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Zusammenfassung 

Naturstoffe inspirieren fortwährend die Arzneistoffentwicklung, da sie zentrale 

Ausgangspunkte für die Strukturmodifikation und -optimierung darstellen. Daher ist die 

Entdeckung neuer Sekundärstoffe und ihrer biologischen Aktivität von zentraler Bedeutung, 

ebenso wie Studien zu entsprechenden Struktur-Wirkungsbeziehungen. Diese Arbeit zeigt, 

wie Präkursor-gesteuerte Biosynthese als universell einsetzbare Methode zur Untersuchung 

diverser Forschungsfragen eingesetzt werden kann. Die Derivatisierung der myxobakteriellen 

Naturstoffe Myxochelin B, Pseudochelin A, sowie Aurachin D gibt Einblicke in die natürliche 

Promiskuität der Biosynthesewege. Durch Zugabe von Benzoesäureanaloga in einem rekom- 

binanten Myxococcus xanthus Stamm, wurde die Produktion von Myxochelin B und 

Pseudochelin A gesteigert, sowie auch 14 Derivate dieser Naturstoffe erzeugt. Es wurde 

gezeigt, dass diese Produkte eine ähnliche oder bessere Bioaktivität bezüglich der humanen 

5-Lipoxygenasehemmung aufweisen als die zuvor getesteten Myxochelin A-Analoga. Auf 

diese Weise konnte das bisherige Wissen über ihre Struktur-Wirkungsbeziehungen erweitert 

werden. Zudem wurde Stigmatella erecta genutzt, um drei fluorierte Aurachin D Analoga zu 

generieren, welche eine vergleichbare antibiotische Potenz hatten wie die in der Natur 

gebildete Verbindung.  

Ferner wurde in zwei Modellstämmen eine Methode zur Wirkstoffsuche entwickelt und 

getestet, die auf dem biosynthetischen Einbau von nicht natürlich vorkommenden, 

acetylenischen Präkursoren in Naturstoffe, der anschließenden Derivatisierung durch Click 

Chemie und UV/VIS Visualisierung beruht. Untersuchungen an M. xanthus, aber auch an 

Ralstonia solanacearum zeigten, dass sich Aminosäuren als biosynthetische Bausteine nur 

selten durch Analoga mit acetylenischen Funktionen ersetzen lassen. Die Zufuhr von 

Fettsäuren mit terminaler Alkinylgruppe war jedoch erfolgreicher und einige wurden in 

quantitativen Ausbeuten inkorporiert. Dies gelang u.a. in der Biosynthese des Antibiotikums 

Micacocidin, in welcher ein 5-Hexinsäure-haltiges Derivat generiert werden konnte. Dagegen 

war der Ralsolamycin-Biosyntheseweg weniger tolerant gegenüber den Fettsäureanaloga, 

lieferte aber dennoch messbare Mengen der alkinylhaltigen Produkte. Dieser Einsatz als 

chemische Sonden lieferte Erkenntnisse über die möglichen Inkorporationsmöglichkeiten, 

zeigte jedoch auch die Grenzen der Derivatisierung von Rohextraktproben auf. 
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Abstract 

Natural products continuously inspire drug development as they represent key starting points 

for structural modification and optimization. Therefore, the discovery of new secondary 

metabolites and their biological activity is of vital importance, as are studies of corresponding 

structure-activity relationships. This work demonstrates how precursor-directed biosynthesis 

can be used as a universally applicable method to investigate diverse research questions.  

Derivatization of the myxobacterial natural products myxochelin B, pseudochelin A, as well as 

aurachin D provides insight into the natural promiscuity of biosynthetic pathways. Addition of 

benzoic acid analogs in a recombinant Myxococcus xanthus strain, increased the production 

of myxochelin B and pseudochelin A, and also generated 14 derivatives of these natural 

products. These compounds were shown to have similar or improved bioactivity with respect 

to human 5 lipoxygenase inhibition than the previously tested myxochelin A analogs. In this 

way, previous knowledge of their structure-activity relationships was expanded. Furthermore, 

Stigmatella erecta was used to generate three fluorinated aurachin D analogs that had 

equivalent antibiotic potency to the compound formed in nature.  

In addition, a drug discovery method based on the biosynthetic incorporation of non-naturally 

occurring acetylenic precursors into natural products, their subsequent derivatization by Click 

chemistry and UV/VIS visualization was developed and tested in two model strains. Studies on 

M. xanthus and Ralstonia solanacearum showed that amino acids as biosynthetic building 

blocks can rarely be replaced by analogs with acetylenic functions. However, the supply of 

fatty acids with terminal alkynyl groups was more successful and some were incorporated in 

quantitative yields. Among others, this was successful for the biosynthesis of the antibiotic 

micacocidin, in which case a 5-hexynoic acid-containing derivative could be generated. In 

contrast, the ralsolamycin biosynthetic pathway was less tolerant of the fatty acid analogs, 

but still yielded measurable amounts of the alkynyl-containing products. This application as 

chemical probes provided insights into the potential incorporation possibilities, but also 

demonstrated the limitations of derivatizing crude extract samples.  
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1 Introduction 

1.1 From ancient medicine to modern drug discovery  

Remedies from natural resources have a history of millennia. As humans tried to find cures in 

their environment, the earliest attempts to medicines were based on plant, fungal, animal and 

mineral products. Some of the oldest reports thereof are directly correlated with the founding 

of human civilization. As described in the Chinese culture, where the rather mythical figure 

Huang Ti, a founding father of the country, is associated with documentation of the 

“supposedly oldest medical book extant”, the Yellow Emperor’s Classic of Internal Medicine, 

dated circa 2600 B.C.1 Deeply rooted therein are the principles of Traditional Chinese Medicine 

(TCM) which is still in use today and inspired also the Japanese Kampo medicine.2 Likewise, 

the first cuneiform texts from Assur in ancient Mesopotamia, dating back to around 1300 B.C., 

include a collection of about 340 different plants, animal parts but also details on dosage 

forms to facilitate pharmaceutical application.3 The Ebers Papyrus, which originates from 

ancient Egypt (ca 1500 B.C.), contains detailed recipes based e.g. on castor oil seeds or 

pomegranate roots. It inspired the greater medical development in the region, reaching to 

ancient Greece and the Arabic world where it laid the foundation for today’s Western medical 

sciences.4,5  

Different cultures established their own treatment options, but until the 19th century 

predominantly extracts, and compound mixtures were in use. The isolation and 

characterization of morphine from opium by Sertürner 1805 – 18176,7 eventually led to a 

dogma change, as it showed that isolated compounds carry the biological activity and can be 

used with improved dosing quality.8 In the following years more and more compounds of 

biological origin were introduced to the field of medicine, from atropine9 and ephedrine10 to 

salicylic acid.11 With the discovery of penicillin in 1928 by Alexander Fleming,12 

microorganisms were recognized as a new source of natural products. What had started with 

the discovery of the naturally produced antibiotic, did not only open the century of antibiotic 

discovery, but soon expanded into the much broader field of compound sourcing from 

microbes. The bacterial and fungal sources allowed targeted, relatively fast cultivation and 

preparation of crude material. Large scale screening by pharmaceutical companies and 
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research facilities enabled the discovery of a great variety of compounds with broad 

applicability.13 With the emergence of DNA sequencing methods in 197714 another epoque in 

drug discovery was entered. Correlation of genetic information with the chemistry of natural 

product compounds allowed targeted analysis and mining of genome sequences with 

biotechnological means that continues to be the gold standard until today.  

1.2 Natural products diversity in structures and activities 

Natural products are nowadays found in almost every aspect of daily life, from cleaning 

compounds or pesticides to food supplements and medicines. They stand out through 

remarkable structural diversity and yet specific stereochemistry (Figure 1.1), with their size 

ranging from small molecules like salicylic acid to large peptides as polytheonamides,15 but 

even more in their chemical constitution. While biomolecules like proteins, DNA, 

carbohydrates and lipids are mainly composed of carbon, oxygen, hydrogen, phosphor and 

sulfur, many natural products also include rare atoms like halogens16–18 or boron.19 Their 

chemical scaffolds may resemble those of abundant biomolecules but diverge frequently from 

their conserved patterns. In peptides, not only proteinogenic, but also a variety of non-

proteinogenic amino acids can be incorporated20,21 and peptide bonds may be found altered 

towards thioamides.22 Occasionally, high degrees of unsaturation can be observed as a 

sequence of conjugated double bonds in myxochromides23 or in the enediynes (e.g. 

calichemicin γ1
I), where two triple bonds surround a double bond towards a highly reactive 

structural assemblage (Figure 1.1).24 Reactivities and thus bioactivities are often introduced 

through different ring sizes from the smaller epoxide, cyclopropyl or beta-lactame moieties 

found respectively in toblerols25 or penicillins,26 with their characteristic ring strain and 

resulting reactivity, through 7- or 8-membered cycles represented in anthramycin27 or 

paclitaxel,28 up to macrolactones in macrolide antibiotics.29 While some cyclic molecules 

feature planar aromatic structures, such as doxorubicin,30 intramolecular crosslinks add 

spatial properties that extend the complexity to the third dimension, as exemplified by 

cittilin31 or the glycopeptide vancomycin.32 In some cases these bond formations lock the 

molecules in a particular manner, conferring rigid conformations for example to lassopeptides 

as microcin J25,33 or di-naphthylisoquinoline mbandakamine A. In the latter, connection of the 

two subunits introduces additionally stereochemical hindrance, but also the antiprotozoal 
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activity.34 Many compounds combine different structural elements, when e.g. fatty acids are 

merged with amino acids to form lipopeptides35 or the  macrolide  antibiotics  consisting  of  a  

 

Figure 1.1 Natural products bearing diverse chemical features. 
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macrolactone backbone decorated with (amino-)sugar features.36 In essence, all these 

chemical modifications contribute to the richness of structural diversity found in natural 

products. 

These chemical features also come along with a wide range of biological activities that inspired 

drug innovation in the past century. Analysis of all small molecule drugs licensed since 1981 

shows that one third of them are natural products, their derivatives, or mixtures thereof, while 

another third contains natural product-inspired pharmacophores or scaffolds. Only one third 

of all drugs can be ascribed to purely synthetic compounds.37 Conversely, these findings also 

demonstrate that natural products are rarely used in their original form, but predominantly 

serve as templates in drug development. Modifications on natural products result in enhanced 

activity, adequate therapeutic windows or improved bioavailability.38 Biological activities of 

natural products are manifold, ranging from antibacterial, antifungal, antiviral or antiparasitic 

properties that might be associated with their ecological function to antineoplastic, 

antidiabetic, or antiinflammatory effects and beyond. Nature-inspired structures are 

particularly eminent in antibacterial and antiparasitic drugs and play a major role as anti-

cancer agents.37 In this context it is noteworthy, that the ecological roles of these compounds 

are often not known39 and thus not always coherent with their medical indications. 

Traditionally, natural products are categorized into primary and secondary metabolites. The 

primary metabolites are deemed essential for an organism as they play key roles in growth, 

energy generation or reproduction. Their biosynthetic pathways are in general highly 

conserved, even across the three domains of life.37,40 In contrast, secondary metabolites are 

considered nonvital. They give advantageous properties to the producer or its community,39 

e.g. the production of antibiotics to kill competing species,41 quorum sensing molecules that 

allow intra-species communication and coordination,42 or siderophores that facilitate iron 

uptake.43 Their occurrence varies greatly among different species and not all products are 

produced at all times, but only as a reaction to certain events as limited nutrient supply, 

physical stress or as response to competitors.44 

The term natural products is often used congruently with secondary metabolites although 

biosynthetic origin of various compounds demonstrates, that primary and secondary 

metabolism are both closely interconnected and cannot be strictly distinguished. Steroids or 
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carotenoids for example function as essential as well as optional compounds.45 While it is 

often stated that natural products are evolutionary optimized towards improved biological 

functions,46 this definition was challenged with a broader model including the Screening 

Hypothesis. Therein, the evolutionary advantage through single compounds was considered 

weak, but the fitness advantage of a certain organism was rather correlated with the unique 

chemical mix it presents in its portfolio. The diversity of produced compounds is facilitated by 

the promiscuity of the enzymes involved, accepting a variety of substrates, and generating an 

assorted palette of metabolites, among which some may possess advantageous properties.45  

In this thesis, the term secondary metabolites will be used according to the traditional 

definition, though taking into consideration the limitations thereof as discussed above. The 

most objective categorization of natural products can be applied according to their 

biosynthetic origin and the most prominent classes will be introduced in the following. 

1.3 Classes of natural products  

Natural products can be classified according to their biosynthetic origin. The four most 

common biosynthetic classes are ribosomally synthesized and post-translationally modified 

peptides (RiPPs), non-ribosomal peptides (NRPs), polyketides (PKs), and terpenes. The three 

former are most relevant to this thesis and introduced in the following.  

1.3.1 Ribosomally synthesized and post-translationally modified peptides  

The text in this paragraph was taken with minor modifications from publication [C] of the 

author: 

“RiPPs are made from proteinogenic amino acids, but due to extensive post-translational 

modifications these molecules exhibit unusual structural features that are not generally 

associated with ribosomal peptides. By definition, RiPPs are smaller than 10 kDa to distinguish 

them from post-translationally modified proteins.21 The preliminary primary structure of RiPPs 

is encoded by a structural gene and the transcribed mRNA is initially translated into a 

precursor peptide. In most cases this precursor peptide consists of an N-terminal leader 

peptide, followed by the core region and occasionally a C-terminal recognition sequence, 
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which is relevant for dissection and cyclization. The processing of the precursor peptide is 

initiated upon recognition of the leader peptide by biosynthetic enzymes, which carry out 

various structural modifications in the core region. Such modifications can include the 

formation of α-β-unsaturated amino acids through dehydration of serine or threonine 

residues, intramolecular cyclizations to thiazol(in)es or oxazol(in)es, S-adenosylmethionine 

(SAM)-dependent methylations, as well as head-to-tail (N-to-C) macrocyclization. Finally, 

proteolysis cleaves off the leader peptide and, if applicable, the C-terminal recognition 

sequence and releases the matured RiPP for consecutive export.21 An illustrative example for 

RiPP biosynthesis in a predatory bacterium is provided by cittilin A, which is produced by 

several Myxococcus xanthus strains.47 For the biosynthesis of this tetrapeptide (Figure 1.2), a 

leader and core peptide (encoded by one gene), a cytochrome P450 monooxygenase (P450) 

and a methyltransferase are sufficient. The core peptide, with its sequence Tyr-Ile-Tyr-Tyr 

undergoes two P450 catalyzed phenol coupling reactions to form a C-C as well as a C-O-C 

bridge  between  the  tyrosine  residues.  An  O-methylation  of  a phenolic  hydroxyl  moiety  

 

 

Figure 1.2 Biosynthetic route to cittilin A. 
“The two phenol coupling reactions are catalyzed by the P450 enzyme MXAN_0683, while the O-
methylation in the N-terminal tyrosine moiety is due to the SAM-dependent methyltransferase 
MXAN_0682.”49 
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completes the post-translational modifications.48 Cittilin biosynthesis exemplifies how a 

simple core structure of only four amino acids can be concisely transformed into a distinctive 

structural scaffold.”49 

1.3.2 Non-ribosomal peptides  

The text in this paragraph was taken with minor modifications from publication [C] of the 

author: 

“NRPs and also several PKs are produced by large enzyme complexes which operate in 

assembly line fashion.50,51 For this, non-ribosomal peptide synthetases (NRPSs) and polyketide 

synthases (PKSs) are organized into modules, each of which is responsible for the 

incorporation of a defined building block into the final product. The modules are composed of 

several domains with specific catalytic activities that are relevant for the assembly.  

