8 27H,29H 2.6
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25c

Figure 35. The relative configuration of #&lans 13R,14S,15R,16R,175,19S ,20R,26R ,27R
sulfangolid C 250).
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2.3.3 Studies towards the Biosynthetic Precursors of Swdhgolid C (25c¢)

Two sulfangolid C 25¢) producer strains So ce757 and So ce804 were sathlipr their
sulfangolid C 250 production and found to synthesise 19 mg/L a®dn8g/L, respectively.
Subsequently, strain So ce757 was used to inocalat® L fermentation to observe the
production kinetics oR5c presented in Figure 36. Sulfangolid 25¢) is produced during
days 2-8 in the exponential growth phase of thairstdn addition, the increasing glucose
concentration in the supernatant was correlatethed25c production (Figure 36). As the
strain grew in lumps this observation was useddteriine the beginning of feeding the
labelled precursor. In order to have a high incoapon, the precursors were fed in equal

portions during sulfangolid Q6¢) production starting at a glucose content of 0.26%he

medium.
Sulfangolid C (25c¢) Production
10 - 0,6
9 -
Y - 0,5
= =
g 7 104 g
2 £
9 £
o 51 +0,3 é
2 4 ;
3 2 o1 D
l -
0 ; 0
0 1 2 3 4 5 6 7 8 9 10
time [d]
‘—O—Sulfangolid C (25c) —=— glucose concentration
Figure 36. Sulfangolid C26¢ production in a 70 L fermentation of strain So/5€, measuring the

glucose concentration in the media.

[1-3C]-, [2-°C]- and [1,2}%C]-acetate, as well as [£€]-propionate, and [R]-leucine were
fed as biosynthetic precursors Srangium cellulosum strain So ce757. Subsequent to
purification from the crude extract’C NMR spectra of each isolated compound were
measured. The resultifdC enriched NMR signals of sulfangolid @5¢) are listed in Table
21.

The starter unit of the sulfangolid @5¢) biosynthesis was identified as isovaleryl-CoA

derived from leucine followed by two extensionshwibethylmalonyl-CoA precursof$®**
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The following ketone at C21 originates from C1 adlonyl-CoA. The metabolit85cis then
elongated by units derived from propionate, acetaie the last propionate unit within the
hemiketal, synthesising all methyl groups from poopte. The remaining part &5c is
assembled from acetate exclusively. The sulfateluesat C13 presumable originates from
sulfate in the medium, since the productior26€ decreased dramatically from 19 to 2 mg/L
after two passages in the same but sulfate-freeumed he final produc5cis presumably
released from the polyketide synthase assembly(RK&) by lactonizatior®

Table 21: Results of the feeding experiment€ enriched NMR signals of labelled acetate (talaledi
propionate (table footnote) as well as HRESIMS #AdNMR analysis of [Bg-leucine feeding
experiments (table footnote).

Pos.[13°C] acetate [2-'°C] acetate [1,2-°C] acetate  Pos. [1-°C] acetate [2-1°C] acetate [1,2-'*C] acetate

enrichmer®  enrichment  enrichment [%, m, enrichmenig! enrichment enrichment [%, m,
[%6]" N c HZ] [%]" 1 c HZ]
1 30 n.e. 2,d,75.7 18 A%. n.e. n.e.
2 n.ed 6 2,d,75.7 19 nd n.e. n.e.
3 275 n.e. 1,d,55.8 20 . n.e. n.e.
4 n.ed 5 1,d,55.8 33 nd n.e. n.e.
5 335 n.e. 1,d, 54.6 21 295 n.e. 3,d, 528
6 n.ed 7 1,d,54.6 22 nld 4 2,d,52.8
7 27 n.e. 1,d,42.2 23 %, n.e. n.e.
8 n.ed in. 1,d,42.2 24 nd n.e. n.e.
9 27 n.e. 2,d, 36.0 34 %, n.e. n.e.
10 n.e in 1,d, 36.0 25 nd n.e. n.e.
11 25 n.e. 2,d,35.7 26 né. n.e. n.e.
12 n.ed in.t® 1,d, 357 35 n@ n.e. n.e.
13 26 n.e. 1,d,42.8 27 n@, n.e. n.e.
14 n.e in.t® 2,d,42.8 28 n#@ n.e. n.e.
15 n.e™ n.e. n.e. 29 nld n.e. n.e.
16 n.e¥ n.e. n.e. 30 nd n.e. n.e.
32 n.ed n.e. n.e. 31 nd n.e. n.e.
17 27 n.e. 1,d, 34.7

n.e. = not enriched carbon sign8l, high enrichment ratio signal/noise (= 1, enrichment calculated with unlabelled
reference signal’ enrichment calculated by the ratio of labelled leti signal to unlabelled singulett signal of the
respective carbort? signal was not observed in. = incorporation, no reference carbon availdbtethe calculation of the
enrichment!? 3C signal is overlapping with DMSO signal and nolgsia was possible. [13C] propionate labelled carbons
(enrichmentf®: C15 (43.8), C19 (35.8), C23 (33.8) and C25 (29B)J-leucine incorporation as [M-H+9Djn HRESIMS
obsd. 690.3867 (calc. 690.3879 foryf84D401:S]) and decreasetH NMR signals for 30H dy 0.88 ppm) and 31Hd
0.84 ppm).
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[1,2-33C]-acetate = [1-*3C]-propionate [D,,]-leucine
(arrowhead 1-'3C- acetate)

Figure 37. Biosynthetic precursors of sulfangdid25¢) according to feeding experiments with labelled
precursors.
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3 Conclusion

3.1 General Scope of this Work

The present thesis deals with the isolation andtifieation of secondary metabolites from
myxobacteria. At first, a protective isolation stigy for the light- and oxygen- sensitive
polyunsaturated carboxylic acid roimatacera$) (has been developed. Furthermore the
absolute configuration d26 was established by chemical derivatization teaesg detailed
NMR analyses and molecular modelling. Besides rtagene 26) and traces of the known
myxalamid C 24¢) Cystobacter ferrugineus strain Cb G35 was found to produce six nqvel

hydroxyacetophenone amid@4a-f, which were isolated and characterised.

A further project included the verification of thproposed structures of the four natural
sulfangolid variants25a-d by elucidation of their NMR data. These compounadsre
previously isolated from differer@orangium cellulosum strains. The relative configuration of
sulfangolid C 250 was finally established by comparison of detaid®lR data and the

calculated diastereomeres from molecular modelling.

The biosynthetic precursors of roimatace2é),( p-hydroxyacetophenoneso-butanamide
(343 and sulfangolid C25¢) were studied by feeding experiments with'&5; and*°N-

labelled precursors.
3.2 Novel Secondary Metabolites fronCystobacter ferrugineus Cb G35

3.2.1 Roimatacene (26), a Novel Polyunsaturated CarboxgliAcid

The activity guided isolation of the oxygen- anghl- sensitive polyunsaturated carboxylic
acid 26 often terminated prematurely due to the decomiposiof roimatacene2g). The
compound decomposed during silica flash chromapdgraexposure to oxygen of dried
extracts, and due to traces of peroxides in sadveftte compound rearranged under acidic
conditions (below pH 3). MPLC or size exclusionahatography (Sephadex LH-20) were
also unfavourable for the isolation of roimatacgBd6). The first enriched sample &6
contained about 50% fatty acids, which stabilizeslcompound and allowed measurement of
a complete set of NMR data for structure elucidati®he structure elucidation revealed
numerous sensitive structural elements in closgimity, e.g. an unsaturated carboxylic acid,

a high degree of unsaturation, thregolyunsaturated alcohol moieties and one tertiary
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alcohol group (Figure 39). These structural eleseme all combined in one carbon chain
consisting of only 27 carbons, thus explaining ithetability of roimatacene2@). The acryl
acid residue 26 led to use an antioxidant for stabilization. Diéfet stabilization agents
were tested and 4-ethoxyphenol proved to be slightbre effective compared to 4-
brenzcatechol, which was previously used for thabikzation of etnangien3g).'** The
stabilizer did not exhibit growth inhibition of tl@timicrobial screening. In addition, it could
be removed by chromatography and was commercialable Advantageously, the NMR
signals of 4-ethoxyphenol did not overlap with thignals of roimatacene2), thus

permitting a straightforward structure elucidation.

Subsequent to the first structural analysis of edaneneZ6), the protective isolation strategy
described in chapter 2.1.1 was successfully deeeloAmber glass ware was used in order to
protect roimatacene2§) against light, and the extracts were kept dissblin methanol
supplemented with the free radical scavenger 4xgteenol. During chromatography the
mobile phases were buffered with ammonium acetatesaturated with nitrogen gas. The
free radical scavenger 4-ethoxyphenol was addeebtl fraction during chromatography,
since the separation could not be carried out umitengen gas. An advanced acid-base
partition plays an important role in this isolatidherewith the majority of by-products are
selectively removed from the crude extract and adémoene Z6) is strongly enriched using
the acidic character of the carboxylic acid. Praslyg, acid-base partition proved to be a very
powerful tool in the isolation of sorangicing3, as well as of etnangie%).*****In the
case of the roimataceng2q] isolation fatty acids were co-purified and alémwed a similar
retention time in the RP-chromatography. In theamded partition process an additional
heptane extraction was carried out, in order toonethe large amount of fatty acids and to
facilitate the following chromatography, before twdic water layer was extracted with ethyl
acetate. The newly developed isolation strategy sewkeral 70 L fermentations finally
provided sufficient material for a complete struetelucidation and for a biological screening

of roimataceneb).
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OMe OH

35

36 36a 36b

Figure 38. The secondary metabolite etnang®8) {solated from myxobacteria and the atropisomeres
elansolid A1 and A236aand36b) isolated from Chitinophaga santi*®

Chemical derivatization of a sensitive compounck lloimatacene2@) usually involves
difficulties. In order to synthesize the roimatagemethyl ester 27) the diazomethane
solution had to be purified from the initial re@ctimixture by distillation, in order to prevent
decomposition of26 by alkaline impurities. This observation also pmdvuseful for the
repeated esterification of etnangier85( (R. Jansen; personal communicatidn).
Subsequently, the derivatization to the correspupdacetonides28-30 from 27 was

straightforward.

The relative configuration of C15, C17, and C19h# polyol fragment in roimatacen26]
was unambiguously established as 150H, 17@t, and 170H, 190Hyn-configuration
from the corresponding acetonid28 and 29 analyzed by Rychonovsky’s method (chapter
2.1.3). The assignment of the relative configuratd the stereocentre C16 from eitl2& or

29 comprising coupling constants and nOe correlatadase remained unconvincing. Finally,
the relative configuration of roimatacen26) was established from the resulting relative
configuration of C15, C17 and C19 froB8 and29, as well as from a detailed study of the
NMR data of the bis-acetonid#® combined with molecular modelling. The comparisdn
the NMR data with the two possible diastereometeS1® of roimatacene bis-acetonigde
revealed a very good agreement of observed nOes calmlilated distances in the
15S,16S,17S ,19R -isomere (Figure 19b, chapter 2.1.3). Detailed NEHRlysis supported
by molecular modelling studies was also used foe #ssignment of the absolute
stereochemistry of etnangielY|, and for the elucidation of the two atropisomeudds
elansolid 86) presented in Figure 38°
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The definition of the relative configuration of meétacene 46) was essential for the
assignment of the absolute stereochemistry of #teral product. The synthesis and isolation
of MTPA esters from the acetonid@8 and 29 or directly from roimatacene2§) was
impossible. For this reaso®6 was gently hydrogenated to the octrahydroroimatadgl) by
Pd/C catalysis underhtmosphere. The formation of two additional steemtres at C8 and
C20 could not be avoided, e.g. by using Raney-hicke Ru(PPR)sCl catalyst. After
esterification of the carboxylic acid withbromophenacyl bromide, the triR)¢ and the tris-
(9-MTPA ester33a/b were derived by Yamaguchi esterificatitVA.The elucidation of the
structures of the tris-MTPA este88a/b from complete NMR data sets was rather complex as
presented in chapter 2.1.4. The obseét values of théH chemical shifts of the trisS|-
MTPA ester of octahydroroimatacene338 and the trislQ)-MTPA ester of
octahydroroimatacen8&3b), revealed the absolute configuration of the siegatres C5, C15
and C19 as § 15S and 1R, which was followed by the assignment of the reéat
configuration of the polyol fragment of C15 to Cidund in chapter 2.1.3. The absolute
configuration of roimatacen€) was determined as dalans-5S515516517S519R, shown in
Figure 39.

26

Figure 39. The absolute configuration of tains-5515516S,17S 19R roimataceneZ6).

Subsequent to the isolation, roimatace®® (vas screened against various microorganisms
and a mouse fibroblast cell line as described iaptdr 2.1.6. Roimatacen26) showed
biological activity against Gram-negative bactetiemarized in Table 22.
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Table 22: Minimum inhibitory concentration (MIC)f goimatacene 46) against selected Gram-negative

bacteria.
test organism MICHg/mL]
Escherichia coli tolC 0.1
Escherichia coli CG 8.6
Escherichia coli 2 DC 14 PS 2.2
Chromobacterium violaceum 0.3
Pseudomonas stutzeri 4.2
Pseudomonas aeruginosa >9.0
Klebsiella pneumoniae >9.1

The MICs in theug/mL range are rather moderate. The lowest MIC (@/inL) was found
againstE. coli tolC, which can be expected due to the inactivatxd the major RND
(resistance-nodulation-cell division) efflux pumipsthis strain. One mechanism known for
multi-drug resistance of Gram-negative bacterithésability to drain off drugs by the efflux
pump systems of the outer membrdHeSince 26 was also active against tHe coli 2
DC14PS mutant (MIC = 2.4g/mL), which shows an overexpression of one RNDueff
pump*® the target of roimatacen@d) is most likely not related to the resistance asfaihe
tripartite efflux pump systems of the RND famighromobacterium violaceum is prevalently
used as model strain for simple analysis of quosemsing activity. The biosynthesis of the
guorum sensing indicator violacein was inhibited26ywith a MIC of 0.3ug/mL. The mode-
of-action againsPseudomonas stutzeri, (MIC = 4.2 ug/mL) was further investigated against
the Pseudomonas aeruginosa, because of the rapidly increasing clinical mdHhiig resistance,

but 26 showed no significant growth inhibitidrt**#

The sensitivity of roimatacen@®) and the origin of the soil sample motivated tlaene for
the carboxylic acid26. The conserved soil sample, from which the stveas isolated, was
collected in New Zealand at the Franz Josef gladibe Franz Josef glacier is call&d
Roimata o Hine Hukatere in Maori, with “Roimata” meaning tear. Therefore the mam

roimataceneZ6) translates téear of the Cystobacter ferrugineus polyene

The work on roimatacen@) can be seen as a representative example of Yedopenent of

an activity-guided isolation, starting with a bigically active crude extract of a
myxobacterium to finally establish the absolute fruration of the active secondary
metabolite.
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3.2.2 A Family of Six Novelp-Hydroxyacetophenone Amides 34a-f

In addition to the polyunsaturated carboxylic acadmatacene 26), a family of six p-
hydroxyacetophenone amidgdaf was isolated and described fra@gstobacter ferrugineus
Cb G35 in the course of this thesis. Théwydroxyacetophenone acetami@®dc has
previously been described as synthetic produche dartial synthesis of chloramphenicol
derivatives and in the total synthesis of tyroskiease inhibitors?%* Further the two
closely related natural product families, the aiytamides37an and the acylated tyramides
38aj, are presented in Figure 40. The first arylethyls37af were isolated from three
limnic strains of a new subspecies of bacifitfsyhile the arylethylamine87gn were
obtained in a screening of numeroUgtophaga, Frigoribacter, and marineStreptomyces
extracts-> In this screening of 500 bacterial isolates teylaed tyramide88aj were found,

produced by differen¥ibrio sp.

OH OH
R:
a iso-Bu
b Pr
c Me
O N e iso-Pe
HN\léo HN._O f Pe
R
34 34d
NH TI/R NH TI/R
SR IO
HO
37 38
R: R:
aMe h Me(CH,),, a Me f Me,CHCH,
b Et i Me,CH(CH,),, b Et g Me,C=CH
c iso-Pr j MeCH,CH(Me)(CH,),, c iso-Pr h Me,CH(CH,),
d iso-Bu k Me(CH,),, d Pr i MeS(CH,),
e Pe I Me,CH(CH,),, e MeCH,CH(Me) j PhCH,
f MeCH,CH(Me) m Me(CH,),,
g Me,C=CH n Me,CH(CH,),,
Figure 40: Thep-hydroxyacetophenone amide®af and the closely related families of acylated

arylethylamides37an) and tyramides38a;j).
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Of particular importance in the famify-hydroxyacetophenone amides is the carbonyl group
at C7, which was unambiguously identified by therafcal shifts of C7 and C8, as well as
the corresponding HMBC correlations described iaptlr 2.2.2. These data correspond well
with the observed chemical shifts and correlatiohshe cyclic peptide hibispeptin A39)
isolated fromHibiscus syriacus, which contained an analogous aromatic ketone tynoie
(Figure 41)'%°

39

Figure 41: The structure of hibispeptin 29), a cyclic peptide isolated frohibiscus syriacus.**

The biosynthetic precursors 8#awere studied by feeding experiments with'f%; and*N-
labelled leucine and tyrosine, presented in chap@B. The combinetfC and’H NMR as
well as HRESIMS data indicate tyrosine as precusstine completg-hydroxyacetophenone
amine moiety, including the amide nitrogen, anctiee as precursor of the aliphaitso-butyl
residue of34a Thus,Cystobacter ferrugineus strain Cb G35 is able to oxidize tyrosine to the
atypical carbonyl at C7, revealed from the highnsigant incorporation of=C-labelled
tyrosine. A degradation pathway discussed in bittesis studies of ubiquinonetl(
coenzyme Q) involves the formation of 4-hydroxy@nmate 40d) and 4-hydroxybenzoate
(409, which could be conceivable precursors 3dd and the carbonyl group of C7 in the
otherp-hydroxyacetophenone amides (Figure #2However, the amine of tyrosine is lost in
the first step of this pathway, which is not caamtglg with the observed significant
incorporation of the®N originating from the N,*Cg]-labelled tyrosine in the feeding
experiments, as well as the high incorporation &f br this reason the biosynthetic pathway
of tyrosine to form the-hydroxyacetophenone amides should be further tigaed. The
side chains of34a originated from leucine, while the modified sideams of34b-f can be

suggested to derive from different amino acid tiyfacid precursors.
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coo coo coo coo CO-SCoA CH,CO-SCoA
Ho NAD" + + .
NH3 o OH = ATP 7 B-oxidation CO-SCoA CcoOo
NH," H,0 + CoA H,O CoA
A NADH A CoA X \ 4
OH OH OH OH OH OH OH
40a 40b 40c 40d 40e 40f 409
OH OH
o]
MeO.
SN © S
MeO nH HN.__O HN.__O
41 34a 34d
Figure 42. Proposed pathway of tyrosine for thesymthesis of ubiquinonetl, coenzyme Q) and the

structures of p-hydroxyacetophenone amides34a and d. Tyrosine §0a); 4-
hydroxyphenylpyruvate4Qb); 4-hydroxy-phenyllacetatetQq); 4-hydroxycinnamate4Qd), p-
coumaroyl-CoA 408); 4-hydroxybenzoyl-CoA40f); 4-hydroxybenzoatet(g).*%

An antimicrobial screening of the-hydroxyacetophenone amide34af showed no
significant growth inhibition of the tested micrganisms. Due to the described biological
activity of arylethylamide37e against the microalga€hlorella sorokiniana, Chlorella

124

vulgaris and Scenedesmus subspicatus,™" the p-hydroxyacetophenone amidé&glaf were

further tested against various microalgae presemtechapter 2.2.4. In this screening of

microalgae only34d inhibited growth ofPseudococcomyxa simplex at a concentration of
100 pg/mL.
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3.3 Sulfangolids 25a-d fromSorangium cellulosum

The four sulfangolid derivative®5ad were isolated from different strains of the spgcie
Sorangium cellulosum. In a screening of 1708orangium cellulosum strains remarkably 90%
of the isolates were found to produce biologicalttive secondary metabolites. Especially
members of the genrangium are versatile multiproducers, for example stramnc81525

&13! sorangolide?

produces chivosazolé$’*? disorazols??***° sorangicins/® soraphen
chlorotonif** and sulfangolid simultaneouslyThe sulfangolid25ad were isolated as side-
products during the investigation of biologicallyctige metabolites fromSorangium
cellulosum. Sulfangolid A 258 and D 25d) were isolated from strain So cel375, at that time
investigated for fungicidal soraphen derivativespblished data K. Gerth, H. Reichenbach
M. Herrmann, G. Hoéfle). So ce666 and So cel92 mreduhe cytotoxic chivosazols and
disorazols as biologically active metabolites, adl \&s traces of sulfangolid A2%a and B
(25b). Whereas strain So cel2 mainly synthesised smiangliszorasol, chivosazol and
sorangolid derivatives in addition to traces ofandolid C 25¢ (unpublished data K. Gerth,
H. Reichenbach, R. Jansen, G. Héfle). All the NMidRador the structure elucidation, as well
as from the previous isolations of the four sulfaids 25ad have been assembled. The NMR
data were analyzed to verify the proposed strustdioe sulfangolid A to D Z5ad) as
presented in chapter 2.3.1. The final NMR datacarebined in this thesis and the manuscript
“Sulfangolids, Macrolide Sulfate Esters frdgarangium cellulosum” (W. Zander, H. Irschik,

H. Augustiniak, M. Herrmann, R. Jansen, H. Steirankt Gerth, W. Kessler, M. Kalesse, G.

Hofle, R. Muller, to be submitted).

The structure of sulfangolid @%¢) containing three inflexible structural elememghe 28-
membered macrolide ring, i.e. the polyunsaturasdretheo,-unsaturated ketone at C21,
and the six-membered hemiketal, altogether stabiliz conformation of the macrolide ring,
thus allowing elucidation of the relative stereacuistry. The relative altrans
13S,14S,15R,16R,175,19S,20R ,26R ,27R configuration of sulfangolid C26¢) proposed

in my diploma thesis was revised to the tedirs 13R,14S,15R,16R,17S,19S,20R,
26R’,27R configuration, due to the better agreement ofranitenic distances of the modelled
diastereomere in comparison with the NMR data prtesein chapter 2.3.2. In addition the
biosynthetic precursors of sulfangolid €5¢€ were studied as a basis for further genetic

research of the frequently observed sulfangolids.
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The four sulfangolid derivative2ba-d present an extraordinary group of polyketidesabse
they are the first group of myxobacterial secondawstabolites containing a sulfate ester
residue. A sulfate-free analogue of the sulfangolisl the myxobacterial kulkenor2)
isolated fromSorangium cellulosum So cel426 (unpublished data R. Jansen, H. IrsGik,
Hofle, H. Reichenbach). Comparing kulkend®)(to the family of sulfangolid@5ad, 42 has
one additional methyl group at position C2, while southern fragment shows high similarity
to sulfangolid C 25¢. The 26-membered macrolide d2 is reduced by two carbons
compared to the 28-membered macrolide rings ostitfangolid family, and the sulfate ester
moiety is absent. Further the northern fragmerkutkenon @2) is identical to sulfangolid A
(258). Due to the high similarity of kulkenod?) to the sulfangolids42 can be considered as
a sulfate-free analogue.