In NRPs a peptide chain forms the structural backbone. It can feature proteinogenic as well as 

non-proteinogenic amino acids including D-isomers and β-amino acids. The minimum NRPS 

module consists of three domains. The adenylation (A) domain is responsible for the 

recognition and ATP-driven activation of the amino acid substrate, which is thereby acyl-

adenylated. Next, the A domain transfers the activated substrate to the phosphopantetheinyl 

side chain of the consecutive peptidyl carrier protein (PCP) domain where it is covalently 

attached through a thioester bond. This activated ester is targeted by the condensation (C) 

domain, which links the amino acid monomer with the peptidyl intermediate from the 

preceding module through an amide bond. Optional domains in NRPS modules can further 

perform reduction or oxidation steps, intramolecular cyclization (Cy), epimerization (E), 

methylation (MT) or dehydration and, thereby, increase the structural variety within the 

peptide products.20 In the terminal NRPS module, a thioesterase (TE) domain releases the 

product from the enzyme machinery, either by simple hydrolysis or by intramolecular 

macrocyclization. A noteworthy NRP, due to its potent antibacterial properties, is lysobactin 

which was discovered in Lysobacter sp. ATCC 53042.52,53 

The biosynthesis of this antibiotic (Figure 1.3) follows the co-linearity paradigm by which an 

NRPS with 11 modules codes for 11 amino acids to form an undecapeptide.54 In accordance 

with the module number and the predicted number of epimerizations, lysobactin is composed  
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Figure 1.3 “NRPS assembly line of lysobaction with tethered amino acid monomers. 
The loading of module 1 and the first extension reaction including the stereochemical inversion of the 
initially primed leucine moiety are shown in detail.“49 

of nine L- and two D-amino acids. Interestingly, the epimerizations that give rise to the 

D-leucine and D-arginine residues in lysobactin are not catalyzed by distinct E domains. 

Instead, these reactions are mediated by dual function C/E domains.54,55 The only dedicated E 
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domain of the lysobactin assembly line, which is present in module 8, was proposed to be 

responsible for the side-chain epimerization from L-threonine to L-allo-threonine. A rather 

unusual feature in NRPS systems is the presence of a tandem TE domain. In the case of 

lysobactin, it was demonstrated that only the N-terminal TE domain is needed for 

macrocyclization and subsequent product release, whereas the C-terminal TE domain has a 

proofreading function through the deacylation of misprimed PCPs.54”49 

1.3.3 Polyketides  

The text in this paragraph was taken with minor modifications from publication [C] of the 

author: 

“Similar to NRPSs, the majority of bacterial PKSs utilize thiotemplates for natural product 

biosynthesis, but their substrates are short-chain acyl-CoAs, such as malonyl-CoA or 

methylmalonyl-CoA.56 These simple activated C2 or C3 units are selected by the 

acyltransferase domain (AT) of a PKS module and immediately tethered to an adjacent acyl 

carrier protein (ACP) domain, which previously underwent phosphopantetheinylation. A 

β-ketoacylsynthase (KS) domain then catalyzes the linkage of the monomer building block with 

the growing acyl chain via decarboxylative thio-Claisen condensation. The resulting β-keto 

group in the reaction product can be further processed by optional ketoreductase (KR), 

dehydratase (DH) and enoylreductase (ER) domains. At the end of the assembly-line 

biosynthesis, a TE domain cleaves off the acyl chain from the enzyme complex either by 

hydrolysis or by regioselective macrocyclization. The latter offloading mechanism was also 

observed in the biosynthesis of the gulmirecins, which are produced by the predatory 

myxobacterium Pyxidicoccus fallax.36 Many PKs, including the gulmirecins, are further 

subjected to post-assembly line modifications, such as acylations and glycosylations. Overall, 

the assembly of gulmirecins represents almost a textbook example of modular PK 

biosynthesis, except that the AT domain for the activation of the starter unit is located in the 

first extension module and not in the loading module (Figure 1.4) Another peculiarity is the 

optional skipping of DH and ER domains, in the termination module, which was also described 

in the biosynthesis of the structurally related disciformycins.57”49 
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Figure 1.4 PKS assembly line and biosynthesis of gulmirecin A.  
The ACP domains are depicted with the growing acyl chain.49 

1.3.4 NRP-PK hybrid compounds 

The text in this paragraph was taken with minor modifications from publication [C] of the 

author: 

“In consideration of the similar construction mechanisms that are used by NRPSs and PKSs, it 

is no surprise that these two enzyme classes can also act in concert and, thereby, form mixed 

or hybrid assembly lines. All intermediates in NRP and modular PK biosynthesis are covalently 

bound to carrier proteins via thioester bonds, which guarantees a smooth transfer from a PKS 

to an NRPS module (or vice versa). Examples for secondary metabolites which derive from 

NRPS/PKS assembly lines are siphonazole and auriculamide (Figure 1.5), both of which were 

reported from predatory bacteria of the genus Herpetosiphon.58,59 Soon after the discovery of 

siphonazole, feeding studies with isotopically labeled precursors indicated its mixed 

biosynthetic origin.58 More recently, the biosynthetic gene cluster for the production of 

siphonazole was identified and the annotation of this locus revealed an assembly line 

consisting of 12 modules with a highly unusual domain architecture.60 In the case of 
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auriculamide, a retrobiosynthetic analysis was conducted to trace candidate NRPS and PKS 

genes for its production in the genome of H. aurantiacus.59 Subsequent biochemical analyses 

supported this assignment.61“49 

 

Figure 1.5 Structures of siphonazole and auriculamide.49 
 

1.3.5 Natural products highlighted in this thesis 

1.3.5.1 Myxochelin-type siderophores 

Myxochelins are catecholate siderophores isolated e.g. from the myxobacteria Myxococcus 

xanthus,47,62 Stigmatella aurantiaca63,64 or Pyxidicoccus fallax.65 They feature two catecholate 

units that are linked via amide bonds with L-lysine in its α and ε position. The structurally 

related pseudochelin A, produced by the marine γ-proteobacterium Pseudoalteromonas 

piscicida  possesses  a  characteristic   dihydroimidazole  moiety.66  Another  variation  of  the  

 

 

Figure 1.6 Compounds of the myxochelin family.  
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myxochelin scaffold is displayed by the hyalachelins, which originate from Hyalangium 

minutum. Here, one of the two catecholate unit is integrated into a substituted 1,2,3,4-

tetrahydroisoquinoline ring (Figure 1.6).67 

The assembly of myxochelin and pseudochelin building blocks starts with a compact NRPS 

system, composed of the three enzymes MxcE, MxcF, and MxcG. This system exhibits several 

deviations from the normal co-linearity model associated with NRPSs (Figure 1.7). While 

amino acids are typically channeled into NRPS systems, herein the aryl AMP ligase MxcE 

activates 2,3-dihydroxybenzoate and passes it onto the aryl carrier protein (ArCP) of MxcF. 

The enzyme MxcG tethers L-lysine in a similar manner to its PCP and presents the amino acid 

for two consecutive condensation reactions with MxcF-bound 2,3-diydroxybenzoate. MxcG 

lacks a thioesterase domain and applies a reductive mechanism for product release. The 

corresponding reaction is mediated by a C-terminal reductase domain (Red) and initially 

generates a myxochelin aldehyde intermediate. This reductase stands out through a double 

function, since it does not only release the assembled molecule from the NRPS enzyme 

complex, but also optionally catalyzes an additional reduction of the aldehyde, forming 

myxochelin A.68 In myxochelin-producing bacteria, which possess the transaminase MxcL, the 

aforementioned aldehyde may also be converted into myxochelin B.63,68  

Except for MxcE, MxcF and MscG, the myxochelin locus also encodes the enzymes for the 

biosynthesis of the aromatic precursor 2,3-dihydroxybenzoate. The 3-desoxy-D-arabino-

hepulosonat-7-phosphate (DAHP) synthase AroAA5 forms the homonymous early 

intermediate from phosphoenolpyruvate and erythrose-4-phosphate. DAHP is then further 

metabolized through shikimate to chorismate, which is converted by the isochorismate 

synthase MxcD into isochorismate. The latter is a substrate of the isochorismatase (IC) 

domain, which is exceptionally present in MxcF, cleaving off pyruvate, before MxcC finalizes 

2,3-dihydroxybenoic acid synthesis by dehydrogenation. Early in this pathway chorismate may 

also branch off towards anthranilate biosynthesis, providing an essential building block for 

tryptophan or aurachin biosynthesis.63 The aurachin biosynthesis is described in detail in 

chapter 1.3.5.2 of this thesis. AroAA5 appears thus as a key enzyme that directs the 

biosynthesis of different secondary metabolite precursor molecules. 
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Figure 1.7 Biosynthetic pathway to myxochelin A, B and pseudochelin A.  
The NRPS MxcG consists of a condensation (C), an adenylation (A), a peptidyl carrier protein (PCP), and 
a reductase (Red) domain. An intramolecular cyclization reaction of myxochelin B catalyzed by MxcM 
forms the dihydroimidazole moiety of pseudochelin A.63,68 

 

While the biosynthesis of myxochelins was well understood at the time when this PhD project 

started, enzymatic conversion towards pseudochelin A was only recently unraveled.62 

Comparison of the P. piscicida S2040 genome with known myxochelin biosynthetic gene 

clusters (BGCs) disclosed an additional gene present in the former. Thereupon, the 

amidohydrolase MxcM was identified as the key enzyme that enables pathway extension from 

myxochelin B to pseudochelin A. M. xanthus produces myxochelin B as the main siderophore 
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but is devoid of mxcM and, therefore, not capable to synthesize pseudochelin A. This 

myxobacterium was thus selected for experimental “pathway combineering” with MxcM. 

Plasmid-based expression of mxcM in M. xanthus FB triggered the production of 

pseudochelin A, as expected.62 The genetically engineered strain, M. xanthus pJK5, showed 

significant conversion of myxochelin B into pseudochelin A with an approximate rate of 50%. 

In vitro studies with the isolated His-tagged enzyme confirmed that MxcM is the responsible 

catalyst, which functions independent of co-factors and achieves similar turnover rates as 

observed in vivo.62 The biosynthetic origin of hyalachelins remains still elusive, though 

myxochelin B was suggested as an intermediate, extended by a phenylalanine, tyrosine or 

tryptophan moiety.67 

Myxochelins stand out through their anticancer and antiinflammatory properties. 

Myxochelin A inhibits colon-tumor cell invasion69 and was thus identified as a promising lead 

structure for drug development. The myxochelins further exhibit antileukemic and 

antiinflammatory bioactivities correlated with their inhibition of the human 5-lipoxygenase 

(5-LO) as demonstrated first by Schieferdecker et al. for myxochelin A and C.65 This key enzyme 

in the cascade from arachidonic acid to pro-inflammatory leukotriene A4 carries a non-heme 

iron as the central element in its active center. Due to their nature as catecholate 

siderophores, it was initially hypothesized that iron complexation might cause 5-LO inhibition, 

as shown e.g. for the known inhibitor zileuton.70 Testing a set of aryl-modified myxochelin A 

analogs for their iron chelating properties and likewise 5-LO inhibition indicated though that 

there is no correlation between these two features, but there must be another, yet to 

understand, mechanism.71 Pseudochelin A was previously tested negative in an anti-

inflammatory assay for inhibition of TNF-α production, as well as an anti-convulsive zebrafish 

model and antimicrobial bioactivity.66 Investigation of its activities towards 5-LO inhibition are 

subject of this thesis. Except for their siderophore functions, no outstanding bioactivities were 

reported for hyalachelins to date.67,72 

1.3.5.2 Aurachins  

The aurachins are a group of quinoline-derived natural products initially isolated from the 

myxobacteria Stigmatella aurantiaca Sg a1573 and Stigmatella erecta Pd e32,74 but later also 

discovered in actinomycete bacteria, as Rhodococcus sp.75 or Streptomyces sp.76,77 From the 
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genus Stigmatella 12 derivatives were reported, namely aurachin A – I, K, L and P. These 

quinolines vary in the positioning of their farnesyl side chain, in their oxygenation pattern and 

in the occurrence of additional ring systems (Figure 1.8).73,74  

 

 

Figure 1.8 Biosynthetic pathway to aurachins.  
The anthranilic acid building block is highlighted in blue.73,74,78–83  
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Biosynthetically, the aurachins originate from an unusual type II PKS system forming the core 

structure.78,79 First, anthranilate is activated and loaded by the anthraniloyl-CoA ligase AuaEII 

and the anthraniloyl-CoA:ACP acyltransferase AuaE.78 In comparison, both enzymes show a 

low sequence identity of 28% but their aryl binding sites exhibit high similarity and yet they 

catalyze two distinct reactions.79 While AuaEII forms the anthraniloyl-CoA thioester, AuaE is 

responsible for substrate transfer onto the acyl carrier protein AuaB.78,79 Afterwards AuaC and 

AuaD catalyze two successive decarboxylative Claisen condensations of the activated 

anthranilate with malonyl-CoA to produce 4-hydroxy-2-methylquinoline.78,79 During these 

reactions AuaB holds the substrate in place, while AuaC (KSα) and AuaD (KSβ) act as 

ketosynthase and chain length factor, respectively.78,79 The 4-hydroxy-2-methylquinoline 

intermediate is substrate of the prenyltransferase AuaA, which attaches a pyrophosphate-

activated farnesyl residue in position 3 of the quinoline core. The product represents the first 

aurachin derivative in the biosynthetic cascade and is known as aurachin D.82  

In the following, the oxidation by the Rieske [2Fe-2S] oxygenase AuaF introduces an N-hydroxy 

group forming aurachin C.83 The relocation of the isoprenoid side chain to position 4 is carried 

out by AuaG and AuaH and leads to aurachin B. Briefly, a 2,3-epoxidation by the FAD-

dependent oxidoreductase AuaG prepares for the following rearrangement, which was 

proposed to follow a semipinacol mechanism84 or retro-Wittig/Claissen reaction sequence,85 

prior to a final reduction by AuaH.84,85 Aurachin B can be further processed by the FAD-

dependent monooxygenase AuaJ and the putative steroid delta-isomerase AuaI. While first a 

2’-3’-epoxidation takes place, AuaI then facilitates epoxide opening through an intramolecular 

nucleophilic attack from OH-3, resulting in 3’-hydroxylation at the farnesyl, forming 

aurachin A.83  

Genomic analysis of S. aurantiaca Sg a15 showed that the aurachin biosynthesis genes are 

distributed on three different loci in the chromosome and therein, additional genes are 

located with yet unknown functionalities. Up to now, no genes with a putative role in aurachin 

E-L and P biosynthesis were identified. It is therefore assumed that these aurachins result from 

unspecific derivatization by housekeeping enzymes or spontaneous reactions.83 For aurachin 

E, a non-enzymatic synthesis was proposed, potentially resulting from artifact formation 

during isolation and purification.80,81 
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Promising bioactivities were reported early on for the aurachins, when these compounds were 

found to have antibacterial and antifungal effects. Unfortunately, however, these activities 

are accompanied by strong cytotoxicity, resulting from inhibition of the electron transport 

chain.86 Subsequent investigations revealed that the aurachins inhibit complexes I and III of 

the respiratory chain, as well as photosystem II and the cytochrome b6f complex.73,87–91  

Systematic structure-activity relationship (SAR) studies of aurachins mainly focused on the 

variation of the farnesyl side chain in aurachin D.92–94 While in vitro inhibition testing on 

respiratory complexes of Escherichia coli did not show any significant differences between 

aurachin D and analogs with truncated prenyl side chains,92 the antimicrobial and cytotoxic 

activities of the derivatives were clearly reduced,93,94 likely due to cellular uptake issues. 