Commonly, sulfate ester residues are known frdlimeptomyces sp. or marine
microorganisms, like the earlier described marirygther maitotoxin Z3). Structural
similarities are found in th&reptomyces natural products clethramycing3g and the
analogue family of mediomycins, here representeanbgiomycin A 433 and B 43b) in
Figure 43**'®*These secondary metabolites are highly functiaedlpolyketides containing
a sulfate ester residue at C29, multiple hydroxgiugs and a ketone at C31 in addition to
several double bonds. Of special interest are tliferehces between the secondary
metabolites fromSreptomyces and the sulfangolid family. A sulfate-free derivat with
identical carbon skeleton of these metabolites described with mediomycin B48b). In
addition, a derivative of mediomycin A43a with hydrogenated double bonds was
characterised, while such derivatives have not Heend for the sulfangolids. The ketal
found in sulfangolid C45¢ and D @5d) would also be feasible between 350H and the

carbonyl group at C31 #h3ac, but such a derivative has not been describedt d
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sulfangolid A (25a) R=H
sulfangolid B (25b) R = OMe

OH OH OH OH OH OH OH

43
mediomycin A (43a) R' = NH,, R = SO_H, R® = H
mediomycin B (43b) R' = NH,, R*=H, R®*=H
clethramycin  (43c) R* = CN,H,, R> = SO,H, R*= H
Figure 43 The secondary metabolites mediomycimt2al and B ¢3b) and the analogue clethramycin

(43¢ isolated from Streptomyces, the myxobacterial sulfangolid@5ad and the analog
kulkenon ¢2).**°
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3.4 Summary and Future Aspects

The thesis presents results of extensive studig¢ieirfield of structure elucidation of labile
secondary metabolites. On the one hand, the assignof the relative configuration of
sulfangolid C 25¢ based mainly on detailed NMR studies and moleauiadelling, while on
the other hand the absolute configuration of roaoane 26) is supported by derivatization
techniques coupled to NMR analysis and sustainednblecular modelling. The structure
analysis of roimatacen@®) lead to the development of a protective isolattyategy creating
the basis for solving the relative and later theodlte configuration of a compound that
already proved problematic during isolation. Theigrament of the absolute stereochemistry
of the novel secondary metabolite roimatace2® (s the basis for a total synthesis, and
required for the synthesis of stable derivative@@®ffor example by selective hydrogenation
of double bonds. In addition to SAR-studies, thaleation of the biological target would be

indicated as next step.

The p-hydroxyacetophenone amidadaf with the atypical oxidation of the tyrosine moiety
and the family of sulfangolid®5a-d with the sulfate ester residue present two nowvaives

of myxobacterial biosynthesis worthy of further éstigations3® The high biodiversity of
myxobacteria is also unambiguously revealed in g®mome sequencing projects of
Sorangium cellulosum (strain So ce56, 13.0 MbpjMyxococcus xanthus (strain DK1622, 9.1
Mbp),>* Sigmatella aurantiaca (10.2 Mbp}*’ and Anaeromyxobacter dehalogenans (strain
2CP-C, 5.1 Mbp}* The Sorangium cellulosum genome with 13.0 Mbp is the largest genome
sequenced from any bacterium so far.Mgxococcus xanthus DK1622 over 8.5% of the
genome are dedicated to secondary metabolism, whinfore than it has been observed in
other microorganisms® This observation leads to the conclusion, théitastiigh number of
natural products can be discovered from myxobacierithe future and will reveal more of

the true potential of these gliding bactéefia.

-74 -



Experimental

4 Experimental

4.1 Material

4.1.1 Instruments

The standar@nalytical reversed phase liquid chromatography (R-HPLC) system was a
Agilent 1100 series HPLC system [column 125x2 mmuclBosil 120 EC, fm, G,
(Macherey-Nagel); temperature 40°C; solvent AOFACN (95/5) + 5 mM/L of NHAc + 40
uL/L of acetic acid; solvent B: ¥0/ACN (5/95) + 5 mM/L of NHAc + 40uL/L of acetic
acid, gradient: 10% B increasing to 100% B in 3@,nmaintained 100% B for 10 min; flow
rate (FR) = 0.3 mL/min; UV detection 210-500 nm].

The HPLC- high resolution mass spectrometry (HPLC-HRE$MS) was done on a Agilent
1200 series RRLC system, ESI-TOF-MS Maxis (BrukEeglumn 50%x2.1 mm, Acquity
UPLC BEH C-18, 1.um (Waters), solvent A: 0.1% formic acid in wateojvent B: 0.1%
formic acid in ACN, gradient 5% B for 0.5 min, ieasing to 100% B in 19.5 min and
continued at 100% B for 5 min, FR = 0.6 mL/min; Md-buffer gradient: column 100x2.1
mm, XBridge™ C18 3.5um, (Waters), solvent A: ¥D/ACN (95/5) + 5 mM/L of NHAc +
40 uL/L of acetic acid; solvent B: #D/ACN (5/95) + 5 mM/L of NHAc + 40uL/L of acetic
acid, gradient from 10% B increasing to 100% B @hn3in and continued at 100% B for 10
min, FR = 0.3 mL/min, UV detection 210-500 nm].

The preparative reversed phase high pressure liquid abmatography (RP-HPLC)
system was a preparative Agilent 1100 series HBIstem or the HPLC system consisting of
a manual injection system (Rheodyne), the prepearafi-1800 pump system with mixing

chamber (Knauer) connected to an UV-detector (Edxhl

The preparative reversed phase- medium pressure liquidhromatography (RP-MPLC)
system consisted of two pumps C-605, control un#20, fraction collector C-660 and
photometer C-635 (Blichi).

Silica-gel-flash chromatography was carried out with the silica-gel-flash systeront
Biotage and the cartridge Si 40 S 2976-1 (Biotage)yith open-glass columns packed with
silica gel 60, particle size 0.063-0.200 mm (Merck)
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Thin-layer chromatography (TLC) in analytical scale was carried out with TL-SiliGa|
60 F254-Aluminium (Merck), staining was done witljuaous cer-dye (10 g cer(lV)-sulfate,
25 g phosphor-molybdéane acid, 80 mL sulphuric &tid L) and heating 120°C. For semi-
preparative scale PSC-plates (20x20x0.1 cm, sgala60 kss, Merck) with concentration
zone were used. Th&P-cartridge system of strata-X cartridges (0.5 g and 1.0 g,

Phenomenex) were used for concentration from wayers.

Optical rotation was determined with a Perkin-Elmer 241 instrumé&hnt, spectra were
recorded with a Shimadzu UV-Vis spectrophotometar-2450, andIR spectra were
measured with a Nicolet 20DXB FT-IR spectrometer.

Centrifugation was carried out with a Varifuge 20RS (Heraeus tabd.

NMR spectra were recorded with Bruker NMR spectrometer DPX-860300 MHz,*C 75
MHz), ARX-400 ¢H 400 MHz,**C 100 MHz); AVANCE DMX-600 tH 600 MHz,**C 150
MHz) with the assistance of C. Kakoschke, B. Jakdbenter and M. Rettstadt (University

Hannover).

The up-scale fermentationwas carried out in a 100 L fermentor (Giovanol@rés SA,

Monthey, Switzerland) with an inoculation volume @ L in the presence of Amberlite
XAD-16 (Rohm & Haas) with the assistance of K. Lo, H. Irschik, K. Gerth, D.

Telkemeyer, W. Kessler, B. Ebert, A. Perreth, Ah8z and R. Sterlinski.
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4.1.2 General Chemicals

Table 23. Chemicals used (in alphabetical orded)tha supplying company

Chemicals Supplying Company
acetic acid Roth
acetone Merck
acetone, dry Merck
acetonitrile, p.a. J.T. Baker
ammonia Riedel-de Haen
ammonium acetate Roth
buffer, pH 7 Roth

celite Merck
diazald Aldrich
dichloromethane J.T. Baker
diethyl ether J.T. Baker
dimethoxypropanne Sigma-Aldrich
DMAP Fluka
ethanol J.T. Baker
4-ethoxyphenol Aldrich
ethyl acetate J.T. Baker
formic acid Roth
H.SO, Roth

KOH Merck
methanol Merck
methanol p.a. J.T. Baker
methanol (Uvasol) Merck
Milli-Q-Wasser Millipore
mol sieve (3A) Merck
(R)/(S)-MTPA Fluka

NaCl Roth
NaHCG; Fluka
n-heptane Roth
p-dibromoacetophenone Aldrich
Pd/C Merck
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continuing Table 23:

Chemicals

Supplying Company

pyridin-p-toluenesulfonic acid
sodium acetate
TEA

toluene
2,4,6-trichlorobenzoyl chloride
water, p.a.

Media

Amberlide XAD-16
CaClh x 2H,0
casitone
1-docosanol
fructose

glucose

glycerine (87%)
HEPES

H,SOy

leucine

methionine

MgSOy x 7TH,O
Na-Fe-EDTA
NaNG;

skim milk

sodium acetate
sodium propionate
soyabean flour
starch 12018
tegosipon antifoam
tyrosine

yeast extract

Fluka
Roth
Fluka
Merck
Aldrich
J.T. Baker

Rohm and Haas

Merck
BD
Merck
Fluka
Cerestar
Merck
Roth

AppliChem

Merck
Merck

Merck
Fluka

Merck

AppliChem

Merck
Merck
Carqill
Cargill
Evonik
Merck
Ohly
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continuing Table 23:

Chemicals

Supplying Company

Feeding Experiments
[1-3C]-acetate (99%)
[1,2-%C]-acetate (99%)
[2-1%C]-acetate (99%)
[D10]-leucine (98%)
[**CHs)-methionine (98%)
[1-13C]-propionate (97%)
[13C,,°N]-tyrosine(98%"C, 98%"N)
NMR-solvents

CDCl;

CDs0D

[Dg]DMSO

[D3]trifluoroethanol

Cambridge Isotope Laboratories

Cambridge Isotope Laboratories

Cambridge Isotope Laboratories

Campro Scientific

Cambridge Isotope Laboratories

Cambridge Isotope Laboratories
Campro Scientific

Deutero GmbH
Deutero GmbH
Deutero GmbH
Deutero GmbH
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4.2 Fermentation of Cb G35 and Isolation of Roimatacen€26)

4.2.1 Fermentation of Cb G35 for the Isolation of Roimat&ene (26)

Cystobacter ferrugineus strain Cb G35 (deposited at Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH; DSM 24415 satransferred to a liquid medium
consisting of soybean flour 4 g/L, glucose 2 gtlysh 8 g/L, CaGlx 2 H,O 1 g/L, MgSQ x

7 H,O 1 g/L, HEPES 11.9 ¢g/L and Na-Fe-EDTA 8 mg/L at pA4. 5 L of a 4 day old pre-
culture was used to inoculate a volume of 70 Lhef $ame medium in a 100 L fermentor in
the presence of 1.4 kg adsorber resin Amberlite XD The culture was supplemented with
1.15-1.75 g/h of NaAc solution (100 g/kg) duringyese days of cultivation (blade impeller
150 rpm, aeration 7 L/min, 30°C, p@0%, pH regulated between pH 7.15 and 7.25 wi# 10
KOH and 5% HSQ,). For harvesting the culture broth was passedutiiraa process filter
collecting the absorber resin. Residual cells wkrated from the recovered XAD-16 resin

with water.
4.2.2 lIsolation Procedure of Roimatacene (26)

General remark: Handling of roimatacene26) extracts and ethyl acetate: Extracts
containing roimatacene2§) were kept in solution (methanol) supplementedhw-
ethoxyphenol. As far as possible-as was used at all times. Ethyl acetate wasti@th over

aluminium oxide before use. Amber glassware wad tmehandling and for storage at 4°C.

The XAD-16 absorber resin was eluted with methavetr (3/7), methanol and acetone (4 L
each) saturated with Mas. After addition of saturated NaCl solution28L), the water
layer (300 mL) remaining after evaporation of thetimanol was adjusted to pH 4.2 with
formic acid and extracted with ethyl acetate (5tipos of 100 mL). The ethyl acetate was
supplemented with 0.1 M 4-ethoxyphenol (120 and methanol (100 mL). The ethyl acetate
layer was evaporated and dissolved to a 140 mL anetHayer, without drying the samples.
The extract was analysed by HPLC to contain 50bhrmgimataceneb) in 13.4 g of crude
extract. The extract was partitioned between methand n-heptane to provide 12.9 g of
polar raw material, containing 440 mg roimatace@6) (according to HPLC analyses
(supplemented with 200L of 0.1 M 4-ethoxyphenol). The methanol extractsveiored in
142 mL of methanol (c = 3.1 mg/mL) at 4°C. Afterweeks HPLC analysis showed
degradation to 256 mg @6 (58%, ¢ = 1.8 mg/mL) in the crude extract. Halftlog¢ extract

was dissolved in 2 N ammonia (75 mL) and methared wvaporated. The pH of the water
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layer was adjusted to pH 9.5 with 2N ammonia artdaeted with ethyl acetate (3 portions of
95 mL). The water layer was acidified to pH 4.2hmibrmic acid and then extracted twice
with n-heptane (55 mL) to remove fatty acids from thederextract. The acidic water layer
was then extracted with ethyl acetate (4 portiois76 mL) supplemented with 4-
ethoxyphenol (20Q@L, 0.1 M), methanol and toluene before evaporatibthe ethyl acetate.
The methanol/toluene solution yielded 99.4 mg dradcroimatacene26) according to HPLC
analyses26 was further purified by preparative RP-HPLC in atdies [column VP250/21
Nucleodur 100-10 C-18 ec (Macherey-Nagel), solvergthanol/water (6:4) containing
50 mM/L of NH,Ac and 40QuL/L of acetic acid; the solvents were saturatechwj-gas and
10 uL of 0.1 M 4-ethoxyphenol were provided in eaclt tabe of the fraction collectorP6
eluted atR = 34 min. The fraction was evaporated and the mtateer was passed through a
strata-X cartridge (1.0 g) underidrotection gas, washed with water, and eluted with
methanol. 4-Ethoxyphenol (2QQ, 0.1 M) was added to the methanol layer before th
concentration was adjusted to 50 mL containing 883%0f roimatacene2g).

Roimatacene2): Pale yellow solution in methanolg]p®' = + 58.4 ¢ = 0.65, methanol);
NMR data tH NMR 600 MHz,**C NMR 150 MHz, [Q]DMSO): Table 2; UV (methanol)
Amax (Ig €) = 276 (4.323), 286 (4.332), 308 (4.369), 323 @n3Q9); HRESIMSM/z calcd.
for CsgH4307: 515.3014, found 515.3021.
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4.2.3 Derivatization of Roimatacene (26)

Roimatacene methyl ester(27): Diazald® (5.3 g) was dissolved in ether (20 mL) and
ethanol (3 mL), and was stirred with aqueous KOH @ in 3.2 mL HO). After heating to
35°C the ether/diazomethane solution was distided then added drop-wise to a stirred
solution of roimatacene26) and 4-ethoxyphenol in methanol at room tempeeatafter 20
min ether and diazomethane were evaporated untlegen gas to the crude product in
methanol. The product was purified by preparati®eHPLC [column VP250/21 Nucleodur
100-10 C-18 ec (Macherey-Nagel); solvent A: methanater (6/4) supplemented with
50 mM/L NH;Ac and 400uL/L formic acid, solvent B: methanol same buffencentration;
gradient: 100% A increasing to 100% B in 50 mimtawued for 15 min, FR = 20 mL/min,
UV detection 278 nmiR; = 60 min]. After evaporation of the methanol, thater layer was
diluted and passed through a strata-X cartridg® g}.under nitrogen atmosphere. The
cartridge was rinsed with water and roimatacenere@7) was eluted with methanol

(supplemented with 40L of 0.1 M 4-ethoxyphenol).

Roimatacene methyl este27]: Pale yellow solution in methanotH NMR (600 MHz,
[Dg]DMSO): 6 =0.92 (s, 4 H) 0.93 - 0.95 (m, 1 H) 0.95)& 7.52 Hz, 4 H) 1.45 - 1.52 (m, 2
H) 1.66 (s, 4 H) 1.67 - 1.72 (m, 2 H) 1.79 (s, 41D0 (s, 2 H) 1.98 - 2.04 (m, 1 H) 2.07Jt,
=7.34 Hz, 3H) 2.32-2.43 (m, 5 H) 2.50 (@t 3.67, 1.83 Hz, 2 H) 3.32 (d,= 10.27 Hz, 2
H) 3.48 - 3.55 (m, 7 H) 3.63 (s, 4 H) 4.12 - 4.22 @ H) 5.66 (ddJ=15.59, 6.05 Hz, 1 H)
5.70-5.76 (m, 1 H) 5.81 (di,= 14.95, 7.38 Hz, 1 H) 5.89 (d~= 15.41 Hz, 1 H) 5.97 (d| =
11.00 Hz, 1 H) 6.08 - 6.19 (m, 5 H) 6.24 (dds 15.22, 8.25 Hz, 2 H) 6.36 (dd+13.94,
11.37 Hz, 1 H) 6.46 (dd,= 14.67, 11.74 Hz, 1 H) 6.87 ppm (& 15.77 Hz, 1 H)}*C NMR
(150 MHz, [D;)DMSO): 6 = 172.4, 166.3, 146.8, 140.2, 135.9, 134.5, 1343B.8, 132.4,
132.4, 132.0, 131.9, 131.2, 130.0, 127.0, 125.8,4,75.0, 74.5, 73.6, 70.0, 63.5, 51.4, 48.8,
40.0, 36.2, 34.7, 25.4, 21.2, 18.3, 13.6, 12.87 ppm; 4-ethoxyphenotH NMR (600 MHz,
[De]DMSO): 6 = 1.25 (t,J = 6.97 Hz, 4 H) 3.88 (q] = 6.97 Hz, 3 H) 6.63 - 6.66 (m, 2 H)
6.69 - 6.73 ppm (M, 2 H}?C NMR (150 MHz, [R]DMSO): 6 = 151.5, 151.1, 115.9, 115.5,
15.0 ppm; HRESIMSm/z calcd. for GiH4607Na 553.3136, found 553.3128.
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Acetonides of roimatacene methyl ester (28-3031.7 mg of27 were dried and dissolved in
2,2-dimethoxypropane (4 mL). Pyridiupatolouenesulfonic acid (12.5 mg) was added and
the reaction was stirred over night at 4°C. Afteewching with 5% NaHC®solution the
reaction was extracted with DCM (3 portions of 50)nAfter evaporation of DCM the crude
extract was further purified by RP-HPLC [column \BB21 Nucleodur 100-10 C-18 ec
(Macherey-Nagel), solvent A: methanol/water 1/llveot B: methanol; gradient: 70% B
increasing to 100% B in 50 minutes and maintained0®% B for 10 minutes, FR = 20
mL/min, UV detection 210-500 nm] yielding 17,19-tmede 28 (5.5 mg,R = 9.1 min),
15,17-acetonid@9 (2.4 mg,R = 22.9 min) and the bis-acetonig@ (4.2 mg,R; = 20.9 min).

17,19 acetonide of roimatacene methyl e<28): (yellow oil, NMR data {H NMR 600 MHz,
3C NMR 150 MHz, CDGJ): Table 3; HRESIMSmz calcd. for GsHsO;Na 593.3449,
found 593.3448.

15,17 acetonide of roimatacene methyl es26y: (yellow oil, NMR data {H NMR 600 MHz,
3C NMR 150 MHz, CDGJ): Table 4; HRESIMSWwz calcd. for GsHs4O/N 570.3789, found
570.3801.

15,16,17,19-bis-acetonide of roimatacene methyre36): yellow oil, NMR data {H NMR
600 MHz, *C NMR 150 MHz, CDGCJ): Table 5; HRESIMSmz calcd. for G/Hs:0;Na
633.3762, found 633.3768.

Tris-(S)-MTPA ester of p-bromoacetophenone-octahydroroimatacene estgf33a): For
the ©-Mosher ester about 25 mg of roimataceB6) (wvere hydrogenated in methanol in
presence of Pd/C (10%, 31.4 mg) underatinosphere at RT for 4.5 h. The reaction mixture
was filtered over celite and dried vacuo to yield 35.2 mg extract of octahydroroimatacene
(31). The extract was dissolved in dry acetone (2 g stirred for 19 h at RT with TEA
(15 uL) andp-dibromoacetophenone (24.1 mg) in the presencdahal sieve. The mixture
was filtered over celite and dried to give 66.9 mg-Bromoacetophenone-
octahydroroimatacene est@2] was separated by silica gel plate chromatogrgipty PSC-
plates 20x20x0.1 cm, silica gel 6GsFwith concentration zone (Merck), solvent ethyl
acetatat-heptane 8/2]. The UV active zonkg € 0.42) was eluted with ethyl acetate to give
5.3 mg of p-bromoacetophenone-octahydroroimatacene es2y. @,4,6-trichlorobenzoyl
chloride (12.5uL) and 5.3 mg of32 were dissolved in dry toluene (0.7 mL) and added t
solution of §-MTPA (16.2 mg), DMAP (14.4 mg) and TEA (12&) in dry toluene (0.4
mL) at 0°C. The reaction mixture was stirred forri at 0°C and 4 h at RT. The reaction
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was quenched with buffer (pH 7) and extracted \eitiyl acetate (3 portions of 50 mL) to
yield 14.6 mg crude product. The triSHMTPA derivative33a was further purified by RP-
HPLC [column VP 250/10 Nucleodur 100-7 C-18 ec (Naey-Nagel); solvent A:
methanol/water 1/1, solvent B: methanol, gradi&s& B in 20 min to 86% B, in 3 min to
90% B, maintained at 90% B; FR = 6 mL/min, UV détat at 259 nmR; = 49 min] to yield
2.8 mg 0f33a

Tris-(R)-MTPA ester ofp-bromoacetophenone-octahydroroimatacene €8tdn): Tris-(R)-
MTPA ester of p-bromoacetophenone-octahydroroimatacene esi8b) (was prepared
analogously starting with 11.6 mg of roimatace@6) (and obtaining 2.1 mg of trig}-
MTPA ester33b for NMR spectroscopy.

Octahydroroimatacen@1): yellowish oil;*H NMR (300 MHz, CROD): 6 = 0.88 - 0.93 (m,
10 H) 1.06 - 1.17 (m, 5 H) 1.31 — 1.35 (m, 24 Hy61-1.84 (m, 10 H) 2.44 (m, 4 H) 3.35 (br.
s, 1 H) 3.54 (m, 2 H) 3.65 ppm (br. s, 1 F/C NMR ( 75 MHz, CROD): ¢ = 177.8, 76.6,
76.6, 76.5, 76.4, 76.2, 76.1, 76.1, 76.0, 72.66,728.4, 38.2, 37.9, 37.8, 36.0, 36.0, 34.4,
34.3, 34.2, 34.1, 33.8, 33.2, 32.2, 31.3, 31.20,330.9, 30.7, 30.6, 28.7, 28.7, 28.3, 28.1,
23.9, 20.4, 20.2, 15.68, 15.5, 14.5 ppm; doublihgignals due to isomers at C8 and C20;
4-ethoxyphenotH NMR (300 MHz, CROD): ¢ = 3.94 (q,J = 6.97), 6.71 (m, Hz, 4 H), GH

in 1.31 — 1.35 ppm (m, 24 H®C NMR ( 75 MHz, CROD): ¢ = 153.8, 152.4, 116.9, 116.8,
65.3, 14.6 ppm; HRESIMB8Vz calcd. for GoHgoO7Na 555.4231, found 555.4233.

p-bromoacetophenone-octahydroroimatacene e8®r yellowish oil, 'H NMR (300 MHz,
CDCl3) 0 =0.85-0.96 (m, 11 H) 1.05 (s, 3 H) 1.08 - 1(dB 4 H) 1.27 — 1.33 (m, 17 H) 1.39
-1.51 (m, 8 H) 1.63 - 1.81 (m, 4 H) 2.55Jt= 7.25 Hz, 2 H) 3.45 (m, 1 H) 3.62 (m, 1 H)
3.83 (m, 1 H) 3.98 (m, 1 H) 5.31 (s, 2 H) 7.65Jd; 8.7 Hz,2 H) 7.79 ppm (dJ = 8.7 Hz, 2

H), **C NMR (75 MHz, CDCJ) 6 = 191.5, 173.2, 133.0, 132.3, 129.3, 129.2, 80/, 74.0,
74.0, 71.9, 71.8, 65.7, 39.8, 39.6, 36.9, 36.87,386.6, 35.1, 34.9, 33.8, 33.4, 32.9, 32.7,
32.1, 32.0, 31.9, 29.9, 29.8, 29.6, 29.3, 27.43,226.9, 22.7, 21.2, 21.0, 19.8, 19.7, 14.9, 14.1
ppm; doubling of signals due to the isomers at @8 &€20; HRESIMSm/z. calcd. for
CsgHesBros 729.3936, found 729.3972.