Similar loss of bioactivity was reported for major expansion of the quinolone core by synthetic 

introduction of a 5,6-bound benzene or 6,7-methylenedioxy unit.93 Further SAR studies on the 

aurachins are subject of this thesis. 

1.4 Natural products from myxobacteria  

1.4.1 Chemical diversity found in myxobacteria  

Already since the discovery of the first myxobacteria by Thaxter at the end of the 19th century 

their peculiar lifestyle seized the attention of scientists.95,96 These bacteria are typically found 

in soil, on decaying wood or animal dung97 but occur also in marine environments98 and thus 

live under frequently changing, partly harsh ecological conditions. They cope with these 

circumstances as they can generate resistant forms as myxospores or corresponding fruiting 

bodies as part of a dynamic developmental cycle that allows them to adapt in periods of 

limited nutrient supply and other unfavorable settings.99 In addition, myxobacteria exhibit an 

exceptional collaborative behavior within a population, enabling coordinated swarming and 

gliding over surfaces that eventually facilitates a joint-effort predatory strategy observed in a 

range of myxobacterial families.99 This tactic is often referred to as “wolf pack predation”, 

since the members of a swarm collaborate to attack and kill other bacteria, similar to the 

coordinated and cooperative hunting observed in wolves.42,100,101  



Introduction 

18 

While behavioral observations dominated the early research questions on myxobacteria, it 

was soon hypothesized that the hunting and lysis of prey may be related to production of lytic 

enzymes as well as antibiotics102 and an increased interest in the chemistry of bacterial 

predation emerged. In 1973 the first antibacterial compound, named antibiotic TA, was 

isolated from a M. xanthus strain and biologically characterized. However, the complete 

chemical structure remained elusive102,103 until 10 years later it was proposed to be identical 

with myxovirescin A1 from Myxococcus virescens.104,105   

With growing knowledge about suitable cultivation conditions, an increasing number of 

compounds with diverse bioactivities were discovered in the following years.102,106–108 Today, 

myxobacteria are among the most promising sources of natural products in the bacterial 

world. In 2010 Bérdy reported an estimated total of 17900 bacterial bioactive metabolites, of 

which 3.5% originate from the Myxococcales. While it is noteworthy that other groups as 

actinobacteria or cyanobacteria made up the largest fractions with 76.5% and 7.2%, 

respectively, it must be considered that all other identified producers together amount to as 

little as 12.7%. Thus, the 635 myxobacterial compounds counted in the respective study stand 

out as the third largest contribution to the bacterial chemical diversity.109 While the precise 

number of derivatives varies in literature, there are certainly over 100 different core 

structures found exclusively in myxobacteria to date.107,108,110 Therein, all major classes of 

compounds are represented, ranging from NRPs, PKs, NRP-PK hybrids and terpenes to 

RiPPs.107,111 Further, they include unclassified types as the phenylpyrrole pyrrolnitrin,16 the 

polyene ethers maracin and maracen,18 or the acyloin-type soraphinols.112 They display 

chemical features rarely found in other bacterial producers, as e.g. beta-methoxyacrylates 

found in cyrmenin113 or myxothiazol,114 as well as true steroid compounds.115–117 Further, they 

employ unusual precursors in their biosynthetic machineries, including branched-chain acids 

like isovalerate, iso- or 2-methyl butyrate units derived from amino acids like leucine, valine 

or isoleucine, but also benzoate or cinnamate starter units, which are usually found in plants 

or cyanobacterial biosyntheses116 (Figure 1.9). 
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Figure 1.9 Natural products from myxobacteria. 

 

1.4.2 Biosynthetic potential of myxobacteria and genome mining approaches 

Success in identification of new secondary metabolites was greatly enhanced by the increasing 

availability and quality of genome sequencing data. Already in the 1970s and 80s the first 

biosynthetic genes were characterized in Streptomyces spp., leading to a growing 

understanding of the functionality of biosynthetic processes and their genetic 

fundamentals.118 The gene cluster coding for the polyketide soraphen A was the first one 

identified from a myxobacterium in 1995.119 The corresponding locus was found by homology 

searches against Streptomyces violaceruber. This was until 1999 the only completed PKS 

cluster from myxobacteria. At the same time, in 1995, the NRPS cluster for saframycin Mx1 

biosynthesis was discovered in M. xanthus Mx x48 and DM504 and characterized over the 

following decade.120–122  

In 1995, another major breakthrough was reported with the publication of the first complete 

bacterial genome from Haemophilus influenzae.123 Another 10 years later, sequencing of the 

first closed myxobacterial genome was accomplished, as the rather unusual 

Anaeromyxobacter dehalogans 2CP-C dataset was published by the U.S. Department of 

Energy Joint Genome Institute (DOE JGI) in 2006, with a size of 5 Mb.124 In the same year The 

Institute for Genomic Research (TIGR) completed sequencing of the significantly larger 9 Mb 
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genome of the myxobacterial model strain M. xanthus DK1622.123,125 With the rise of next 

generation sequencing techniques, increased affordability and thus accessibility, many more 

myxobacterial strains were sequenced and analyzed. 

At the time of writing this thesis, the National Center for Biotechnology Information (NCBI) 

GenBank hosts 34 complete myxobacterial genome entries. The myxobacterial genomes vary 

significantly in size. While the chromsome of A. dehalogans is comparably small, with about 

the size of an Escherichia coli chromosome, the other myxobacterial chromosomes range from 

around 9 Mb in the Cystobacterineae125,126 or 12 Mb in Nannocystineae,127 to 16 Mb in 

representatives of the Sorangineae.128  

The availability of fully sequenced genomes builds a valuable resource for various analyses 

addressing the evolution of genomes or the genes involved in signal transduction, fruiting 

body formation123 or predation.129 The field of natural products benefits particularly from the 

availability of this data, since it allows to uncover the hidden biosynthetic potential of the 

strains, which was previously not accessible through purely chemical approaches. They enable 

innovative methods for “genome mining”, aiming at correlation of molecules with their 

biosynthetic origins by assigning gene clusters to the respective compounds and genes and 

respective enzymes to distinct chemical moieties in the final metabolite. Conversely, analysis 

of DNA sequences allows prediction of the metabolic products, even if the encoded 

compounds are unknown. These applications range from pure bioinformatics in silico tools 

towards automated analyses for identification of genetic elements as well as their functional 

annotation, to applications combining genome data with chemical or analytical elements.51 

Their success is driven by the growing knowledge about the architecture of the enzyme 

machineries and the respective genetic elements involved, as the experimentally proven 

datasets enable and support predictions. 

Classical genome analyses rely on homology searches against core enzymes involved in the 

assembly of secondary metabolites as PKs, NRPs, RiPPs or terpenes. These biosynthesis 

enzymes show a high degree of conservation in their amino acid sequences, which is 

harnessed to screen genetic libraries for homologues and thus identify further candidate 

enzymes and gene clusters surrounding the detected anchor element.118 In PKSs, the AT or KS 

and in NRPSs the C or A domains make suitable probes.51 Additionally, in the AT domains of 
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PKSs, the conserved GHSxGE motif allows prediction of the substrate specificity130 and for 

A domains in bacterial NPRSs the Stachelhaus code describes the patterns that determine 

amino acid specificity.131 For terpene clusters known terpene synthases and cyclases can serve 

as genetic probes. In RiPP mining, class-specific enzymes are used, as for example LanM 

dehydratases or ATP-dependent cysteine proteases for lanthipeptides or lasso peptides, 

respectively.132 Besides conserved regions there are though many exceptions found that limit 

pure homology-based computational predictions and impose the necessity of complementary 

experimental data. For examples some domains exhibit loose substrate specificity, allowing 

the introduction of different building blocks and thus creation of derivatives. Specific modules 

may also deviate from the co-linearity observed in “classical” type I PKSs or NRPSs and rather 

function in an iterative fashion which hampers predictions, a phenomenon often observed in 

myxobacteria,133 e.g. in the biosyntheses of alkylpyrones134 or flaviolin.135 Recent review 

articles even concluded that only a minority of pathways follows the simple, predictive logic 

and the majority require experimental analysis.136–139 Moreover, the sequences of some 

enzymatic sites catalyzing additional tailoring reactions on the core molecule as 

macrolactonization, glycosylation and hydroxylations do not suffice for reliable predictions 

yet.137 

By now a representative collection of myxobacterial gene clusters were identified and 

characterized.133 As earlier exemplified for saframycin Mx1, soraphen A and others,133 initial 

research efforts focused on the identification of clusters corresponding to known compounds, 

laying a solid foundation for the more challenging task to identify unknown compounds based 

on genetic information, facilitated by the biochemical precedencies and examples studied. 

Thereby, the combination of sequencing and chemical data led to success in the identification 

of a range of compounds.  

Among the most prominent examples for a combined effort of bioinformatics and chemistry 

is the discovery of the polyene salinilactam A from the marine streptomycete Salinispora 

tropica CNB-440.140 A primary genome screening revealed the plurality and diversity of natural 

products gene clusters encoded, although the draft genome could initially not be fully 

assembled. The uncharacterized slm biosynthetic gene cluster got into focus of detailed 

investigation and revealed a 10-module PKS system that was predicted to code for a polyene 
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macrolactam compound. Chemical analysis of the UV chromatogram identified peaks with 

characteristic absorption spectra associated with such conjugated double bond systems, 

guiding the isolation of salinilactam A. The structure elucidation was hindered by fast 

compound degradation and interpretation of NMR analyses constrained by signal overlay 

resulting from the repetitive polyene part of the molecule. Therefore, the exact composition 

of the molecule remained initially unclear. By the logic of the co-linearity rule, the domain 

analysis of the PKS system focused on the reductase functionalities, guided an in silico 

prediction of a hypothetical structure that was eventually verified by complementary NMR 

experiments. In course of this endeavor the biosynthetic gene cluster (BGC) was also 

assembled and the difficulties around repetitiveness were circumvented by the information 

provided by the chemical structure. In this particular case, closure of the BGC also facilitated 

completion of the genome assembly based on the interdependent trinity of bioinformatic 

analysis of the cluster, theoretical product prediction and chemical analyses.140 

Limitations to such predictions were for example described in course of discovering the 

myxochromide derivatives S1-3 from Stigmatella aurantiaca DW4/3-1. Analysis of their 

NRPS/PKS hybrid gene cluster disclosed the presence of only one PKS module. Its targeted 

knock-out readily abolished three peaks in the UV chromatogram with global maxima at 420, 

406 and 424 nm. Their similar UV absorption profiles indicated that these three belong to the 

same group of compounds and the presence of a larger conjugated system therein, appearing 

as a polyunsaturated side chain. Detailed analysis disclosed the iterative type I PKS nature of 

the module, including a complete reductive loop composed of a KR, DH and an ER domain, 

though the latter appears to be inactive. The repetitive chain elongation alternates between 

8 or 9 cycles and it can accept likewise acetate as well as propionate starter units, leading to 

the three derivatives S1-3. These findings are further complicated by an additional module 

skipping in the NRPS part of the biosynthesis, yet the compounds show the same peptide core 

and variations appear only in the polyene tail. Overall, the structure of these myxochromides 

would not have been reliably predictable solely from the genetic information, but chemical 

analysis proved to be indispensable to identify iterations and flexibility in precursor 

selection.141 
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This example also applied deuterium-labelled precursor feeding to verify the origin of 

biosynthetic building blocks. In modified version, this method can also help to identify 

compounds in a mixture or crude extract. In case the genetic information allows prediction of 

the substrate specificity, targeted feeding and comparative analysis may be key to connect 

genetic information to the chemical counterpart. This can be conclusive in GC-/LC-MS set-ups 

where a specific mass shift is expected, and likewise in NMR experiments where NMR-active 

cores may be introduced and enriched (e.g. 13C/15N) or abolished through an exchange of 1H 

with 2D. In the discovery of 2-hydroxysorangiadenosine from Vitiosangium cumulatum, 

likewise combined chemical and genetic efforts were exerted. Upon compound isolation and 

structure elucidation of the sesquiterpene-nucleoside, the biosynthetic origin from adenosine 

and leucine was unraveled through feeding of labelled building blocks. Sequencing confirmed 

genes coding for the underlying precursor-supply pathway and the respective gene cluster 

found through homology search for terpene and diterpene cyclases.142  

A number of myxobacterial compounds were discovered by an approach combining 

mutagenesis and metabolic profiling, in which postulated biosynthetic pathways were 

disrupted by targeted gene knockout. A comparison of the metabolic profiles from mutant 

and wildtype strain through HPLC-UV/VIS or -MS detection then led to the identification of 

peaks associated with the targeted pathway. This approach is still a gold standard for straight-

forward correlation of a postulated genetic origin to a corresponding compound, resulting e.g. 

in the discovery of the PKS-NRPS clusters of rhizopodin in S. aurantica,143 macyranones in 

Cystobacter fuscus,144 or the RiPP genes of crocagins in Chondromyces crocatus.145 In all these 

cases, the genetic and chemical methods go hand-in-hand with each other. The NRP 

myxoprincomide is even named after the principal component analysis (PCA) used to identify 

this compound, by a combination of targeted mutagenesis with LC-HRMS screening of extracts 

and statistical analysis thereof.146  

Another approach is used in mining based on resistance genes. BGCs may often not only 

include or neighbor the genes relevant for production of the encoded compounds, but also 

regulatory elements, transporters or resistance mechanisms as degrading enzymes or 

modified target proteins.118 This logic was applied e.g. in a self-resistance guided search for 

topoisomerase inhibitors in Pyxidicoccus fallax. Knowing that the gene product may function 
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as an antibiotic itself, the producing strain must carry an inherent detoxifying mechanism as 

self-protection. Targeted search for the resistance-conferring pentapeptide repeat protein 

(PRP) genes in the genome of P. fallax led to the discovery of a BGC. Its heterologous 

expression yielded pyxidicyclines that had indeed the predicted antibiotic activity.147 Similarly, 

a group of alkylpyrones was identified from M. xanthus.134 Alternatively, the search may also 

follow a target-based strategy, where additional copies of housekeeping genes in close 

proximity of BGCs may identify these as a potential target of the encoded secondary 

metabolite. The encoded homologous protein may represent a variation that prevents self-

inhibition, while the essential function is maintained. The discovery of the thiotetronic acid 

BGC guided by a fatty acid synthase analog may serve as an example for a target-based 

strategy.148 Regulatory elements are often associated with BGCs, connecting them with 

primary metabolism or external stimuli, such as the availability of trace metals. Variation of 

such related specific parameters were harnessed for example to access siderophores that 

were silent under laboratory cultivation conditions or to increase production yields in the 

native producer. Metabolic profiling of a Massilia sp. under iron-limited as well as iron-

saturated conditions yielded massiliachelin as a new siderophore.149 Since the genetic 

background of iron or zinc regulation is well understood,150 targeted search for such 

controlling elements on the genetic level facilitates screening for correspondingly regulated 

BGSs. The search for similar regulator binding sites in a genome may also identify co-regulated 

genes that belong to a coherent cluster. This is for example exploited in the application 

CASSIS,151 that is specialized towards fungal systems where genes of the same BGC are highly 

co-regulated.152 

1.4.3 In silico screening for overall genetic potential  

As exemplified in the previous section, a multitude of methods are available to analyze genetic 

information and to predict secondary metabolite gene clusters in bacterial genomes. This 

cannot only be applied to specific case studies, but more generally allows a targeted and 

efficient decision which organisms or gene clusters might be of particular interest. A widely 

applied tool is the “antibiotics and secondary metabolite analysis shell” (antiSMASH), which 

predicts not only the location and size of the genes, but also reports BLAST analyses and 

proposes compounds correlating with the clusters.153  
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An overall analysis of a set of myxobacterial genomes revealed that an average of 13.0% of 

their full genome is dedicated to secondary metabolism.126 Among the analyzed 

myxobacteria, a remarkable difference is observed between the four predatory 

Myxococcaceae, that allot about 14.7% of their genetic capacity for these functions and the 

two cellulolytic Sorangiineae strains with 9.5%, which allows to hypothesize that predatory 

representatives display a higher density of BGCs within their genomes, which supposedly may 

account to their complex lifestyle and predatory activity.126 Comparable potential percentage 

is otherwise only found in actinobacteria and fungi.154 

More extensive studies ascertained the untapped biosynthetic potential encoded in the 

myxobacteria155–157 and showed that greater taxonomic distances also come along with the 

likeliness to find chemically distinct compounds.158 These insights allow prioritization of strains 

based solely on their genetic information, tackling the constraint of rediscovering known 

compounds, as it allows to focus on the features with unknown properties. It may also help to 

find strains that produce similar compounds or enzymes in targeted search for derivatives 

with potentially improved (bio)activities. This was exemplified in the search for 

myxochromides, yielding four new lipopeptides of this natural product family.159 Thorough 

analyses of the BGC architecture provide also information about their evolutionary origin. In 

case of the aurafuron BGC it was suggested that its ketosynthase domains are more closely 

related to those from myxobacteria, than to KS domains from Streptomyces spp. that produce 

similar compounds.160  

As outlined above, many natural products have been discovered through methods based on 

an increasing understanding of their genetic origin and biosynthesis. Despite these many 

successes, several drawbacks remain. For example, many of these predictions rely on data of 

known genetic elements and compounds. This potentially hinders the discovery of truly new 

features and chemistry, since unprecedented structures are difficult to predict. Heterologous 

expression of genes and clusters with unknown functions could provide access to new 

compounds, but although expression systems have advanced in recent decades, this 

theoretically simple approach is often hampered by, for example, incompatibility of regulatory 

sequences, differences in GC content or codon usage, and lack of modifying enzymes encoded 

outside the chosen cluster.83,161  
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1.5 Diversification and labelling of natural products  

Natural products can be derivatized by a range of methods, from total synthesis to production 

of hybrid compounds in genetically engineered microorganisms. In comparison to many 

synthetic methods, biotechnological means allow derivatization in a regio- and 

stereocontrolled manner.  

1.5.1 Precursor-directed biosynthesis and mutasynthesis  

A rather simple method to generate natural product derivatives is the supplementation of 

microbial producers with analogs of biosynthetic building blocks. Suitable precursors include 

e.g. halogenated amino acids, aryl carboxylic acids or fatty acid analogs. Given that these 

molecules are taken up by the cells and they do not exhibit relevant toxicity to the chosen 

strain, they may replace the natural substrate in the biosynthesis.162 This effort, known as 

precursor-directed biosynthesis is particularly promising in the field of natural products, since 

enzymes involved in secondary metabolism are known to exhibit a broader substrate 

tolerance as those from primary metabolism.163 This straight-forward approach does not allow 

targeted incorporation towards a selected derivative. Instead, it generally leads to precursor 

flow into multiple derivatives along with the natural compound. This complicates subsequent 

purification efforts.162,164 Yet, this in vivo method allows to use long biosynthetic pathways 

and circumvents protein purification or cofactor regeneration. Its applicability may though be 

hindered by the limited substrate tolerance of the biosynthetic units downstream of the 

promiscuous module.165 An advancement of this technique was introduced as 

“mutasynthesis”. Targeted inactivation of a gene involved in precursor or intermediate 

biosynthesis eliminates the competition between the natural and an artificial building block, 

as the production of the former is abolished. Mutasynthesis increases the yield of the desired 

natural product analog, because the native form is not produced.164,166,167 This method is 

though limited when molecules from primary metabolism are involved, like proteinogenic 

amino acids or malonyl-CoA, because their production is vital for the cell. Both techniques, 

precursor-directed biosynthesis and mutasynthesis, harness enzymatic substrate tolerance 

which likewise limits the possible conversions. By means of genetic engineering, substrate 

specificity and thus product yield may though be improved.168–171 
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Precursor-directed biosynthesis is of particular relevance for this thesis, to explore the 

plasticity of biosynthetic pathways, to generate derivatives for SAR studies and as chemical 

probes for natural products discovery. Not only modular biosynthesis assembly lines, like 

NPRS, PKS and their hybrids, but also ribosomal peptide synthesis172 or non-modular 

biosyntheses173–175 are accessible for external precursor supply.  

Most polyketides use malonyl-CoA and methylmalonyl-CoA as building blocks. Due to their 

inherent substrate specificity, only a modest variety of chemical functionality is found, 

including extender units modified at the C2 position with various alkyl chains, amines, 

hydroxyls, and halogens.176–178 In addition, specialized starter units can prime not only the 

classical acetyl or propionyl-CoA, but also benzoic or fatty acid derivatives.79,134,179  

This enzyme flexibility was used e.g. in derivatization of the myxobacterial epothilone C. 

Heterologous expression of the respective biosynthetic machinery in E. coli provided a 

suitable platform to feed a synthetic SNAC-derivatized intermediate. The final three enzymes 

of the pathway facilitated production with the same titer as observed in the native producer, 

but with the advantages of fast growth and stable production in the heterologous host.165  

In soraphen biosynthesis, a set of halogenated aromatic starter blocks was channeled into the 

PKS pathway of Sorangium cellulosum, replacing the native benzoyl-CoA. This revealed not 

only the enzymatic discrimination between phenylalanine, cinnamate and benzoate starters, 

but also the preferred acceptance of fluoro precursors over the chloro and bromo analogs. 

This provided an insight into the biosynthetic details and allowed SAR studies of their 

antifungal activities against the plant pathogen Botrytis cinerea.180 In another study, an 

engineered E. coli strain, harboring biosynthetic prerequisites for heterologous production of 

erythromycin was harnessed to introduce alkyne and alkene functionalities into the pathway. 

This led to the identification of an alkyne derivative equipotent to the natural antibiotic and 

yet functionalized with a handle for subsequent modifications by so-called “Click chemistry” 

(see chapter 1.5.2).181  

Moreover, A domains of NRPS may be used even more efficiently to shuttle new features into 

natural products through modified amino acids. Supplementation of a Chrondromyces 

crocatus culture with fluorotryptophan yielded the respective chondramide derivatives182 and 



Introduction 

28 

similarly vermittilin was derivatized in its fungal producer.183 Equally, halogenated tyrosines 

and phenylalanines were successfully used to generate modified peptide cores of uridyl- or 

lipopeptides.184,185 Alkyne and azide amino acids are also tested as precursors for these 

assembly lines. There is no standard protocol established, yet a growing number of studies 

exemplify the potential of NRPS promiscuity. The feeding of Microcystis strains with diverse 

amino acids featuring terminal alkyne and azide moieties yielded over 40 different 

microcystins. Through the newly introduced functionalities, a fluorogenic dye could be 

coupled and the effects on its cytotoxicity investigated. Both modifications had no effect on 

the bioactivity giving insight into the SAR of this compound class.186 Targeted engineering of 

NRPS adenylation domains can be applied to even further use these assembly lines for 

incorporation of functionalized amino acids.187 In PKS/NRPS assembly lines that incorporate 

fatty acids, analogs of those provide another gateway to introduce new chemistry, as shown 

for antimycins188,189 or micacocidins.190 

1.5.2 Bioorthogonality and Click chemistry 

The aforementioned “Click chemistry” is a powerful tool widely applied in modern chemistry. 

Its principle and potential lies in the desirable advantages, as Click reactions can be performed 

in aqueous environments at modest temperatures. Furthermore, these reactions are 

stereospecific, they give high yields and only unproblematic byproducts. Of particular interest 

for biochemical applications is, that these reactions are defined as bioorthogonal, since the 

two specified reaction partners exclusively undergo the targeted reaction, without 

interference with common biomolecules. This allows in situ reactions in mixtures before 

complicated purification steps are undertaken.191,192 A great variety of such reactions were 

developed in recent years, including reaction pairs as trans-cyclooctene or alkenes with 

tetrazine, thioles with alkenes or alkynes under light activation, dienes and dienophiles as 

Diels-Alder reactants as well as dibenzocyclooctyne or terminal alkynes with azides and 

more.193 

A catalyzed version of the thermal Huisgen reaction, the copper(I)-alkyne/azide cycloaddition 

(CuAAC), is among the most commonly applied reactions in Click chemistry.194 Through the 

Cu+ catalyst, alkynes or cyanides and azides react in a directed fashion, forming a 1,2,3-triazole 

or tetrazole ring, respectively, that connects both reactants (Figure 1.10). It is considered the 
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only universal Click reaction, since many others are not truly biorthogonal, limiting their 

applicability.194  

 

Figure 1.10 CuAAC reaction in natural products research.  
A. Reaction scheme of an alkyne-azide and nitrile-azide reaction under Cu(I) catalysis194 B. Applications 
of natural products derivatization coupled with Click chemistry. (Modified after Zhu and Zhang, 
2015)195  

In natural products research, Click chemistry was previously applied in total synthesis of 

biomolecule analogs,196–198 and in a combined chemoenzymatic approach. Therein, synthetic 

peptide backbone analogs of the glycopeptide antibiotic tyrocidine were prepared, containing 

propargylglycine units instead of the natural amino acids. These were macrocyclized via the 

natural Tyc TE domain, and this scaffold derivatized through CuAAC with diverse sugar 

moieties. The resulting compounds gave SAR insights and yielded congeners with an improved 

therapeutic index over the natural product.199 Such handles can likewise be used to link two 

molecules of different functionalities towards dual drugs, (e.g. with anti-proliferative and anti-

inflammatory activity)200 or to couple them for drug delivery with nanocarriers201 or 

hydrogels.202 It also became a valuable tool to study modes of action in target identification 

of natural products203–205 or, similarly, to examine the catalytic A domain activities of NRPS. 

For the latter, alkyne-modified probes were added in vitro to A and holo-PCP domains, either 

purified or in cell lysates. After activation of the probe and binding to the PCP, these were 

subjected to a CuAAC Click reaction with biotin azide, covalently linking biotin to the domain. 

Streptavidin-coated solid phase was subsequently applied to pull down only activated proteins 
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from the mixture, and correlate activating vs. non activating A domains with the alkyne 

substrates.206  

Also in de novo drug discovery, Click reactions can be applied to detect compounds with 

natural alkyne functionality, as described for the prymnesin toxins,207 or to trap unstable 

polyynes from crude mixtures to circumvent their degradation and enable structure 

elucidation.208 One method developed is based on derivatization of raw extracts that are 

expected to contain alkyne-bearing metabolites. The azide counterpart is coupled to a 

fluorophore which is bound to solid support beads. Separation of the solid phase was used to 

pull out the desired compounds that were released through linker cleavage and subsequently 

subjected to HPLC-UV and -MS analysis. Similarly, this method serves as a tool to guide 

purification through chemodosimetric identification of relevant fractions.209 
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2 Scope of this Thesis 

Natural products make important lead structures in drug development. Additionally, many 

microbes were identified by genome sequencing as resources for the discovery of yet 

unknown compounds. This thesis is comprised of three parts, aiming at the diversification of 

the bioactive myxochelins and aurachins in order to conduct SAR studies as well as de-novo 

compound discovery through chemical labelling of suitable target molecules. 

2.1 Myxochelin- and pseudochelin-derived lipoxygenase inhibitors  

Myxococcus xanthus is a natural producer of myxochelins A and B. Recently, its biosynthetic 

pathway was complemented with MxcM, an enzyme necessary for pseudochelin A 

biosynthesis.62 Herein, both, the wild type and genetically engineered M. xanthus strains were 

probed through precursor-directed biosynthesis for incorporation of non-natural building 

blocks. Supplementation with 2,3-dihydroxybenzoic acid analogs featuring different hydroxy 

or fluoro substitution patterns are subject of this experiment, towards subsequent SAR 

studies. Since myxochelin A is known as an inhibitor of the pro-inflammatory enzyme human 

5-lipoxygenase,65 the inhibitory effects of myxochelin B, pseudochelin A and the newly 

generated derivatives are studied in chapter 4.1.  

2.2 Precursor-directed biosynthesis of unnatural aurachins  

The aurachins were early on recognized to exhibit potent bioactivities as antifungal, 

antibacterial and antiplasmodial compounds. Yet, previous SAR studies only focused on the 

farnesyl residue in aurachin C and D.75–77,92–94 To expand the existing SAR knowledge, creation 

and testing of aurachin D variants with different substituents on the quinolone core was 

desired. Anthranilic acid condensed with two malonyl-CoA units are the natural precursors of 

the quinoline core according to isotopic labelling studies80 as well as biochemical experiments 

(Figure 1.8).78,83,210 To challenge the biocatalytic promiscuity of the aurachin biosynthesis 

enzymes, fluoro and chloro derivatives of anthranilic acid were fed to Stigmatella erecta, a 

wild-type producer of aurachins.74 Inspired by the similarities to the known antibiotic 

ciprofloxacin, subsequent antibiotic activity tests conclude this experiment (chapter 4.2). 
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2.3 Click chemistry-facilitated labelling of natural products 

The advantages of precursor-directed biosynthesis can also be used to endow natural 

products in vivo with structural residues that may serve as handles for subsequent 

derivatization. Supplementation of cultures with alkyne- or azide-modified amino acids or 

fatty acids can yield natural product derivatives harboring entities that are less common in 

nature and that make likewise suitable educts for Click chemistry reactions. The bioorthogonal 

characteristics thereof can be harnessed to link these defined chemical entities with suitable 

counterparts in a selective and straightforward manner.211 Feeding and incorporation of 

unnatural alkyne precursors represents a promising method to furnish secondary metabolites 

with such a reaction handle. Azide functionalities are suitable counterparts for a copper 

catalyzed [3+2] azide-alkyne (CuAAC) reaction that allows flagging of alkyne moieties with 

azide-modified chromophore molecules191 with the aim to visualize and detect new 

molecules. To develop a respective method, two natural product-producing bacteria are 

investigated: (i) Myxococcus xanthus is a known producer of various amino acid-derived 

compounds.47 It is analyzed bioinformatically and by LC-MS in order to identify candidate 

NRPS, PKS-NRPS or RiPP pathways with sufficient substrate tolerance towards alkyne amino 

acid precursors. (ii) The plant pathogenic bacterium Ralstonia solanacearum possesses 

pathways for the production of the NRP ralsolamycin and the PK-NRP micacocidin.212,213 In the 

biosynthesis of both compounds fatty acids are utilized as building blocks and, in case of 

micacocidin, previous studies revealed a relaxed substrate tolerance of the biosynthetic 

enzymes for olefinic and halogenated fatty acid derivatives.190 In these two target organisms, 

precursor feeding studies are conducted to establish a suitable protocol for the subsequent 

Click derivatization in crude extracts, as detailed in chapter 4.3. 