Tris-(S-MTPA ester ofp-bromoacetophenone-octahydroroimatacene e3&a):(oil; NMR
data tH NMR 600 MHz,**C NMR 150 MHz, CDGJ): Table 6; HRESIMSWz calcd. for
ngHgoBl'FgO]AN 1394.5395, found 1394.5404.
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Tris-(R)-MTPA ester ofp-bromoacetophenone-octahydroroimatacene e3&h):(oil; NMR
data {H NMR 600 MHz,*C NMR 150 MHz, CDCJ): Table 7; HRESIMSwz calcd. for
CesHgeBriFoO14Na 1399.4949, found 1399.4957.

4.2.4 Biosynthetic Studies of Roimatacene (26) by Feedirigxperiments

100 mL cultures of strain Cb G35 of the describextlium were supplemented with 25 mg,
50 mg and 100 mg of methionine, acetate and prapeomdditionally to 1% XAD-16
absorber resin. After 7 days of incubation at 3@€ XAD-16 resin of each culture was
harvested, eluted with methanol and acetone sumpied with 4-ethoxyphenol (106L,
0.1 M) and analysed by HPLC.

50 mg of [*CHs] sodium methionine (98%), 50 mg of {42] sodium propionate (97%), 100
mg of [1-°C]- and [2*C] sodium acetate (99%, all Cambridge Isotope Lainoies) were
fed in two portions after 16 and 40 hours of indidrato shaken cultures (100 mL) of strain
Cb G35. The cultures were incubated at 30°C foraysd After washing with water each
XAD-16 resin was eluted twice with 3 bed volumesradthanol and twice with acetone. The
organic layers of each experiment were evaporateal dmall volume before adjusting their
concentration to 100:1 under the addition of 4-g¥iptenol (5QuL, 0.1 M). All extracts were
partitioned between methanol amdheptane. The methanol layers were subjected tblese
partition. They were dissolved in 2 N ammonia (10)rand the methanol was evaporated.
The aqueous layer was extracted with ethyl acéBaortions of 10 mL). The water layers
were acidified to pH 3.3 with formic acid and exted withn-heptane (10 mL) and then with
ethyl acetate (3 portions of 10 mL). 4-ethoxyphef2l uL, 0.1 M) was added to the ethyl
acetate layers of each experiment. Ethyl acetateevaporated after addition of toluene and
methanol. The solvents were evaporated after aaditi [Ds]DMSO and™C-NMR spectra of

all samples of the feeding experiments were medsure

[**CHs]-methionine labelled roimatacene26f: *C NMR (100 MHz, [R]DMSO): &
(signal/noise) = 18.3 (16.5/1), 13.6 (19.2/1), 1A.3.2/1), 11.7 ppm (14.4/1).

[1-'3C]-acetate labelled roimatacers): *C NMR (100 MHz, [R]DMSO): J (signal/noise)
= 167.3 (4.3/1), 145.8 (5.1/1), 135.8 (3.5/1), B3@.1/1), 134.0 (2.7/1), 133.8 (2.9/1), 132.4
(3.5/1), 131.2 (3.1/1), 125.4 (2.2/1), 75.1 (2.3M.6 (2.3/1), 70.1 ppm (3.1/1).
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[2-13C]-acetate labelled roimatacer#6) *C NMR (100 MHz, [R]DMSO): § (signal/noise)
= 140.3 (5.0/1), 133.7 (5.5/1), 132.1 (5.5/1), B3(6.0/1), 130.0 (9/1), 127.0 (9.5/1), 123.7
(11/1), 74.4 (9/1), 36.1 (5.5/1), 34.7 (5.0/1),26pm (10/1).

[2-13C]-acetate labelled roimatacen26) APT *C NMR (100 MHz, [R]DMSO): § ppm
(signal/noise) = 134.4 (1.4/1).

[1-'3C]-propionate labelled roimatacer6): no enriched signals.

4.3 Fermentation of Cb G35 and Isolation of p-Hydroxyacetophenone
Amides 34a-f

4.3.1 Fermentation of Cb G35 for the Isolation of p-Hydroxyacetophenone Amides
34a-f

Cystobacter ferrugineus, strain Cb G35 was transferred to a liquid mediconsisting of
soybean flour 4 g/L, glucose 2 g/L, starch 8 g/b0Ex 2 H,O 1 g/L, MgSQ x 7 H,O 1 g/L,
HEPES 11.9 g/L and Fe-EDTA 8 mg/L at pH 7.4. 70fLtltee same medium in a 100 L
fermentor (blade impeller 150 rpm, aeration 9 L/n88°C, pQ 20%, pH regulated between
pH 7.15 and 7.25) were inoculated in the preserice4okg of XAD-16 resin. After 7 days
the culture broth was passed through a process fit collect the absorber resin. Residual
cells were floated from recovered XAD-16 resin waitater.

4.3.2 Isolation of p-Hydoxyacetophenone Amides 34a-f

Isolation of p-hydroxyacetophenone amide84a-c: The XAD resin was eluted with 4 L of
methanol/HO (30/70), methanol (4 L) and acetone (4 L) in &uem. The organic solvent
was evaporated from the methanol fraction to gi&@ ®L of an agueous mixture, which was
extracted with ethyl acetate (5 portions of 250 nil)e combined ethyl acetate layer was
dried in vacuo to give 18.6 g crude extract. The extract wasailesl in methanol and
partitioned between methanol anéheptane, to provide 17.5 g of more polar raw niater
1.0 g of this extract was separated by silica tgdhf chromatography [Flash40 (Biotage),
cartridge Si 40 S 2976-1 (Biotage); solvent DCM/maeiolh-heptane (18/1/1)]. 4 main
fractions were collected according to the analysis all fractions by thin layer
chromatography (TLC). Fraction 3 yielded 124.4 nmgoh were further purified in 3 batches
by preparative RP-HPLC [column 250%x21 mm, Nuleotid® EC (10um, Cg) (Macherey-
Nagel); solvent A: methanold® (10/90 + 0.01% acetic acid), solvent B: methagl
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(90/10 + 0.01% acetic acid); gradient 25% B for #,nincreasing to 45% B over 35 min,
maintained at 45% for 10 min, increasing to 100%\@&r 5 min; FR = 20 mL/min, UV
detection 210-500 nm]. Fractions were combined pe@&e. The organic solvent was
evaporated from the fractions after addition otiémle and the water layer was extracted with
ethyl acetate yielding compouldc (R = 7 min, 3.3 mg)34b (R: = 19 min, 7.1 mg) and4a

(R: =29 min, 59.6 mg).

Isolation of p-hydroxyacetophenone amide 34dFraction 2 (221.2 mg) from the silica gel
flash chromatography was separated by preparatr41RLC in 5 batches [column 250x21
mm, Nuleodur 100 EC (14m, Cg) (Macherey-Nagel); solvent A: methanoj® 10/90 +
0.01% acetic acid, solvent B: methanoltH90/10 + 0.01% acetic acid; gradient 25% B for 5
min, increasing to 35% B in 25 min, increasing @% B in 1 minutes maintained at 100% B
for 20 minutes; FR = 20 mL/min, UV detection at @ nm]. Compound4d (6.9 mg)
eluted afR = 38 min.

Isolation of p-hydroxyacetophenone amide 34e and 344.4 g of the methanol extract were
subjected to silica gel flash chromatography (30§iliga gel 60, particle size 0.063-0.200
mm, Merck) and eluted stepwise with ethyl aceta@®¥h-heptane (3/3/4) (3 L) and ethyl
acetate (6 L). 15 fractions were collected anddditevacuo according to TLC analyses.
Fraction 5 (48.6 mg) was further separated in gHest by preparative RP-HPLC [column
250%21 mm, Nuleodur 100 EC (1@n, Gg) (Macherey-Nagel); gradient 37% B for 30 min,
increasing to 100% B over 20 min; solvent A: meth4#f,O (10/90), solvent B: methanol;
FR = 20 mL/min, UV detection 210-500 nm]. CompowB#e eluted at 33.5 min (0.8 mg).
Fraction 9 (314 mg) of the silica gel chromatogsaplas separated by preparative RP-MPLC
[column 480x30 mm, ODS-AQ, 120 A, S 16n, C-18 (Macherey-Nagel); solvent A:
H,O/methanol (90/10), solvent B: methanol, gradi&d2o B to 38% B in 3 h, to 100% B in
30 min, isocratic 30 min; FR = 30 mL/min, UV defeat 280 nm). 11 fractions were
collected and evaporated. The remaining aqueowesdayere extracted with ethyl acetate.
Compound34f (1.1 mg) eluted &R = 185 min.
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p-Hydroxyacetophenoniso-butanamidg34a): white needles; mp 188°C; analytical TLE;:
= 0.07; UV (methanolmax (Ig €) = 202 (4.864), 218 (4.724), 278 (4.893) nm; IB(K v =
3356, 3195, 2960, 1649, 1577, 1546, 1245, 1176 &dMR (CD;OD): Table 10; HRESIMS
m/z: calcd. for GsH1sNO3 236.1281, found: 236.1287.

p-Hydroxyacetophenone-butanamide 34b): white needles; mp 184°C; analytical TLR;:=
0.05. UV (methanol)imax (Ig €) = 201 (4.736), 219 (4.553), 278 (4.721) nm; IB(K v =
3358, 3101, 2962, 1633, 1581, 1519, 1243, kii4 NMR (CD;0D): Table 11; HRESIMS
m/z: calcd. for GoH16NO3 222.1125, found 222.1125.

p-Hyroxyacetophenone acetamid@¢): white needles; mp 187°C; analytical TLR;:= 0.02;
UV (methanol):Amax (Ig €) = 201 (4.363), 219 (4.211), 278 (4.396) nm; IB(K v = 3344,
3200, 2931, 1652, 1577, 1548, 1243, 1170'chIMR (CD;OD): Table 11; HRESIMSnz
calcd. for GoH12NO3 194.0812, found 194.08009.

p-Hydroxyethenphenyilso-butanamid€34d): oil; analytical TLC:R: = 0.24; UV (methanol):
Amax (Ig €) = 200 (4.330), 219 (4.454), 285 (4.747) nm; IB(K v = 3289, 3074, 2969, 1670,
1539, 1228, 1170 cth NMR (CD;OD): Table 12; HRESIMSwz calcd. for GsHigNO,
220.1332, found 220.1331.