Experimental Section 

33 

3 Experimental Section 

3.1 General experimental procedures  

3.1.1 Chemicals  

Unless elsewhere stated, all compounds were purchased from abcr (Germany), Acros 

Organics (Germany), Alfa Aesar (Germany), Carl Roth (Germany), Deutero (Germany), jena 

bioscience (Germany), Sigma-Aldrich (Germany), VWR (Germany). Deionized water (dH2O) 

was used if not elsewhere stated. Water purified with Milli-Q® Reference Water Purification 

system is named ddH2O.  

3.1.2 (Semi-)Preparative HPLC  

HPLC separations were conducted on a Shimadzu HPLC system (LC-20AD) equipped with a 

SPD-M20A PDA detector. 

3.1.3 Liquid chromatography-coupled mass spectrometry analyses  

The text in this paragraph was taken with minor modifications from publication [B] of the 

author: 

“Liquid chromatography-mass spectrometry (LC/MS) analyses were carried out with an 

Agilent 1260 Infinity LC system connected to a UV detector and Compact Q-TOF mass 

spectrometer (Bruker Daltonics, Bremen, Germany). The Q-TOF was interfaced with an 

electrospray ionization source. Analyses were routinely performed in positive ion mode using 

a capillary potential of 4.5 kV”214, “desolvation gas (N2) temperature of 220°C and a dry gas 

(N2) flow rate of 12 L min-1. HPLC flow rate was 0.4 ml min-1 on a Nucleodur RP 18 ec column 

(100 x 2 mm, 2.7 µm; Macherey-Nagel) and a gradient from 5 to 98% acetonitrile in water 

supplemented with 0.1% formic acid over 10 min, followed by 5 min at 98% acetonitrile.”162 

3.1.4 NMR analyses  

NMR measurements were carried out at ambient temperature, using 500, 600 and 700 MHz 

Avance III HD spectrometers (Bruker Biospin GmbH). The 500 MHz system featured a Prodigy 
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probe, while the 600 and 700 MHz systems were equipped with 5 mm helium cooled 

cryoprobes. Methanol-d4 served as solvent and internal standard for all samples. The solvent 

signals were referenced to δH 3.31 ppm and δC 49.0 ppm.214 Residual trifluoroacetic acid was 

referenced to δF -76.5 ppm.  

3.1.5 UV absorption and optical rotation analyses  

UV absorptions were determined with a UV-1800 photometer (Shimadzu, Kyoto, Japan). A 

polarimeter 341 (PerkinElmer, Waltham, MA, USA) was used to measure the optical rotation. 

These measurements were conducted with a 1 dm cuvette at 20°C and 589 nm.214 

3.1.6 Software 

Software used in this thesis is listed in Table 3.1. 

Table 3.1 Software  

Software Supplier 

ChemDraw Pro 14 CambridgeSoft (Waltham, USA) 

TopSpin 4.0.7 Bruker (Bremen, Germany) 

Compass HyStar 3.2 SR 4  Bruker (Bremen, Germany) 

Data Analysis  Bruker (Bremen, Germany) 

LabSolutions Shimadzu (Duisburg, Germany) 

 

3.2 Myxochelin- and pseudochelin-derived lipoxygenase inhibitors  

3.2.1 Strains and cultivation conditions 

The strains and medium used in this study are listed in Table 3.2 and Table 3.3. 

Table 3.2 Microorganisms for myxochelin and pseudochelin production 

Strain Genotype Reference 

Myxococcus xanthus FB (DSM 16526) wild type DSMZ (Braunschweig, Germany) 

Myxococcus xanthus FB (DSM 16526) pJK5 Korp et al., 201862 
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Table 3.3 Cultivation medium for Myxococcus xanthus FB 

Medium Compound Amount 

CTPM  Bacto Casitone  10 g 

pH 7.5  KH2PO4 0.14 g 

 Tris 1.21 g 

 MgSO4  0.69 g 

 vitamin B12 0.5 mg 

 ddH2O 1000 mL 

 

M. xanthus wild type and pJK5 were cultured in CTPM liquid medium (30°C, 130 rpm). For the 

M. xanthus pJK5 strain the medium was supplemented with kanamycin (50 mg L-1).  

3.2.2 Production and purification of myxochelin B and pseudochelin A derivatives  

Myxochelin B1 and B2 were produced and purified in collaboration with M.Sc. L. Winand 

(Laboratory of Technical Biology, TU Dortmund University). The following text was taken with 

minor modifications from publication [A] of the author: 

Both M. xanthus strains “were grown in 5 L Erlenmeyer flasks containing 1.5 L of modified 

CTPM medium supplemented with 2% (w/v) Amberlite XAD7HP (Sigma Aldrich). The 

precursors benzoic acid (100 mg/L), salicylic acid (35 mg/L) and 6-fluorosalicylic acid (100 

mg/L) were each added as filter-sterilized solutions to the CTPM medium prior to the 

inoculation of the bacterium. After six days of cultivation, the XAD7HP resin was recovered 

by filtration, rinsed with water, and eluted with methanol. The purification of the myxochelin 

and pseudochelin-derived compounds from the respective methanol extracts was achieved 

by two-step reverse-phase HPLC on a Nucleodur 100-5 C18 ec VarioPrep column (125 x 21 mm, 

5 µm; Macherey-Nagel). The first separation was performed using a linear gradient of 

methanol in water supplemented with 0.1% trifluoroacetic acid: 37% to 53% methanol within 

63 min, 63% to 100% over 2 min, and 100% methanol for an additional 7 min with a flow rate 

of 4 mL/min. Final purification was accomplished with the same eluents, albeit under isocratic 

conditions. The methanol concentration varied from 32% for the separation of myxochelin up 

to 55% for the isolation of compounds myxochelin B6 and pseudochelin A9. Only in case of 

analog pseudochelin A6, another gradient elution (37% to 48% methanol over 63 min) was 

necessary.”214  
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3.2.3 Activity assay of human recombinant 5-lipoxygenase 

This assay was performed by Dr. Simona Pace (Chair of Pharmaceutical and Medicinal 

Chemistry, Friedrich Schiller University Jena, Germany). The following text was taken with 

minor modifications from publication [A] of the author: 

“Human recombinant 5-LO was prepared as previously described.215 The purified enzyme was 

incubated with the test compounds in PBS (pH 7.4) containing EDTA (1 mM) and ATP (1 mM) 

for 10 min at 4°C. After a short pre-warming phase at 37°C for 30 s, 5-LO product formation 

was initiated by addition of CaCl2 (2 mM) and arachidonic acid (20 µM). Following 10 min of 

incubation at 37°C, the reaction was terminated by addition of 1 mL ice-cold methanol, and 

the formation of 5-LO products (all-trans derivatives of leukotriene B4 and 

5-hydro(pero)xyeicosatetraenoic acid) was analysed by reverse-phase HPLC.”214 

3.3 Precursor-directed biosynthesis towards aurachin congeners 

3.3.1 Strains and cultivation conditions 

The strain and medium used in this chapter are listed in Table 3.4 and Table 3.5. The S. erecta 

wild type strain was cultured in modified Zein liquid medium (30°C, 130 rpm).  

Table 3.4 Microorganism for aurachin production 

Strain Genotype Reference 

Stigmatella erecta Pd e32  

(DSM 53688) 

wild type DSMZ (Braunschweig, Germany) 

 

Table 3.5 Cultivation medium for Stigmatella erecta 

Medium Compound Amount 

Modified Zein pH 7.3 corn starch  

(Maizena, Unilever)  
10 g 

 Bacto Peptone  

(Thermo Fisher Scientific) 
1 g 

 MgSO4 x 7 H2O 1 g 

 vitamin B12 0.5 mg 

 ddH2O 1000 mL 
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3.3.2 Incorporation studies  

Aurachin D and 8-Fluoroaurachin D were produced and purified by M. Sc. Katrin Stüer-

Patowsky as part of her Master Thesis (Laboratory of Technical Biology, TU Dortmund 

University). The following text was taken with minor modifications from publication [B] of the 

author: 

S. erecta was grown in modified Zein medium. “To facilitate the recovery of secreted 

aurachins, adsorber resin XAD7HP (2% w/v) was added prior to sterilization. The medium was 

inoculated with seed culture (10% v/v inoculum) and the fermentation was conducted in an 

incubator shaker at 30 °C and 130 rpm for 7 days. Anthranilic acid or its halogenated 

derivatives were supplemented as filter-sterilized aqueous solutions (33 mg L-1) after 

inoculation of the medium. For extraction the adsorber resin was separated from the culture 

broth by filtration, washed with water and retained compounds eluted three times with 

acetone and methanol. The extract was dried and used for quantitative evaluation or 

compound purification.”162  

3.3.3 Quantitative analysis of aurachin production 

Culture extracts were obtained from 1.5 L cultures by XAD7HP-aided recovery (3.3.2). After 

removal of the solvent on a rotary evaporator, the dried extracts were redissolved in 1.5 mL 

methanol, filtered and subjected to LC-ESI-MS analysis.162 The area under the curve (AUC) of 

each extracted ion chromatograms was normalized to the AUC of myxothiazol.  

3.3.4 Compound purification 

The text in this paragraph was taken with minor modifications from publication [B] of the 

author: 

“Dried raw extracts were resuspended in 60% aqueous methanol (100 mL) and extracted 

three times with dichloromethane (60 mL). Aurachins were exclusively present in the 

dichloromethane fraction. The purification continued with an initial on a VarioPrep C18 

gravity column (125 x 20 mm, 5 µm; Macherey-Nagel) by two consecutive isocratic elutions 

with pure methanol and 90% aqueous methanol, respectively. The aqueous eluent was 

supplemented with 0.1% (v/v) trifluoroacetic acid and the flow rates were set to 4 mL min-1. 
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For 6-fluoro aurachin D, an additional purification on a Nucleodur Gravity column (250 x 10 

mm, 3 µm; Macherey-Nagel) was performed (60% to 100% acetonitrile in water 

supplemented with 0.1% (v/v) trifluoroacetic acid within 10 min, followed by 100% 

acetonitrile for an additional 10 min), at a flow rate of 2 mL min-1.“162 

3.3.5 Antibacterial activity screening 

Antimicrobial activity testing was performed by an agar diffusion assay. Escherichia coli 

SG458, Pseudomonas aeruginosa SG137, Staphylococcus aureus (MRSA) 134/94 and 

Mycobacterium vaccae IMET 10670 were used as test organisms. In the test, 50 µL compound 

test solution (500 µg mL-1 in DMSO) was supplied into 9 mm holes on agar plates suitable for 

test organism cultivation. Ciprofloxacin (5 µg mL-1) was used as positive control.162 

3.4 Click chemistry-facilitated labelling of natural products 

3.4.1 Strains and cultivation conditions 

The strains and media used in this chapter are listed in Table 3.6 to Table 3.8. R. solanacearum 

was incubated at 28°C, 150 rpm. M. xanthus strains were cultured at 28°C, 130 rpm. 

Table 3.6 Microorganism for alkyne precursor feeding experiments 

Strain Genotype Reference 

Ralstonia solanacearum GMI1000 wild type Boucher et al., 1987216 

Myxococcus xanthus GJV1 wild type Krug et al. 200847 

 

Table 3.7 Cultivation medium for Myxococcus xanthus GJV1 

Medium Compound Amount 

CTT Bacto Casitone 10 g 

pH 7.6 Tris-HCl 1.21 g  

 K2HPO4 0.35 g 

 MgSO4 x 7 H2O  2.0 g 

 ddH2O 1000 mL 
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Table 3.8 Cultivation medium for Ralstonia solanacearum 

Medium Compound Amount 

Iron-limited ¼ M63 NH4SO4 0.5 g 

pH 7.0 KH2PO4  3.4 g 

 MgSO4 x 7 H2O 61.5 mg 

 glucose 2.0 g 

 sodium acetate 0.2 g 

 ddH2O 1000 mL 

FB-1  KH2PO4 0.55 g 

pH 7.0 K2HPO4 0.73 g 

 Casamino acids 1.0 g 

 yeast extract 1.0 g 

 fructose 10 g  

 trace element solution 1 mL 

   

Trace element solution  MgSO4 x 7 H2O 6 mg 

 ZnSO4 x H2O 0.06 mg 

 Ca(NO3)2 x 4 H2O 0.10 mg  

 MnSO4 x 4 H2O 0.04 mg 

 FeCl3 0.06 mg 

 ddH2O 100 mL 

 

3.4.2 Metabolic profiling of M. xanthus GJV1 and feeding of alkyne amino acids 

220 mL of M. xanthus GJV1 were grown in CTT medium for 7 days (28°C, 180 rpm). Two 

cultures were additionally supplemented with 10 mg filter-sterilized D/L-propargylglycine and 

L-homopropargylglycine each. All cultures were extracted threefold with 200 ml ethyl acetate. 

Dried extracts were resuspended in 1 mL of methanol and insoluble residues filtered before 

supply to mass spectrometry analysis (chapter 3.1.3). Compound identification was based on 

extracted ion chromatograms of monoisotopic masses (m/z [M+H]+ and [M+Na]+).  

3.4.3 Production of alkyne micacocidins  

100 mL of R. solanacearum in ¼ M63 minimal medium were fermented for 5 days (28°C, 

150 rpm). Cultures were grown with the addition of 10 mg of 4-pentynoic acid, 5-hexynoic 

acid or 6-heptynoic acid, as well as a combination of 5-hexynoic acid and 6-heptynoic acid. 
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Three successive extractions with 100 mL ethyl acetate and solvent removal resulted in a dry 

extract. It was resuspended in 1 mL methanol and centrifuged for 2 min at 17,000 rpm. 100 

µL of the clear supernatant were transferred to a vial and supplied to mass spectrometry 

analysis (chapter 3.1.3). The remaining 900 µL of extract were again dried and used in the 

subsequent reaction (chapter 3.4.6).  

3.4.4 Preparation of 5-hexynoic micacocidin  

For the production of 5-hexynoic micacocidin, R. solanacearum was grown in 5 L Erlenmeyer 

flasks (3x 3 L cultures) using ¼ M63 medium supplemented with 100 mg L-1 6-heptynoic acid. 

The fermentation was conducted at 30°C, 130 rpm for 5 days. Cultures were combined and 

extracted three times with equal amounts of ethyl acetate. The solvent was evaporated and 

the residual extract was resuspended in 3 mL methanol. After filtration through a 0.22 µm 

filter and addition of 1 g Ga(NO3)3 the mixture was incubated at room temperature over night. 

The sample was purified by a two-step HPLC run (see chapter 3.1.2) on a Nucleodur Gravity 

column (250 x 10 mm, 3 µm; Macherey-Nagel) starting with a gradient from 5% to 100% 

methanol in 0.1% trifluoroacetic acid-supplemented water over 20 minutes followed by 5 

minutes at 100% at a flow rate of 3 mL min-1. As a second step with the same column, eluent 

and flow rates gradient from 80% to 100% methanol over 20 min was applied. The dried 

extract was analyzed by LC-UV/VIS, LC-MS as well as 1D and 2D NMR experiments (see 

chapter 3.1.3 and 3.1.4).  

3.4.5 Probing of fermentation toward alkyne ralsolamycins 

200 mL of R. solanacearum in FB-1 full medium were initially fermented for 2 days at 30°C 

and then for 3 days at 25°C, 150 rpm. The cultures were grown with the addition of 15 mg of 

myristic, palmitic, 13-tetradecynoic, 15-hexadecynoic acid, as well as D/L-propargylglycine or 

L-homopropargylglycine. For compound recovery 8 g of XAD7HP adsorber resin was supplied 

to each sample and stirred for 1 h. Afterwards, the resin was separated from the broth by 

filtration. The resin was washed with water and adsorbed compounds were then eluted three 

times with 100 mL methanol. The dried extracts were resuspended in 1 mL methanol, filtered 

and supplied to mass spectrometry analysis (see chapter 3.1.3). 
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3.4.6 Click reaction protocol 

The dried extracts (chapter 3.4.3) were resuspended in 500 µL reaction premix (Table 3.9) and 

incubated for 11 h at 25°C, 500 rpm in a ThermoMixer (Eppendorf). The reaction mix was 

centrifuged for 2 min at 10000 g and 200 µL supernatant was transferred to a HPLC vial. The 

sample was spiked with 5 µL 14.5 mM salicylic acid as internal standard. 

Table 3.9 Reaction premix for the Click reaction  

a freshly prepared  

 

Thereof, 50 µL were supplied to a HPLC system with an Nucledur Sphinx RP column (150 x 

4.6 mm, 5 µm; Macherey-Nagel) and a gradient system of methanol in 25 mM ammonium 

carbonate buffer at pH 8. The samples were run at a flow rate of 1.5 mL min-1 (5% isocratic 

methanol for 5 min continued by a gradient to 100% methanol over 15 min and following 

10 minutes 100% methanol). Eluting compounds were monitored at wavelengths of 230, 359 

and 496 nm. 5 µL were supplied to mass spectrometry analysis (chapter 3.1.3) for compound 

identification.  

Compound 
Stock 

concentration 

Amount  

per reaction 

Final  

concentration 

KH2PO4 buffer pH 7 100 mM 460 µL - 

CuSO4 x 5 H2O 20 mM 5 µL 0.2 mM 

sodium ascorbate a  200 mM  25 µL 10 mM 

6-carboxyfluorescein azide 5.2 mM 10 µL 0.1 mM 
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4 Results and Discussion 

4.1 Myxochelin- and pseudochelin-derived lipoxygenase inhibitors  

To increase the structural diversity of the naturally made myxochelins, Myxococcus xanthus 

was employed. “This bacterium is a native producer of both myxochelin A and B,47,126,217 and 

its myxochelin pathway can be even further expanded by heterologous expression of the 

imidazoline synthase gene mxcM, leading to the additional formation of pseudochelin.62 

Feeding of such a recombinant M. xanthus strain with different aryl carboxylic acids hence 

appeared as a promising approach to gain access to myxochelin B- and pseudochelin-derived 

myxochelins.”(Modified after Sester et al., 2019, publication A)214  

4.1.1 Precursor-directed biosynthesis  

Parts of the following text were taken with minor modifications from publication [A] of the 

author: 

“In consideration of the substrate incorporation previously observed in P. fallax,71 three 

compounds, i.e., benzoic acid, salicylic acid and 6-fluorosalicylic acid, were selected for the 

feeding studies in M. xanthus. Since myxochelin B is the direct biosynthetic precursor of 

pseudochelin,62 the generation of the latter inevitably affects the yield of the former and its 

derivatives. In order to secure sufficient material for biological testing, the myxochelin B-

derived myxochelins were thus produced in the wild-type strain of M. xanthus, which lacks 

the necessary mxcM gene for the formation of pseudochelin. Moreover, every M. xanthus 

culture (wild-type and recombinant) was supplemented with the adsorber resin XAD7HP to 

improve the myxochelin and pseudochelin yield, respectively.71 After six days of incubation, 

the resin was recovered from the culture broth by filtration and then extracted with methanol. 

The presence of myxochelins and pseudochelins was probed by LC-MS analysis. Due to the 

random incorporation of the 2,3-dihydroxybenzoate surrogates at two possible positions in 

myxochelins and pseudochelin, up to nine non-natural derivatives could be detected in the 

extracts of the recombinant strain, three for each natural compound, albeit at varying 

concentrations, after the feeding of a single precursor molecule.”214 (Figure 4.1, Table 4.1, 

Table 4.2).  
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Figure 4.1 „Base peak chromatogram from a crude culture extract of a recombinant mxcM-
expressing M. xanthus strain, which had been fed with benzoic acid. 
A. Merged extracted ion chromatograms (EIC) B. EIC of pseudochelin A (3) and its derivatives.                     
C. EIC of myxochelin B (2) and its derivatives B1-B3 (2a-2c) D. EIC of myxochelin A (1) and its derivatives 
A1-A3 (1a-1c). The peak labeled with 3* could not be unequivocally assigned to pseudochelin A1 and/or 
A2.”(Modified after Sester et al., 2019)214 

In comparison to the production of the naturally occurring myxochelin B, all derivatives were 

found in diminished quantity. Precursor feeding with benzoic acid gave the lowest yields after 

purification, compared with salicylic acid or 6-fluorosalicylic acid. This indicates that a 

2-hydroxy functional group in the benzoic acid surrogate is important for enzymatic 

conversion (MxcE to MxcG and MxcL, Figure 1.7). This applies equally to incorporation in both, 

the western and eastern region of the final molecule. Salicylic acid or 6-fluorosalicylic acid 

yielded greater quantities if the non-natural building block was ε-connected to the lysinamine 

backbone, rather than α-bound, suggesting that incorporation at this position follows a more 

promiscuous fashion (Table 4.1). Production of pseudochelins is primarily dependent on yields 

attained for their direct precursor analogs of myxochelin B. Accordingly, benzoic acid-fed 

cultures only yielded pseudochelin A1 to A3 at trace levels (Table 4.2). For salicylic acid feeding 

the pseudochelins A4 to A6 were found in approximately the same ratio as the corresponding 

myxochelin B analogs, suggesting that the key enzyme MxcM readily accepts these three 

precursors for the 4,5-dihydroimidazole formation. For 6-fluorosalicylic acid feeding, 

positioning of this xenobiotic precursor in the eastern part of myxochelin B8 does not hinder  
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Table 4.1 Production yield and inhibitory effects (IC50 values) of myxochelin B and its derivatives 
B1-B9 on 5-lipoxygenase (5-LO) in comparison to myxochelin A. (Modified after Sester et al., 2019)214 

 

  

Derivative R1 R2 R3 R4 R5 R6 R7 5-LO IC50 

[µM]a 

Yield  

[mg/L]b 

A  OH OH H OH OH H OH 1.9 ± 0.6 n.d. 

B  OH OH H OH OH H NH2 1.4 ± 0.5 6.1 

B1  H H H OH OH H NH2 n.d. 0.9 

B2  OH OH H H H H NH2 n.d. 0.9 

B3  H H H H H H NH2 n.d. < 0.1 

B4  OH H H OH OH H NH2 10 ± 6.2 3.7 

B5  OH OH H OH H H NH2 5.6 ± 2.6 1.4 

B6  OH H H OH H H NH2 > 10 2.3 

B7  OH H F OH OH H NH2 > 10 3.7 

B8  OH OH H OH H F NH2 9.3 ± 4.5 2.2 

B9  OH H F OH H F NH2 n.d. 0.1 
adata are the mean ± SE of single determinations obtained in three independent experiments; 
byield after HPLC purification; Abbreviations: n.d., not determined 
 
Table 4.2 Production yield and inhibitory effects (IC50 values) of pseudochelin A and its derivatives 
(A1-A9) on 5-lipoxygenase (5-LO). (Modified after Sester et al., 2019)214 
 

 

  

Derivative R1 R2 R3 R4 R5 R6 5-LO IC50 

[µM]a 

Yield  

[mg/L]b 

A  OH OH H OH OH H 0.9 ± 0.3 15.9 

A1  H H H OH OH H n.d. < 0.1 

A2  OH OH H H H H n.d. < 0.1 

A3  H H H H H H n.d. < 0.1 

A4  OH H H OH OH H 2.2 ± 0.9 2.4 

A5  OH OH H OH H H 1.5 ± 0.7 0.7 

A6  OH H H OH H H > 10 1.7 

A7  OH H F OH OH H 1.1 ± 0.5 0.5 

A8  OH OH H OH H F 2.2 ± 0.6 2.3 

A9  OH H F OH H F n.d. 0.1 
adata are the mean ± SE of single determinations obtained in three independent experiments; 
byield after HPLC purification; Abbreviations: n.d., not determined 
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transformation by MxcM, whereas placement in the western part clearly impairs the reaction, 

potentially caused by the fluorine atom.  

“Those myxochelins that derived from myxochelin A and that had previously been described71 

or that seemed to be only present at trace levels were not considered in the following 

purification efforts. Owing to the complexity of the extracts, a satisfactory separation was 

usually only accomplished by two consecutive HPLC runs. The yields after purification ranged 

from 0.1 to 3.7 mg L-1 (Table 4.1 and Table 4.2). In total, 14 derivatives (myxochelin B1, B2, B4-

B9, pseudochelin A4-A9) could be fully structurally characterized by MS and NMR analyses.” 

(Modified after Sester et al., 2019, publication [A])214  

4.1.2 Structure elucidation of myxochelin B analogs  

Myxochelin B1 to B3 were identified in the culture extract fed with benzoic acid. Myxochelin B1 

exhibits a m/z of 372.1919 [M+H]+ which indicates the chemical formula C20H25N3O4 and 

accounts for 10 degrees of unsaturation. The UV maxima observed at 313, 248 and 223 nm 

(Figure S2) are similar to those of natural myxochelin B as reported before.218 Concordant with 

the proposed chemical formula, the 13C NMR spectrum exhibits 20 signals in total, which can 

be categorized according to their chemical shifts. Two signals are due to carbonyl 

functionalities that are assigned to amide moieties (C-7, C-7’’). Twelve additional signals 

correspond to sp2-hybridized, aromatic carbon atoms  (C-1’ to C-6’ and C-1’’ to C-6’’), whereas 

the remaining 6 represent aliphatic carbon atoms (C-1 to C-6) (Table 4.3, Figure S4). The 

aromatic carbons were assigned to two benzene moieties. The 1H NMR data shows 8 signals 

with shifts typical for aromatic protons (H-4’ - H-6’ and H-2’’ - H-6’’), and 11 with aliphatic 

nature (H-1 to H-6). 1H-13C heteronuclear single-quantum coherence (HSQC) was applied to 

correlate the protons with the directly-bound carbons. Analysis of the 1H-1H correlation 

spectroscopy (COSY) spectrum identified three independent spin systems which could be 

connected through 1H-13C heteronuclear multiple bond correlation (HMBC) data (Figure 4.2, 

Table 4.3, Figure S3 – Figure S7). 

The aliphatic backbone was identified as one continuous spin system from CH2-6 through 

CH2-1. The low field shift of signals CH2-1, CH-2 and CH2-6 indicated a neighboring heteroatom 

for each position, assigned as amino group and two N-linked amide functionalities, 

respectively. The observed COSY correlations established CH2-1 and CH2-6 to be the terminal 
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units in the spin system. Therein, H-1a and H-1b appear as diastereotopic protons at two 

distinct chemical shifts with a characteristically large geminal 2J coupling constant of 13.0 Hz. 

The neighboring stereocenter (CH-2) connects to the linear CH2-3 through CH2-6 alkane chain. 

The second spin system ranges from H-2’’ to H-6’’ and represents five protons, whereas the 

pairs H-2’’ and H-6’’ as well as H-3’’ and H-5‘’ appear chemically equivalent and thus only three 

signals are observed that stand for an unsubstituted phenyl moiety. The third spin system is 

composed of the three aromatic protons H-4’ to H-6’. 13C chemical shifts of C-2’ and C-3’ 

indicated hydroxylations in these positions and HMBC connection between H-6’ and carbonyl 

C-7’ confirmed that the three unsubstituted positions are located directly next to C-1’. 

Correlations observed between H-6’ and C-2’ as well as H-4’ and C-3’ further support the 

structure of a 2,3-dihydroxybenzoic acid moiety. Finally, evaluation of the 1H-13C HMBC data 

clarified, that the phenyl amide moiety is connected to the ε-end of the aliphatic backbone, 

as seen from correlation and the chemically equivalent H-2’’ and H-6’’ to 7’’ plus likewise of 

H-6 to C-7’’ over the linking amide nitrogen. Accordingly, the catechol amide unit is attached 

in position 2 completing the molecule (Figure 4.2). Comparison with the native myxochelin B 

NMR data reported earlier219 validated the signals observed in the homologous part of the 

molecule. Optical rotation was determined as [α]20
D –9.26° (c 0.45, MeOH) and comparison 

with literature values of the natural analog69 revealed the single chiral center to be 

S-configured.  

For myxochelin B2 a very similar dataset was recorded. The molecular formula and thus the 

degrees of unsaturation as well as the UV properties were identical with the values observed 

for myxochelin B1. The 13C and 1H NMR spectra also show the same number of signals and 

similar coupling pattern (Figure 4.2, Table 4.3, Figure S9 – Figure S10). Correspondingly, three 

individual 1H spin systems were observed by COSY, specifically an aliphatic backbone (CH2-1 

to CH2-6), a benzamide (C-1’ to C-7’) and a catechol amide (C-1’’to C-7’’). The key difference 

lays in the assembly of the three parts. As deduced from the HMBC data, H-6’ as well as H2-6 

correlate with C-7, thus the catechol amide moiety is connected at the ε-nitrogen of the lysine-

derived aliphatic part and the benzamide at the opposite end. With an optical rotation of 

[α]20
D –8.95° (c 0.42, MeOH) myxochelin B2 also represents the S-configured enantiomer.  

Myxochelin B3 was identified by HR-MS and comparison with the unfed culture extract since 

it was produced at trace level quantity.   
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Figure 4.2 Correlations observed for myxochelin B1 and B2. 
COSY (bold lines) and selected HMBC (arrows) interactions, relevant for structure elucidation.  