p-Hyrdoxyacetophenoniso-pentanamid€34€): analytical TLC:R; = 0.07; UV (ethanol)max
(Ig €) = 219 nm (4.228), 279 nm (4.350), 331 nm (3.388)R (CD;OD): Table 13; (+)-
HRESIMSnVz calcd. for GsH20NO3 250.1438, found 250.1447.

p-Hydroxyacetophenon@&-pentanamide(34f): analytical TLC: R = 0.09; UV (ethanol):
Amax (19 €) = 218 (4.021), 279 (4.111), 331 (3.150) nm; NMED(OD): Table 13; HRESIMS
m/z calcd. For G4H20NO3; 250.1438, found 250.1447.
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4.3.3 Biosynthetic Studies of p-Hydroxyacetophenone Amide 34a by Feeding

Experiments

Three cultures (100 mL medium described above) weareided with XAD 16 resin (2 mL).
The cultures were supplemented witfOHs]-sodium methionine (50 mg, 98%, Cambridge
Isotope Laboratories), [f{d-leucine (50 mg, 98%, Campro Scientific) dfC,>N]-tyrosine
(50 mg, 98%"°C, 98% N, Campro Scientific). The cultures were incubaa®B0°C with
shaking at 180 rpm for 6 days. After sieving ofé tKAD resin, the resin was eluted with
acetone (60 mL) for 16 h. The extracts were evdpdrand re-dissolved in methanol (1 mL)
for HPLC-HRESIMS or CROD for NMR spectroscopy analysis.

p-Hydroxyacetophenonéso-butanamide 34a) from feeding {3Co,'°N]-tyrosine: **C NMR
(CDs0D, 75.5 MHz):0 = 194.6 (m, 1 C, C-7, labelled, calculated 50%oriporation rate (ir)),
176.0 (m, 0.16 C, C-9, labelled, 8% ir), 176.00€2 C, C-9, unlabelled), 164.2 (m, 0.93 C,
C-1, labelled), 131.6 (m5.33 C, C-3,5, labelled), 128.0 (m, 3.02 C, C-#¢lked), 116.4 (m,
5.63 C, C-2,6, labelled), 46.5 (m, 3.13 C, C-8Jabelled), 27.4 (m, 0.86 C, C-11, labelled),
22.8 (d,J =34.9, 0.81 C, C-12,13, labelled, 7% ir), 22.8041 C, C-12,13, unlabelled), %
3%C  incorporation = 1.1 x (integi@kiedintegralnawered - 1.1; ‘H NMR
([D3]trifluoroethanol/HO 1/1, 600MHz): reference spectrui= 0.99 (d, J = 6.6 Hz, 6 H, H-
12,13) 2.08 (dgJ = 7.7, 6.6 Hz, 1 H, H-11) 2.23 (d,= 7.7 Hz, 2 H, H-10) 4.68 (d,= 5.0
Hz, 2 H, H-8) 7.00 (dJ = 8.8 Hz, 2 H, H-2,6) 7.56 (f,= 5.0 Hz, 1 H, N-H) 7.94 (d] = 8.8
Hz, 2 H, H-3,5); labelled spectrusn= 7.00 (d, 8.8 Hz, 3.74 H, H-2,6, unlabelled),07¢(6dm,J
=150 Hz, 3.81 H, H-2,6, labelled, 51% ir), 7.56 (0 H, N-H, unlabelled), 7.56 (dr= 95
Hz, 0.42 H, N-H, labelled, 30% ir), 7.94 @= 8.8 Hz, 2.88 H, H-3,5, unlabelled), 7.94 (dm,
J = 150 Hz, 3.22 H, H-3,5, labelled, 53% ir); (% =r (integrakpeied (iNtegralapeied +
integraliniapeed)* 100); (+)-HRESIMS:mVz (%) = 250.1677 (2), 249.1647 (14), 248.1663
(11), 247.1584 (10), 246.1584 (9), 245.1515 (42%.2537 (51), 237.1272 (27), 236.127
(94), 161.0938 (69), 160.0966 (70), 153.0688 (282.0701 (100%). (% ir = intensifyeied

(intensityapelied + iNtENSityinapeied % 100)

p-Hydroxyacetophenoniso-butanamide34a) fromfeeding [Dg-leucine:'H NMR (CD;OD,
300 MHz): identified signals from the crude extract 1.03 (d,J = 6.4 Hz, 2.2 H, H-12,13),
4.66 (s, 2.0 H, H-8), 6.91 (d,= 8.8 Hz, 2.0 H, H-2,6), 7.94 (d,= 8.8 Hz, 1.9 H, H-3,5); (+)-
HRESIMS:nm/z (%) = 245.1834 (100), 236.1268 (53). (% ir %Xed/ (Yoapeliedt Yuniabelied X
100)
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4.4 |solation of Sulfangolids 24a-d

4.4.1 Isolation of Sulfangolid A (25a)

Sulfangolid A @58 was produced by th8rangium cellulosum strain So ce666 in a 60 L
fermentor at 30°C containing the following mediuBtarch 6 g/L, soybean flour 2 g/L, skim
milk 1 g/L, casitone 1 g/L, glucose %@ 1 g/L, CaCl x 2 H,O 1 g/L, MgSQ x 7 HO 1 g/L,
Na-Fe-EDTA 8 mg/L at pH 7.4 in the presence of bfadsorber resin Amberlite XAD-16
and 1-docosanol 55 mg/L. The pH was regulated tweH 7.0 and 7.8. After 14 days of
cultivation, starch and glucose were used up aedctiiture broth was passed through a
process filter to collect the absorber resin. Reaidells were floated from the XAD-16 resin
with water. The resin was eluted with MeOH/acetbfe(3 L) and acetone (4 L). The organic
solvents were evaporated and the remaining walteniaiure (350 mL) was extracted with
ethyl acetate (5 portions of 500 mL) after additadrsaturated NaCl solution (150 mL). The
ethyl acetate-layer yielded 30.0 g crude extrateraevaporation. A MeOmtheptane
partition was carried out to remove 10.9 g lipoghby-products in then-heptane layer (4
portions of 200 mL). The remaining methanol layeaswevaporated and dissolved inCEt
(200 mL) and 2 M ammonia. The ammonia layer wasaete¢d with EXO (5 portions of 200
mL) at 0°C (centrifugation at 0°C, 5 min, 3000 rpjter evaporation the ED-layer yielded
2.1 g of lipophilic material. The ammonia layer veasdified to pH 4 and extracted with,Bt

(3 portions of 200 mL) to yield 18.5 g of cruderaxt after evaporation. The water layer was
finally extracted with ethyl acetate (3 portions2&0 mL) to give 10.2 g. In order to remove
format salts this fraction was partitioned betweeter and DCM to yield 5.3 g in the DCM
layer. This fraction was purified by RP-MPLC [coloM80%30 mm (Kronlab), RP-ODS-AQ
C18 (Macherey-Nagel), solvent A:,8/ACN 95/5 + 50 mM/L NHAc + 400 uL/L acetic
acid; solvent B: HO/ACN 5/95 + 10 mM/L NHAc + 80ulL/L acetic acid, gradient: 35% B
for 20 min, increasing to 40% B in 80 min, maintaghfor 60 min, FR = 20 mL/min, UV
detection 278 nm]. The fractions Bt = 44 min were combined and neutralized with 2 M
ammonia before the organic solvent was evapordied.water layer was passed through a
strata-X cartridge (0.5 g). After washing with watine product was eluted from the cartridge
with methanol to give 74.8 mg of dried material,iethwas further purified by RP-HPLC
[column 250%21 mm, 1Qum, Gg RP-Nucleodur 100-EC (Macherey-Nagel), solvent A:
H>O/ACN 95/5 + 50 mM/L NHAc + 400uL/L acetic acid; solvent B: #0/ACN 5/95 + 10
mM/L NHsAc + 80 uL/L acetic acid, gradient: 35% B for 5 min, incrggsto 40% B in 20
min, maintaining for 40 min, FR = 20.0 mL/min, U\étéction 278 nm]. Sulfangolid A2%3a)
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had aR; = 36 min and yielded 2.8 mg as ammonium salt aftak up analogously to the RP-
MPLC chromatography.

Sulfangolid A @5a): yellowish oil; analytical TLC: DCM/MeOH 8.5/1.%; = 0.16; p]p" =

+ 74.3 € = 0.7 in methanol); NMR dataH 600 MHz,**C 150 MHz, [Q]DMSO): Table 15;
UV/Vis (methanol)Amax (Ig €) = 283 (4.462), 342 nm (4.435); IR (KBr)= 3431 (b, s), 2958
(m), 2932 (m), 1704 (s), 1624 (m), 1252 (s), 10)1c@i’; MS (DCI): reactant gas ammonia,
m/z (%): 548 (25), 566 (100), 567 (35), 568 (10), 588); HRESIMSnVz for CasHs1010S
calcd. 663.3208; found 663.3206.

4.4.2 Isolation of Sulfangolid B (25b)

Sulfangolid B 25b) was produced by strain So cel92 in a 100 L fetoreat 30°C in a
medium consisting of starch 8 g/L, soybean medlL2ypast extract 2 g/L, glucose x 2M

2 g/L, CaCjx 2 H,O 1 g/L, MgSQ x 7 H,O 1 g/L, Na-Fe-EDTA 8 mg/L at pH 7.4 in the
presence of 2% Amberlite XAD-16 and 10 mL of tegosi antifoam. The pH was regulated
analogue to the sulfangolid 2% production. After 7 days of cultivation the cukubroth
was passed through a process filter to collectatisorber resin. Residual cells were floated
from XAD-16 resin with water. The resin was eluteith MeOH/H,O 6/4 and MeOH (each 5
L). The methanol layer was evaporaiedvacuo to give 22.0 g of crude extract. Lipophilic
by-products were removed by MeQtieptane partition to give 20.0 g MeOH extract and
1.0 g of by-products. The methanol extract wasodvesl in DCM and filtered over celite
before silica-gel-flash chromatography (column 80).nThe silica gel chromatography was
eluted step wise with DCM (yield 9.0 g), DCM/MeOHW/1 (yield 6.65 g), DCM/MeOH 9/1
(yield 0.72 g) and finally with MeOH (yield 0.22 dpb00 mL of each solvent). The
DCM/MeOH 9/1 extract was further purified by sikiftash chromatography [column 37x420
mm HD-Sil 15, 60A (Macherey-Nagel), gradient: 10 min with pé&tton ether/DCM/MeOH
50/48/2, increasing the MeOH proportion to 4% ir0 Rin, maintaining 4% for 30 min,
increasing to 5% MeOH in 30 min, maintaining 5% 8§ min, rinsing the column with
DCM/MeOH 7/3, FR = 35 mL/min, UV detection 278 nmlhe sulfangolid B Z5b)
containing fraction had B; of 124 min and a dry weight of 114 mg after evagion. This
fraction was further purified by RP-HPLC chromataginy [column 20.5x250 mm Nucleosil
100-7 C18 (Macherey-Nagel), 65% MeOH isocratic, #R8 mL/min, UV detection 278
nm]. Sulfangolid B 25b) (8 mg) was isolated & = 11 min.
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Sulfangolid B 25b): yellowish oil, analytical TLC: DCM/MeOH 8.5/1.3% = 0.16; NMR
data tH 600 MHz,**C 150 MHz, CROD): Table 16; HRESIMS$Wz calcd. for GeHs:01:S
693.3314, found 693.3308.