Table 4.3 NMR data recorded for myxochelin B1 and B2 (methanol-d4) 

 Myxochelin B1  Myxochelin B2 

pos. δC (ppm), 

type 

δH, M  

(J in Hz) 

COSY HMBC  δC (ppm), 

type 

δH, M  

(J in Hz) 

COSY HMBC 

1 45.2, CH2 a: 3.18, dd  

    (13.0, 3.8) 

b: 3.03, dd 

    (13.0, 

10.1) 

1b 

 

1a, 2 

2 

2  

 45.1, CH2 a: 3.17, dd 

   (13.0, 3.8) 

b: 3.02, dd 

   (13.0, 9.9) 

1b 

 

1a 

2  

 

2, 3  

2 49.1, CH 4.38, ddt  

(10.1, 7.0, 

3.8) 

1b, 3 -  49.6, CH 4.33, ddt  

(9.9, 7.2, 3.8) 

1, 3 1, 3  

3 32.5, CH2 1.73, m 2, 4 1, 2, 4, 5   32.7, CH2 1.73, m 1, 2 1, 2, 4, 5  

4 24.2, CH2 a: 1.55, m 

b: 1.48, m 

3, 4b 

3, 4a 

2, 3, 5, 6  24.3, CH2 a: 1.56, m 

b: 1.48, m 

3, 4b 

3, 4a 

2, 3, 5, 6 

5 30.1, CH2 1.69, m 3, 6 3, 4, 6  30.0, CH2 1.67, m 3, 6 3, 4, 6 

6 40.4, CH2 3.40, t (6.9) 5 4, 5, 7‘‘  40.0, CH2 3.40, t (6.9) 5 4, 5, 7‘‘ 

1’ 116.7, C - - -  135.1, C - - - 

2’ 150.2, C - - -  128.5, CH 7.83, d (7.8) 3‘ 4‘, 6‘, 7‘ 

3’ 147.4, C - - -  129.6, CH 7.43, t (7.8) 2‘, 4‘ 1‘, 5‘ 

4’ 119.9, CH 6.95, dd  

(8.0, 1.5) 

5‘ 2‘, 3‘, 6‘  133.0, CH 7.53, t (7.8) 3‘, 5‘ 2‘, 6‘ 

5’ 119.7, CH 6.70, t (8.0) 4‘, 6‘ 1‘, 2‘, 3‘, 

6‘ 

 129.6, CH 7.43, t (7.8) 4‘, 6‘ 1‘, 3‘ 

6’ 119.0, CH 7.27, dd  

(8.0, 1.5) 

5‘ 2‘, 3‘, 4‘, 

7‘ 

 128.5, CH 7.83, d (7.8) 5‘ 2‘, 4‘, 7‘ 

7’ 172.5, C -  -  -  171.4, C -  -  - 

1’’ 135.8, C -  -  -  116.8, C -  -  - 

2’’ 128.2, CH 7.74, dd  

(7.0, 1.5) 

3‘‘ 4‘‘, 6‘‘, 7‘‘  150.2, C - - - 

3’’ 129.5, CH 7.41, t  

(7.5, 7.0) 

2‘‘, 4‘‘ 1‘‘, 5‘‘  147.4, C - - - 

4’’ 132.6, CH 7.50, dt  

(7.5, 1.5) 

3‘‘, 5‘‘ 2‘‘, 6‘‘  119.6, CH 6.92, d (8.0) 5‘‘ 2‘‘, 6‘‘ 

5’’ 129.5, CH 7.41, t  

(7.5, 7.0) 

4‘‘, 6‘‘ 1‘‘, 3‘‘  119.6, CH 6.68, t (8.0) 4‘‘, 6‘‘ 1‘‘, 3‘‘ 

6’’ 128.2, CH 7.74, dd  

(7.0, 1.5) 

5‘‘ 2‘‘, 4‘‘, 7‘‘  118.6, CH 7.16, d (8.0) 5‘‘ 2‘‘, 4‘‘, 

7‘‘ 

7’’ 170.4, C - - -  171.5, C - - - 
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Myxochelin B4 to B6 were found in the culture extract fed with salicylic acid. Derivatives B4 and 

B5 exhibit similar pseudomolecular ions with m/z of 388.1877 and 388.1862 [M+H]+, which 

indicate the identical chemical formula C20H25N3O5. The molecular formula accounts for 10 

degrees of unsaturation. Both, myxochelin B4 and B5 exhibit an identical UV spectrum with 

local maxima at 242 nm and 303 nm. Analysis of their 1H and 13C NMR data (Table 4.4, Figure 

S11 - Figure S16) and the respective COSY as well as HSQC data revealed the presence of an 

aliphatic backbone (CH2-1 to CH2-6) and two additional partial structures, comprising of a 

catechol as well as a 2-hydroxyphenyl moiety. HMBC spectroscopy clarified the amide-

connected backbone structure and one major difference between these two molecules: 

Myxochelin B4 carries the salicylamide in positions C-1’’ to C-7’’ and the catechol amide 

represents C-1’ to C-7’. For myxochelin B5 the two moieties are interchanged.  

Myxochelin B6 exhibits a m/z of 372.1936 [M+H]+ indicating the chemical formula C20H26N3O4 

with 10 double bond equivalents. It shows a UV spectrum with local maxima at 237 nm and 

301 nm. Subsequent analysis of the corresponding set of NMR data (Table 4.4, Figure S17 – 

Figure S19) showed that this derivative carries two identical salicylamide moieties bound to 

the central aliphatic chain and thus represents the double-substituted derivative of natural 

myxochelin B. The optical rotation analysis of myxochelin B4 to B6 identified them as the 

S-enantiomers. 

Myxochelin B7 to B9 were isolated from the culture fed with 6-fluorosalicylic acid. The B7 and 

B8 compounds show pseudomolecular masses of m/z 406.1770 and 406.1752, respectively, 

both matching with a chemical formula of C20H24FN3O5. As for the previously described 

myxochelins, this formula corresponds to 10 double bond equivalents. Their UV spectra 

appear with local maxima at 242 nm and 307 nm. Their 13C NMR spectra show identical signals 

in the aliphatic region as the previous myxochelins (C-1 to C-6), but significant differences 

were observed for the sp2-hybridized signals in the low field. Therein, for myxochelin B7 seven 

and for myxochelin B8 six signals were split into doublets resulting from heteronuclear 

coupling with fluorine. Corresponding to literature values220, the direct 1JC,F coupling exhibits 

a characteristic large coupling constant of 248 Hz, for the 2JC,F values in the range of 25 to 14 Hz 

are found, and for 3J to 4J they further decrease (Table 4.4). Accordingly, for myxochelin B7 the 

3J values that stand for the correlation between F-6’’and C-7’’ have a coupling constant of 1.8 

Hz. In myxochelin B8, the equivalent F-6’ to C-7’ correlation is not detectable, probably due to  
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Table 4.4 1H and 13C NMR data recorded for myxochelin B4 to B9 (methanol-d4) 

 Myxochelin B4  Myxochelin B5  Myxochelin B6 

pos. δC, type δH, M  

(J in Hz) 

 δC, type δH, M  

(J in Hz) 

 δC, type δH, M  

(J in Hz) 

1 45.1, CH2 a: 3.18, dd  

(13.1, 2.5) 

b: 3.04, dd  

(13.0, 10.0) 

45.2, CH2 a: 3.18, dd  

  (13.1, 3.4)  

b: 3.04, dd  

  (13.1, 10.0) 

 45.1, CH2 a: 3.18, dd 

   (13.2, 3.5) 

b: 3.04, dd  

   (13.4, 9.8) 

2 49.0, CH 4.38, m  49.1, CH 4.37, m  49.2, CH 4.40, m 

3 32.5, CH2 1.73, m  32.6, CH2 1.74, m  32.6, CH2 1.74, m 

4 24.3, CH2 a: 1.55, m  

b: 1.48, m 

 24.3, CH2 a: 1.55, m 

b: 1.49, m 

 24.3, CH2 a: 1.55, m  

b: 1.49, m 

5 30.0, CH2 1.68, m  30.0, CH2 1.69, m  30.0, CH2 1.69, m 

6 40.0, CH2 3.40, m  40.0, CH2 3.39, t  

(6.5) 

 40.1, CH2 3.40, m 

1’ 116.6, C -  116.9, C -  116.8, C - 

2’ 150.2, C -  161.1, C -  161.1, C - 

3’ 147.3, C -  118.4, CH 6.90, dd  

(8.3, 1.2) 

 118.5, CH 6.90, dd  

(8.3, 1.1) 

4’ 119.9, CH 6.94, dd  

(7.9, 1.6) 

 135.1, CH 7.38, ddd  

(8.4, 7.1, 1.7) 

 135.1, CH 7.38, ddd 

(8.3, 7.2, 1.8) 

5’ 119.7, CH 6.70, t  

(8.0) 

 120.2, CH 6.88, ddd  

(8.0, 7.2, 1.2) 

 120.2, CH 6.87, ddd 

(8.0, 7.2, 1.2) 

6’ 119.0, CH 7.27, dd  

(8.1, 1.6) 

 129.2, CH 7.79, dd  

(8.0, 1.7) 

 129.2, CH 7.80, dd  

(8.0, 1.8) 

7’ 172.5, C -  172.0, C -  172.0, C - 

1’’ 117.0, C -  116.8, C -  117.0, C - 

2’’ 161.1, C -  150.1, C -  161.1, C - 

3’’ 118.4, CH 6.87, dd  

(8.3, 1.2) 

 147.3, C -  118.5, CH 6.87, dd  

(8.3, 1.0) 

4’’ 134.7, CH 7.35, ddd  

(8.3, 7.2, 1.8)  

 119.6, CH 6.91, dd  

(8.3, 1.2) 

 134.7, CH 7.35, ddd  

(8.3, 7.2, 1.8)  

5’’ 120.1, CH 6.84, ddd  

(8.0, 7.2, 1.2) 

 119.6, CH 6.68, t  

(8.0) 

 120.1, CH 6.84, ddd  

(8.0, 7.2, 1.2) 

6’’ 128.7, CH 7.69, dd  

(8.0, 1.8) 

 118.6, CH 7.16, dd  

(8.1, 1.3) 

 128.7, CH 7.69, dd  

(8.0, 1.8) 

7’’ 171.0, C -  171.5, C -  171.0, C - 
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Table 4.4 continued. 

 Myxochelin B7  Myxochelin B8  Myxochelin B9 

pos. δC,  

(JC,F in Hz), 

type 

δH, M 

(JH,H / JH,F in 

Hz)a 

 δC,  

(JC,F in Hz), 

type 

δH, M 

(JH,H / JH,F in Hz)a 

 δC,  

(JC,F in Hz), 

type 

δH, M 

(JH,H / JH,F in 

Hz)a 

1 45.1, CH2 a: 3.19, dd 

 (13.3, 2.9) 

b: 3.04, dd  

(13.3, 10.0) 

44.8, CH2 a: 3.17, dd 

 (13.1, 3.8) 

b: 3.07, dd 

 (13.2, 9.8) 

 44.9, CH2 a: 3.17, dd 

(12.9, 3.8) 

b: 3.08, dd 

(13.2, 9.8) 

2 49.1, CH 4.38, m  49.3, CH 4.40, m  49.0, CH 4.40, m 

3 32.5, CH2 1.73, m  32.4, CH2 1.72, m  32.3, CH2 1.73, m 

4 24.1, CH2 a: 1.55, m  

b: 1.49, m 

 24.1, CH2 a: 1.58, m  

b: 1.50, m 

 24.0, CH2 a: 1.60, m 

b: 1.52, m 

5 29.8, CH2 1.68, m  29.9, CH2 1.69, m  29.8, CH2 1.67, m 

6 40.1, CH2 3.41, t (6.6)  40.0, CH2 3.40, m  40.1, CH2 3.43, m 

1’ 116.6, C -  107.7, d 

(14.8), C 

-  n.d., C - 

2’ 150.2, C -  162.3, d 

(5.0), C 

-  n.d., C - 

3’ 147.3, C -  114.4, d 

(1.9), CH 

6.74, dd 

 (8.4, 1.2) 

 114.4, CH 6.74, dd  

(8.4, 1.0) 

4’ 119.9, CH 6.93, dd  

(8.0, 1.3) 

 134.6, d 

(12.4), CH 

7.33, dt 

 (8.4, 6.7) 

 134.6, d 

(12.3), CH 

7.34, dt  

(8.3, 6.8) 

5’ 119.7, CH 6.70, t (8.0)  107.0, d 

(24.8), CH 

6.62, ddd  

(11.5, 8.3, 1.2) 

 107.0, d 

(24.8), CH 

6.63, ddd  

(11.6, 8.2, 1.0) 

6’ 119.0, CH 7.28, dd  

(8.0. 1.3) 

 162.3, d 

(248.0), C 

-  162.3, d  

(248.0), C 

- 

7’ 172.6, C -  169.4, C -  169.5, C - 

1’’ 107.4, d 

(14.8), C 

-  116.7, C -  n.d., C - 

2’’ 162.6, d 

(4.9), C 

-  150.2, C -  n.d., C - 

3’’ 114.4, d 

(2.8), CH  

6.70, dd 

(8.4, 1.2) 

 147.3, C -  114.4, CH 6.71, dd  

(8.4, 1.0) 

4’’ 134.2, d 

(12.5), CH 

7.29, dt  

(8.4, 6.8) 

 119.5, CH 6.91, dd  

(7.9, 1.4) 

 134.2, d 

(12.6), CH 

7.31, dt  

(8.4, 6.7) 

5’’ 106.8, d 

(24.5), CH 

6.59, ddd  

(11.5, 8.2, 1.2) 

 119.5, CH 6.68, t (8.0)  106.8, d 

(24.7), CH 

6.59, ddd  

(11.7, 8.3, 1.0) 

6’’ 162.3, d 

(247.0), C 

-  118.6, CH 7.17, dd  

(8.1, 1.4) 

 162.3, d 

(247.0), C 

- 

7’’ 168.4, d 

(1.8), C 

-  171.6, C -  168.4, C - 

a JH,F values are displayed in italics, n.d. = not detected 
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limited signal resolution and indiscernible signal splitting. This explains the difference in the 

two spectra.  

Analysis of the 1H NMR and the corresponding COSY data confirmed the aliphatic backbone 

analogously to the other myxochelins and identified again two aromatic spin systems. One 

could again be attributed to a catechol unit and the other one to the 6-fluorosalicylic acid 

moiety. The coupling between fluorine and protons resulted in additional splitting of the 

aromatic proton signals in the fluorine neighboring, leading to characteristic 3JH,F couplings of 

about 13.2 Hz and 4JH,F couplings of about 6.7 Hz (Table 4.4). HSQC and HMBC evaluation 

assigned myxochelin B7 to carry the 6-fluorosalicyl part in positions C-1’’ to C-7’’ as seen from 

long-range coupling from CH2-6 of the aliphatic central part to carbonyl C-7’’ as well as the 

aromatic CH-3’’ and CH-5’’ to C-7’’. Likewise, the catechol amide is located in positions C-1’ to 

C-7’, deducted from correlation of aliphatic CH-2 as well as aromatic CH-5’ and CH-6’ to the 

second carbonyl C-7’. For myxochelin B8, the arrangement of the two aromatic building blocks 

is reversed.  

Myxochelin B9 was found to have a m/z of 408.1747 [M+H]+, corresponding to a chemical 

formula of C20H23F2N3O4 accounting again for 10 degrees of unsaturation. The UV spectrum 

shows maxima at 234 nm and 303 nm. 1H as well as 13C NMR spectra present the previously 

described signals of the aliphatic backbone (CH2-1 to CH2-6). Two additional spin systems were 

deduced from COSY data and were identified as 6-fluorosalicylic acid units exhibiting similar 

fluorine to carbon, as well as fluorine to proton couplings (C-1’ to C-7’ and C-1’’ to C-7’’). The 

signals could be assigned by evaluation of the chemical shifts and the collected correlation 

data of myxochelin B7 and B8. Accordingly, the 6-fluorosalicylic acid was assigned as partial 

structure in the western and eastern part of myxochelin B9. The optical rotation values of 

myxochelin B7 to B9 all show negative signs as found for the other myxochelins, illustrating the 

S-configuration of these molecules. 