4.4.3 Isolation of Sulfangolid C (25c)

Sulfangolid C 2509 was produced bysorangium cellulosum strain So cel2 in the same
medium as So cel92, supplemented with fructosé. hgd KNGy 1 g/L. Two fermentors
with 70 L media each were performed. They were upented with 1% of adsorber resin
XAD-16 and 100 mg/L 1-docosanol. The pH was regadietween pH 7.0 and 7.8. After 9
days the culture broths were passed through a ggddters. Residual cells of the combined
XAD-16 resin were floated with water. The absorkesin was then eluted with MeOH/M@
1/1 (3.5 L) and MeOH (4.5 L). The organic solvergsaevaporated from the layersvacuo
and the water layers of each fraction were extchati¢h ethyl acetate (5 portions of 250 mL)
after addition of saturated NacCl solution (150 mIhe layers were combined and the solvent
was evaporatedn vacuo to give 33.8 g of crude extract. Lipophilic by-guxts were
extracted by MeOH-heptane partition to yield 22.5 g methanol exteaod 1.8 gr-heptane
extract. The methanol extract was dissolved ygOHR50 mL) and 2 M ammonia (125 mL).
The EpO-layer was extracted with 2 M ammonia (3 porti@fis300 mL). The EO-layer
yielded 11.8 g non-polar compounds. The combinethanmia layers were neutralized with
formic acid to pH 7 and then extracted with@&t(3 portions of 300 mL), yielding 6.2 g
residue after evaporation. The water layer wahéurextracted with ethyl acetate (3 portions
of 300 mL), yielding 5.9 g of enriched sulfangolid(25¢). This crude extract was dissolved
in E,O and HO and acidified with formic acid to pH 4 to be extted with E1O (3 portions
of 150 mL) at 0°C (centrifugation at 0°C, 8 min,080rpm), yielding 2.6 g of the enriched
carboxylic acid sorangicin A1B). The water layer was neutralized with 2M ammosal
extracted with ethyl acetate (3 portions of 200 nabder the addition of saturated NacCl
solution (80 mL). The ethyl acetate extract waspevatedin vacuo to yield 1.4 g enriched
sulfangolid C 25¢. This fraction was further purified by LH-20 clnnatography (50x1000
mm column, solvent: MeOH, FR = 4.0 mL/min, UV ddiec 278 nm) in 3 batches. The
fractions were combined according to the UV-chramgedm and fraction 7 & = 560 min
with 85 mg product contained the highest concepmabf sulfangolid C 25¢). This fraction
was further purified by RP-HPLC in three batcheslymn 250%21 mm, 1@m, Gg RP-
Nucleodur 100-EC (Macherey-Nagel), solvent AQAACN 95/5 + 50 mM/L NHAc + 400
uL/L acetic acid; solvent B: ¥D/ACN 5/95 + 10 mM/L NHAc + 80 uL/L acetic acid,
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gradient: 25% B maintaining for 15 min, increasiad0% B in 90 min, maintaining 15 min,
FR = 20.0 mL/min, UV detection 278 nm]. The UV pedlk = 81 min was neutralized with
2 M ammonia, the organic solvent was evaporatedtandvater layer passed through a strata-
X cartridge (0.5 g, Phenomenex). After washing witiiter the compound was eluted from
the cartridge with methanol to yield 29.6 mg. Sadfalid C @50 was further purified by RP-
HPLC [column 250x21 mm, 10m, CGg RP-Nucleodur 100-EC (Macherey-Nagel), solvent
A: H,O/ACN 95/5 + 50 mM/L NHAc + 400puL/L acetic acid; solvent B: ¥D/ACN 5/95 +

10 mM/L NH;Ac + 80uL/L acetic acid, gradient: 30% B maintaining formn, increasing to
40% B in 40 min, maintaining at 40% B for 20 milR E 20 mL/min, UV detection 278 nm].
Sulfangolid C 25¢) had aR; = 17 min and yielded 17.7 mg of the ammonium afér work

up by strata-X cartridge (1.0 g).

Sulfangolid C 250): yellowish oil; analytical TLC: DCM/MeOH 8.5/1.%; = 0.15; fi]p"' =
+ 153.3 € = 0.5 in methanol); NMR datdH 600 MHz,**C 150 MHz, [R]DMSO): Table
17; UV/Vis (methanol)Amax (Ig €) = 288 nm (4.446); IR (KBr)y = 3421 (b, s), 2957 (s),
2931 (s), 1705 (s), 1616 (m), 1255 (s), 1006 (s);cHRESIMSm/z: calcd. for GsHs:01:S
681.3314, found 681.3317.

4.4.4 lsolation of Sulfangolid D (25d)

Sulfangolid D 25d) was produced byorangium cellulosum, strain So cel375, in a 70 L
fermentor at 30°C with medium consisting of soybeasal 5 g/L, glucose x 1@ 1 g/L,
starch 10 g/L, CaGlx 2 H,O 1 g/L, MgSQ x 7 HO 1 g/L, NaNQ@ 80 mg/L and Na-Fe-
EDTA 8 mg/L at pH 7.2. The fermentor was addititypadupplemented with 0.1% of
Amberlite XAD-16 resin and 100 mg/L 1-docosanol.eTpH was regulated as described
above. After 10 days the resin was collected byisgein a process filter. The recovered
XAD resin containing residual cells (3.25 kg) waisred for 1 h in methanol (15 L) before
the organic solvent was passed through a celitg.fiThe organic solvent was evaporated and
the water was extracted with ethyl acetate to y2ld5 g of crude extract, which was
dissolved in methanol and partitioned between nmethand n-heptane to remove 8.7 g
lipophilic by-products. The methanol layer yield&d.1 g after evaporation. The methanol
extract was separated by silica gel chromatogrépl®/L silica gel 60 (Merck)) and stepwise
eluted with DCM (2 L), DCM + 10% methanol (2.5 Lhca DCM + 20% methanol.
Sulfangolid D 25d) eluted in the last fraction to give 1.6 g of des after evaporation. The
extract was further purified by silica gel MPLCtiwo batches [column 50070 mm HD-Sil
18-20-60, MeOH/HO (85/15) supplemented with 50 mM/L M&t, FR = 8 mL/min, UV
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detection 365 nm]. Sulfangolid 2%a was recovered & = 105 min (yield 566 mg) and
Sulfangolid D 25d) atR; = 210 min (yield 281 mg) as ammonium salts.

Sulfangolid D 25d): yellowish oil; TLC: DCM/MeOH (85/15)R; = 0.27; NMR data’H 300
MHz, °C 75 MHz, CROD): Table 18; UV/Vis (methanol)max (Ig €) = 237 (3.954), 339 nm
(5.741); IR (KBr):v = 3447 (b, s), 2959 (s), 2935 (s), 1704 (s), 184), 1597 (s), 1457 (m),
1256 (s), 1227 (s), 1165 (m), 1124 (m), 1079 (rO}5L(m), 1008 (s), 980 (m), 922 (m) ¢m
HRESIMSnV/z calcd. for GgHs30,10S 677.3365, found 677.3343.

4.4.5 Fermentation of So ce757 for the Production Kinetigs of Sulfangolid C (25c)

Sorangium cellulosum strain So ce757 inoculated a 70 L fermentor aC360ntaining the
following medium: starch 10 g/L, soybean meal 2,gkim milk 2 g/L, glycerine (87%) 1
g/L, CaCh x 2 HO 1 g/L, MgSQ x 7 HO 1 g/L, glucose x 2 #D 0.5 g/L, Na-Fe-EDTA 8
mg/L at pH 7.8, supplemented with 1% Amberlite XAB- The pH was regulated between
pH 7.0 and 7.8. A sample of about 100 mL culturs v&ken on day 2, 4, 6, 7, 8 and 9, the
glucose concentration of the supernatant was tesitdd Diabur-Test 5000 (Roche), the
XAD-16 was eluted twice with methanol and twicelwécetone. The organic layers of each
sample were combined and the solvent evaporatesl rdsidue was concentrated 1:100 and
analysed for the sulfangolid @50 concentration by HPLC. The XAD-resin was harveste
on day 9 of cultivation.
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4.4.6 Biosynthetic Studies of Sulfangolid C (25c) by Fe@uly Experiments

Sorangium cellulosum strain So ce757 producing 19 mg/L sulfangolid26d was used in the
feeding experiments with the following medium: starlO g/L, soybean meal 2 g/L, milk
powder 2 g/L, glycerine 87% 1 g/L, Cag€R H,O 1 g/L, MgSQ x 7 HO 1 g/L, glucose x
H,O 0.5 g/L, Na-Fe-EDTA 8 mg/L at pH 7.8 and AmberIXKAD 16 resin 10 g/L. For the
3C-labelled acetate and [f-leucine 4 Erlenmeyer flasks with 350 mL mediund aor
propionate a 700 mL culture were provided. As th&irs grew in lumps, start of the
cultivation with an exact inoculum was not possibiternatively, the kinetic of the
production was correlated with the glucose contérihe medium. Feeding was started with
the beginning of the production at a glucose cotmagan of 0.25%. During 4 days the
precursors were added in equal portions with d ineount of 252 mg [13C]-sodium acetate
(99%), 251 mg of [2°C-Ds]-sodium acetate (99%, 98%), 250 mg [}@]-sodium acetate
(99%), 504 mg [1C]-sodium propionate (97%) (Cambridge Isotope Latmies) and 253
mg [Dig]-leucine (98%, Campro Scientific, under the adaaitiof HCI). The XAD resin of
each culture was harvested after starch and gluomsgumption by sieving and then eluted
with methanol and acetone. The extracts of eaclerempnt were combined and partitioned
between methanol amttheptane. The methanol layers were further puriigdRP-HPLC
[column 250%x21 mm, 1@m, Gg RP—Nucleodur 100-EC (Macherey-Nagel), solvent 59
H,O/ACN + 50 mM/L + 400uL/L acetic acid, solvent B: 5/95J/ACN + 10 mM/L + 80
uL/L acetic acid, gradient: 10% B in 60 min to 65%HMR = 20 mL/min, UV detection 287
nm] and3 was recovered atR = 45 min. After evaporation of the organic solvérg water
layers were extracted with ethyl acetate. Yields**C]-acetate labelle@5c 5.4 mg, [2}°C-
Dsl-acetate labelle®5c 2.6 mg, [1,25°C]-acetate labelle@5c 3.6 mg, [1}°C]-propionate
labelled25c 7.3 mg and [y]-leucine labelled?5c 9.5 mg. The summarized NMR data are
presented in Table 21. In addition, strain So ceWas transferred to an analogous but
sulfate-free medium and the sulfangolid Z5¢ production decreased from 19 mg/L to 2
mg/L after two passages.
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6 Appendix

6.1 Author’s Effort in Publication

Roimatacene, a Polyunsaturated Carboxylic Acid fronCystobacter ferrugineus Cb G35

WZ monitored the production of roimatacer&6)(during all fermentations, developed the
isolation strategie, as well as planed and cargetl all derivatization experiments. The
molecular modelling was done by R. Jansen, whiecthmplete structure elucidation and the
comparison of the modelling results were done by. Wize feeding experiments were done
by K. I. Mohr, while the isolation and analyses wiasie by WZ. The antimicrobial screening
was conducted by K. I. Mohr and the proliferati@says in the lab of Florenz Sasse. WZ

wrote the manuscript.
Six p-Hydroxyacetophenone Amides fronCystobacter ferrugineus Cb G35

The secondary metabolite production during fermeriawas monitored by WZ. The
isolation and the structure elucidation, as well pdanning and analysing the feeding

experiments were done by the author. WZ wrote theuscript.
Sulfangolids, Macrolide Sulfate Esters from Sorangim cellulosum

The fermentation of strain So ce666 (sulfangolid 3y cel92 (sulfangolid B) and So cel?2
(sulfangolid C) were done by H. Irschik. The ferrraion of So cel1375 was carried out by K.
Gerth. The isolation of sulfangolid B was done byJansen and of sulfangolid D by M.
Herrmann. The isolation of sulfangolid A and C &is ipresented here and in the manuscript
was planned by R. Jansen and carried out by Wagdihie Diploma Thesis. The verification
of the proposed structures2Bad by NMR data and the presented NMR tables were dgne
the author. The relative configuration was doneVw¥ and extensively discussed with R.
Jansen. The molecular modelling was done by R.edanBhe feeding experiments were

carried out and analysed by WZ. The manuscriptwrésen by WZ.
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6.2 Spectra

6.2.1 Spectra of Roimatacene (26)
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Spectrum 1: UV spectrum of roimatace@é)(in methanol ¢ = 0.5 mg/100 mL).
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Spectrum 2:  *H NMR spectrum of roimatacen2€) (*H 600MHz,*C 150 MHz, [Q]DMSO).
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13C-roimatacene.esp DMSO-d6
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Spectrum 3:  *C NMR spectrum of roimatacen26) (*H 600MHz,"*C 150 MHz, [Q]DMSO).
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Spectrum 5:  °C DEPT NMR spectrum of roimatacer26) (*H 600MHz,**C 150 MHz, [QJDMSO).
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Spectrum 6:  'H,"3C HMQC NMR spectrum of roimatacen2gf (‘H 600MHz,**C 150 MHz, [QR]DMSO).
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Spectrum 11: °C DEPT NMR spectrum of roimatacen®6) after H/D exchange C 150 MHz,
[D6]DMSO).
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Spectrum 12: °C DEPT NMR spectrum of roimatacen®6) after H/D exchange C 150 MHz,
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6.2.2 Spectra ofp-Hydroxyacetophenones (34a-f)
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Spectrum 17: UV spectrum @thydroxyacetophenoniso-butanamide 348 in methanol ¢ = 0.5 mg/100
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Spectrum 18: UV spectrum pfhydroxyethenphenyilso-butanamide34d) in methanol ¢ = 1 mg/100mL).
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Spectrum 21:  *C NMR spectrum op-hydroxyacetophenoriso-butanamide34a) (**C 100 MHz, CROD).
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Spectrum 23:  'H,"*C HMQC NMR spectrum op-hydroxyacetophenorigo-butanamide 34a) (*H 400 MHz,
3C 100 MHz, CROD).
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Spectrum 24:  *H,'H COSY NMR spectrum op-hydroxyacetophenoniso-butanamide 348 (*H 400 MHz,
¥C 100 MHz, CROD).
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Spectrum 28:

¥DEPT NMR spectrum of-hydroxyacetophenone-butanamide 34b) (*H 300 MHz,**C 75
MHz, CD;OD).
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Spectrum 29:  *H,**C HMQC NMR spectrum op-hydroxyacetophenone-butanamide 34b) (*H 300 MHz,
¥C 75 MHz, CROD).
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Spectrum 30:  'H,'H COSY NMR spectrum op-hydroxyacetophenone-butanamide 34b) (*H 300 MHz,
3¢ 75 MHz, CROD).
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Spectrum 31: 'H,"*C HMBC NMR spectrum op-hydroxyacetophenone-butanamide 34b) (*H 300 MHz,
13C 75 MHz, CROD).
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Spectrum 32:  'H NMR spectrum ofp-hydroxyacetophenone acetamid#¢) (*H 300 MHz, **C 75 MHz,
CD,OD).
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Spectrum 33:  °C NMR spectrum op-hydroxyacetophenone acetamid¢ (*H 300 MHz,**C 75 MHz,
CD,OD).
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Spectrum 34:  °C DEPT NMR spectrum of-hydroxyacetophenone acetamid¢) (*H 300 MHz,**C 75
MHz, CD;OD).
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Spectrum 35:  'H,*C HMQC NMR spectrum op-hydroxyacetophenone acetamid#¢ (*H 300 MHz,**C
75 MHz, CDOD).
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Spectrum 36:  'H,'H COSY NMR spectrum op-hydroxyacetophenone acetamid¢) (*H 300 MHz, *C
75 MHz, CDOD).

- 130 -



Appendix

HMBC-cb83.2-MICZ4637.014.001.2mm.esp

S ; L

T
|z
=
F1 Chemical Shift (ppm)

— =} o} E 19

80 15 70 65 6. 55 50 45 40 35 30 25 20
F2 Chemical Shift (spm)

Spectrum 37:  'H,*C HMBC NMR spectrum op-hydroxyacetophenone acetamid#d¢ (*H 300 MHz,**C
75 MHz, CDOD).
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Spectrum 38: 'H NMR spectrum ofp-hydroxyethenphenyiso-butanamide 34d) (*H 400 MHz, **C 100
MHz, CD;OD).
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Spectrum 39:  *C NMR spectrum ofp-hydroxyethenphenyiso-butanamide 34d) (*H 400 MHz, **C 100
MHz, CD;OD).
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Spectrum 40: °C DEPT NMR spectrum gb-hydroxyethenphenyilso-butanamide 34d) (*H 400 MHz,*C
100 MHz, CROD).
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Spectrum 41: 'H,"*C HMQC NMR spectrum op-hydroxyethenphenyilso-butanamide 34d) (*H 400 MHz,
3C 100 MHz, CROD).
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Spectrum 42:  'H,'H COSY NMR spectrum op-hydroxyethenphenyiso-butanamide 34d) (*H 400 MHz,
3C 100 MHz, CROD).
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Spectrum 43:  'H,"*C HMBC NMR spectrum op-hydroxyethenphenyilso-butanamide 34d) (*H 400 MHz,
3C 100 MHz, CROD).
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Spectrum 44: 'H NMR spectrum ofp-hydroxyacetophenonéso-pentanamide 348 (*H 600 MHz, °C
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Spectrum 45:  °C NMR spectrum ofp-hydroxyacetophenonéso-pentanamide 348 (*H 600 MHz, *C
150 MHz, CQROD).
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Spectrum 46:  °*C DEPT NMR spectrum op-hydroxyacetophenoniso-pentanamide 346 (*H 600 MHz,
13C 150 MHz, CROD).
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Spectrum 47:  'H,*C HMQC NMR spectrum ofp-hydroxyacetophenonéso-pentanamide 346 (*H 600
MHz, **C 150 MHz, CROD).
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Spectrum 48:  'H,"H COSY NMR spectrum gb-hydroxyacetophenoniso-pentanamide34e (*H 600 MHz,
13C 150 MHz, CROD).
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Spectrum 49: 'H,*C HMBC NMR spectrum ofp-hydroxyacetophenonéso-pentanamide 346 (*H 600
MHz, *C 150 MHz, CRQOD).
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Spectrum 50: 'H NMR spectrum ofp-hydroxyacetophenone-pentanamide 34f) (*H 600 MHz, **C 150
MHz, CD;OD).
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Spectrum 51:  °C NMR spectrum op-hydroxyacetophenone-pentanamide 34f) (*H 600 MHz, **C 150
MHz, CD;OD).
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Spectrum 53:  *H,**C HMQC NMR spectrum op-hydroxyacetophenone-pentanamide34f) (*H 600 MHz,
13C 150 MHz, CROD).
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Spectrum 54: 'H,'H COSY NMR spectrum op-hydroxyacetophenone-pentanamide34f) (*H 600 MHz,
3C 150 MHz, CROD).
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Spectrum 55:  'H,"*C HMBC NMR spectrum op-hydroxyacetophenone-pentanamide34f) (*H 600 MHz,
13C 150 MHz, CROD).
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Spectrum 56:  Comparison 0 NMR signals of34a unlabeled (above) and®C,*N]-tyrosine labelled
(below) (H 600 MHz, TFE/HO).
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Spectrum 57:  °C NMR spectrum of fC,,**N]- tyrosine labelle®4a (**C 75.5 MHz, CROD).
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Spectrum 58: 'H NMR spectrum of [B]-leucine labelleB4ain the crude extractl 300 MHz, CROD).
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Spectrum 59: UV and HRESIMS spectrum ofBeucine labelleB4a

0.00

- 148 -



Appendix

3%0 SA‘IO 3§0 y\lave\englh an]
UV, 7.3-7.5min #(2160-2221),

Intens
[mAU]
600

400 \\/ /"\ \
200 \_//

”“5"95 18152.2761 +MS, 7.4-7.6min #(818-833)|
x10°]

160.64350941
107 160.0968

051 153.0691

0.0 i e | 1540721 159.0937 le

150 152 154 156 158 160 miz

200 220 240 260 280 300 320 340 360 Wavelength [nm]
UV, 7.3-7.5min #(2160-2221)

Intens.
[mAU]
6004

400 \‘\\’ /\\ / AN
200+ \ P \\\

\ntengi
x10%]

+MS, 7.4-7.6min #(818-833)

1.00

0.759
244 1541 .
0.50] 245.1519
2371276

025

0.00

47 15002468.1667249.1652
238 1323739 1337240 1408341 1400 2431510 | 24611555‘2 | | |

236 238 240 242 244 26 248 miz

Spectrum 60: UV and HRESIMS spectrum8€},"°N]-tyrosine labelleB4a
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6.2.3 Spectra of Sulfangolids 25a-d
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Spectrum 61: UV-spectrum of sulfangolid 26@) in methanol (2 mg/100 mL).
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Spectrum 62: IR spectrum of sulfangolid A268) (KBr).
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Spectrum 63: UV spectrum of sulfangolid Z5¢) in methanol (2mg/100 mL).

~
¢
2670

3219

% Transmittance
S
|

72|

-
o
I
3421
2957

D
s

® 8
2931
1705

D
N
P RTINS A |

(o))
o

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm-1)

Spectrum 64: IR spectrum of sulfangolid @b¢) (KBr).
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Spectrum 66: IR spectrum from sulfangolid23q) (KBr).
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Spectrum 67:  'H NMR spectrum of sulfangolid A26a8) (600 MHz, [Q)DMSO).
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Spectrum 68:  'H NMR spectrum of sulfangolid A268) (600 MHz, [Q]DMSO after H/D exchange).
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Spectrum 72:  *H,"H COSY NMR spectrum of sulfangolid £%a (*H 600 MHz, [Q]DMSO).
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Spectrum 73:  'H,®C HSQC NMR spectrum of sulfangolid A2%8) (*H 600 MHz, *C 150 MHz,
[Dg]DMSO).
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Spectrum 74:  'H,*C HMBC NMR spectrum of sulfangolid A268 (*H 600 MHz, *C 150 MHz,
[Dg]DMSO).
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Spectrum 77: *H NMR spectrum of sulfangolid B26b) from 9.0 to 4.5 ppm*d 600 MHz, CQOD).

Spectrum 78:  'H NMR spectrum of sulfangolid B26b) 4.0 to 0.0 ppm'd 600 MHz, CROD).
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Spectrum 79:  *C NMR spectrum of sulfangolid B6b) (*C 150 MHz, CROD).
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Spectrum 80:  *C- DEPT spectrum of sulfangolid B%b) (150 MHz, CRQOD).

- 162 -



Appendix

Earruct Dmbs Parassions
AEERGES

i
i

= Apminitiee Furesetern

(o
LL]

i
a0 o
473,54 He
G, 0 He
A, 1TEEE HI
R L D
AT i

aEEEv:i?EiEsaga Egi

- a1

Fi - demudndidon carsseters
a

o 178, T pos
L] ABE BT i
HEp*T B esa b HL
™ Bz

Lo

m_® s . i o

I s | Lo FERERLN o
EN

D B B e i i

pan ? € L] -

¢
B.

Spectrum 81 Basic-HMQC spectrum of sulfangoli(2Bb) (*H 600 MHz,**C 150 MHz, CROD).
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Spectrum 82: 'H,'H COSY spectrum of sulfangolid B2%b) (*H 600 MHz, CROD).
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Spectrum 83:  'H,"*C HMBC of sulfangolid B 25b) (*H 600 MHz;**C 150 MHz,CD;0D).
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Spectrum 85:  *H NMR spectrum of sulfangolid @5¢) (*H 600 MHz, [JDMSO after H/D exchange).
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Spectrum 86:  *C NMR spectrum of sulfangolid @%¢) (**C 150 MHz, [R]DMSO).
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Spectrum 88:  'H,'H COSY NMR spectrum of sulfangolid C (25¢H(600 MHz, [QJDMSO after H/D-
exchange).
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