A data summary of all discussed myxochelin B derivatives is presented in Table 4.4.  



Results and Discussion 

53 

4.1.3 Structure elucidation of pseudochelins  

Pseudochelin A4 to A6 were isolated from cultures fed with salicylic acid. Derivatives A4 and A5 

were found by their pseudomolecular ions m/z 370.1759 and 370.1741 [M+H]+, respectively, 

representing the chemical formula C20H24N3O4. The latter corresponds to 11 calculated 

degrees of unsaturation and indicates one additional double bond or ring structure within the 

molecule compared to myxochelin B congeners. UV data exhibits maxima at 249 nm and 

302 nm (myxochelin B4) as well as 245 nm and 312 nm (myxochelin B5). In both molecules, the 

13C spectrum shows 20 signals, of which six can be attributed to aliphatic carbons (C-1 to C-6). 

Fourteen carbons are sp2-hybridized according to their chemical shifts. Two of these carbons 

must form double bonds with heteroatoms. While C-7’’ is part of an amide moiety, C-7’ forms 

a ketimine partial structure (Table 4.5). The remaining 12 aromatic carbons belong to two 

substituted phenyl partial structures, which were further confirmed by the 1H NMR data 

together with their correlations deduced from a COSY spectrum. These show two distinct 

aromatic spin systems, one composed of three and the other of four protons creating a 

catechol as well as a 2-hydroxyphenyl substructure. The aliphatic protons constitute a third 

spin system spanning from CH2-1 to CH2-6. The chemical shifts of H2-1, H-2 and H2-6 are 

indicative of adjacent nitrogen atoms. The protons H-1a and H-1b show distinct chemical shifts 

and stand out with their large geminal coupling constant of about 11.5 Hz. After assignment 

of directly-bound carbons through HSQC, long range coupling observed in HMBC spectra was 

used to assemble the three spin system and to distinguish the two derivatives. For 

pseudochelin A4, relevant couplings were found from CH2-6 to C-7’’ and further connection 

from CH-6’’ to C-7’’, identifying the western part of the molecule as a salicylamide unit (C-1’’ 

to C-7’’). On the opposite end of the aliphatic carbohydrate chain the diastereotopic protons 

H-1a and H-1b both correlate with CH-2 and CH2-3 along the linear chain, but equally with C-

7’. The catechol spin system analogously connects CH-6’ with C-7’ as the linking atom between 

the two parts and confirms its location in the eastern part of the molecule (C-1’ to C-7’). 

Combination of the shielded chemical shift of C-7’, HMBC evaluation and the remaining double 

bound equivalent suggested that the dihydroimidazole connects CH2-1, CH-2 and C-7’ over 

two bridging nitrogens (Figure 4.3).  

For pseudochelin A5, the left and right aromatic partial structures were found to be 

interchanged. The HMBC analysis shows that the catechol moiety (C-1’’ to C-7’’) correlates 
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from CH-3’’ and CH-6’’ to C-7’’ which also connects to CH2-6. The 2-hydroxyphenyl unit though 

links from CH-6’ to C-7’ as part of the dihydroimidazole ring. As observed for pseudochelin A4, 

long range correlations from CH2-1 to C-7’ form the upper bridge and herein an additional 

correlation between CH-2 and C-7’ is observed, giving the 5-membered ring structure. 

 

 

Figure 4.3 Correlations observed for pseudochelin A4 and A5 

COSY (bold lines) and selected HMBC (arrows) interactions, relevant for structure elucidation 

The absolute configuration of pseudochelin A was previously determined by comparison of its 

experimental circular dichroism spectrum with corresponding theoretical calculations and 

found to be 2S configured.66 Pseudochelin A exhibits a negative optical rotation [α]20
D.66 The 

values found for pseudochelin A4 and A5 show the same negative sign and accordingly their 

stereochemistry represents similarly the S-enantiomer. 

Pseudochelin A6 exhibits a pseudomolecular mass with m/z 354.1830 [M+H]+ and a chemical 

formula of C20H23N3O3 was calculated from this value. Consistent with pseudochelin A4 and 

pseudochelin A5, the molecule features 11 double bound equivalents. Its UV spectrum shows 

maxima at 243 nm and 303 nm. The 13C NMR data shows again 20 signals, including six 

aliphatic carbon atoms, 12 aromatic and two carbonyl type carbon atoms. Together with the 

1H NMR data, a substructure was deduced that is equivalent to the aliphatic region of the two 

pseudochelins described before, with a butyl chain that connects to a dihydroimidazole 

moiety (CH2-1 to CH2-6). Furthermore, two aromatic spin systems are obvious from the COSY 

spectrum, featuring four protons each. These two spin systems were identified as 

2-hydroxyphenyl units (C-1’ to C-6’ and C-1’’ to C-6’’). HSQC and HMBC analysis confirmed the 

linkage of the three parts through coupling through C-7’ and C-7’’ similar as described for the 

previous two derivatives, forming a pseudochelin with two modified aromatic residues. 

Optical rotation analysis indicated the S-configuration for this derivative. 
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Pseudochelin A7 to A9 were identified in the culture extract fed with 6-fluorosalicylic acid. The 

A7 and A8 derivatives exhibit pseudomolecular masses of m/z 388.1650 and 388.1682 [M+H]+, 

respectively, both in accordance with the chemical formula C20H22FN3O4, accounting for 11 

degrees of unsaturation. Their UV spectra appear with local maxima at 244 nm and 310 nm. 

The highfield region of their 13C NMR spectra is consistent with the previously described 

pseudochelins (C-1 to C-6), but in the downfield region, seven putative additional signals for 

pseudochelin A7 and six putative additional signals for A8 were found. As described before for 

fluorinated myxochelin B derivatives, these additional "signals" are due to signal splitting 

induced by fluorine to carbon heteronuclear coupling (Table 4.5). Accordingly, the 1H NMR 

and COSY data show three spin systems, the aliphatic backbone (CH2-6 to CH2-3) connected 

with the 4,5-dihydroimidazole (CH-2 and CH2-1), and two aromatic units. The splitting of the 

proton signals in one aromatic spin system is indicative of heteronuclear coupling with 

fluorine. Interpretation of HSQC and HMBC data gave the final structures of these two 

derivatives. Pseudochelin A7 bears a 6-fluorosalicylamide moiety in positions C-1’’ to C-7’’ and 

a catechol unit in C-1’ to C-6’. Conversely, in pseudochelin A8 these two partial structures are 

interchanged with C-1’ to C-6’ representing the 2-hydroxy-6-fluorophenyl moiety and C-1’’ to 

C-7’’ as the 2,3-dihydroxybenzamide part. The optical rotation values [α]20
D exhibited negative 

metrics and confirmed both derivatives as 2S-enantiomers. 

Pseudochelin A9 with its m/z of 408.1747 [M+H]+, corresponds to the calculated chemical 

formula of C20H23F2N3O4 accounting again for 11 degrees of unsaturation. The UV spectrum 

shows maxima at 234 nm and 303 nm. The NMR dataset was evaluated as described before. 

Due to limited yield and thus concentration not all carbons could be assigned from the 13C, 

HSCQ and HMBC data. Additional signals were assigned based on similarities with chemical 

shifts and correlation data from pseudochelin A7, A8 as well as myxochelin B7, B8 and B9. This 

provided concluding information that pseudochelin A9 is indeed the derivative bearing two 

2-hydroxy-6-fluorophenyl aromatic parts. The stereochemistry of this derivative could not be 

determined.  

Pseudochelins A1 to A3 were only produced at trace levels and could only be detected by MS, 

but not characterized by NMR. A summary of all discussed pseudochelin A derivatives is shown 

in Table 4.5.    
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Table 4.5 1H and 13C NMR data recorded for pseudochelin B4 to B9 (methanol-d4) 

 Pseudochelin A4  Pseudochelin A5  Pseudochelin A6 

pos. δC, type δH, M  

(J in Hz) 

 δC, type δH, M  

(J in Hz) 

 δC, type δH, M  

(J in Hz) 

1 50.6, CH2 a: 4.13, m 

 

b: 3.73, dd  

(11.8, 7.7) 

50.5, CH2 a: 4.13, t 

(11.3)  

b: 3.73, dd 

(11.4, 7.6) 

 50.5, CH2 a: 4.13, t 

 (11.4) 

b: 3.73, dd 

 (11.5, 7.6) 

2 58.1, CH 4.38, m  58.1, CH 4.38, m  58.1, CH 4.38, m 

3 35.6, CH2 a: 1.88, m  

b: 1.79, m 

 35.6, CH2 a: 1.88, m  

b: 1.80, m 

 35.6, CH2 a: 1.89, m  

b: 1.80, m 

4 23.0, CH2 1.52, m  22.9, CH2 1.52, m  23.0, CH2 1.52, m 

5 30.2, CH2 1.72, m  30.2, CH2 1.72, m  30.3, CH2 1.72, m 

6 40.0, CH2 3.44, t (6.8)  40.0, CH2 3.44, t (7.0)  40.0, CH2 3.44, t (7.0) 

1’ 109.3, C -  109.3, C -  109.3, C - 

2’ 149.0, C -  159.7, C -  159.7, C - 

3’ 147.6, C -  118.2, CH 7.07, d  

(8.4) 

 118.5, CH 7.07, dd  

(8.4, 0.9) 

4’ 121.3, CH 7.10, d (7.9)  137.6, CH 7.57, ddd  

(8.4, 7.3, 

1.8) 

 137.5, CH 7.57, ddd  

(8.4, 7.3, 1.7) 

5’ 121.3, CH 6.87, m  121.4, CH 7.04, dd 

(8.0, 7.3) 

 121.4, CH 7.04, ddd  

(7.9, 7.3, 1.0) 

6’ 120.1, CH 7.16, d (8.0)  130.7, CH 7.70, dd  

(8.0, 1.8) 

 130.7, CH 7.71, dd  

(8.0, 1.7) 

7’ 164.5, C -  164.3, C -  164.3, C - 

1’’ 117.0, C -  116.8, C -  117.0, C - 

2’’ 161.1, C -  150.2, C -  161.1, C - 

3’’ 118.5, CH 6.87, m   147.4, C -  118.2, CH 6.89, dd  

(8.2, 1.2) 

4’’ 134.7, CH 7.37, t (7.9)  119.6, CH 6.92, dd  

(7.9, 1.7) 

 134.7, CH 7.37, ddd,  

(8.3, 7.2, 1.7) 

5’’ 120.1, CH 6.87, m   119.6, CH 6.71, t  

(8.0) 

 120.1, CH 6.87, ddd  

(7.8, 7.3, 1.2) 

6’’ 128.8, CH 7.73, d (7.9)  118.6, CH 7.20, dd  

(8.1, 1.7) 

 128.8, CH 7.73, dd  

(7.9, 1.7) 

7’’ 171.0, C -  171.5, C -  171.0, C - 
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Table 4.5, continued  

 Pseudochelin A7  Pseudochelin A8  Pseudochelin A9 

pos. δC,  

(JC,F in Hz), 

type 

δH, M 

(JH,H / JH,F in 

Hz) a 

 δC,  

(JC,F in Hz), 

type 

δH, M 

(JH,H / JH,F in 

Hz) a 

 δC,  

(JC,F in Hz), 

type 

δH, M 

(JH,H / JH,F  

in Hz) a 

1 50.5, CH2 a: 4.14, t  

(11.3) 

b: 3.74, dd  

(11.3, 7.4) 

50.3, CH2 a: 4.14, t  

(11.5) 

b: 3.74, dd  

(11.5, 7.4) 

 50.3, CH2 a: 4.15, t  

(11.5) 

b: 3.76, dd  

(11.6, 7.4)  

2 58.1, CH 4.39, m  58.3, CH 4.42, m  58.4, CH 4.42, m 

3 35.6, CH2 a: 1.88, m  

b: 1.80, m 

 35.5, CH2 a: 1.87, m  

b: 1.80, m 

 35.5, CH2 a: 1.88, m 

b: 1.80, m 

4 22.9, CH2 1.53, m  22.8, CH2 1.51, m  22.7, CH2 1.53, m 

5 30.1, CH2 1.72, m  30.2, CH2 1.71, q (7.2)  30.1, CH2 1.72, q (7.2) 

6 40.1, CH2 3.46, t (6.9)  40.0, CH2 3.43, t (6.9)  40.1, CH2 3.46, t (6.9) 

1’ 109.2, C -  100.3,  

d (13.4), C 

-  n.d., C - 

2’ 149.2, C -  160.3,  

d (5.0), C 

-  160.2, d 

(5.0), C 

- 

3’ 147.7, C -  113.7,  

d (2.9), CH 

6.87, d (8.5)  113.7, d 

(3.4), CH 

6.87, d (8.4) 

4’ 121.3, CH 7.09, d (7.8)  137.4,  

d (12.2), CH 

7.53, dt  

(8.5, 6.6) 

 137.4, d 

(12.5), CH 

7.53, dt  

(8.5, 6.6) 

5’ 121.1, CH 6.85, t (7.8)  107.9,  

d (22.2), CH 

6.81, dd  

(11.2, 8.4) 

 107.9, d 

(22.1), CH 

6.82, dd  

(11.2, 8.4) 

6’ 120.1, CH 7.16, d (7.8)  162.9,  

d (254.0), C 

-  162.9, d  

(254.0), C 

- 

7’ 164.6, C -  160.5, C -  160.5, C - 

1’’ 107.5, d 

(15.0), C 

-  116.8, C -  n.d., C - 

2’’ 162.7, d 

(4.7), C 

-  150.2, C -  162.3, d  

(4.7), C 

- 

3’’ 114.5, d 

(2.5), CH 

6.72, d (8.3)  147.3, C -  114.5, d  

(4.3), CH 

6.72, d (8.4) 

4’’ 134.2, d 

(12.3), CH 

7.32, dt  

(8.3, 6.8) 

 119.6, CH 6.92, dd  

(7.9, 1.5) 

 134.2, d  

(13.2), CH 

7.32, dt  

(8.4, 6.8) 

5’’ 106.8, d 

(24.3), CH 

6.63, dd  

(11.6, 8.3) 

 119.6, CH 6.71, t (8.0)   106.8, d  

(24.6), CH 

6.63, dd  

(11.7, 8.3) 

6’’ 162.4, d 

(247.0), C 

-  118.6, CH 7.20, dd  

(8.1, 1.6) 

 n.d., C - 

7’’ 168.5, d 

(2.0), C 

-  171.5, C -  n.d., C - 

a JH,F values are displayed in italics   
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4.1.4 Structure-activity relationship on 5-lipoxygenase inhibition 

Parts of the following text were taken with minor modifications from publication [A] of the 

author: 

“The ten analogs (myxochelin B4-B8 and pseudochelin A4-A8) were obtained in sufficient 

quantities to allow biological testing. After individual exposure of isolated human recombinant 

5-LO to the test compounds including myxochelin A, B and pseudochelin A, the enzymatic 

conversion of arachidonic acid into all-trans derivatives of leukotriene B4 and 5-

hydro(pero)xyeicosatetraenoic acid was quantified by HPLC. Consistent with previous 

investigations,65,71 a potent bioactivity for myxochelin A against 5-LO (IC50 = 1.9 μM) was 

observed. For comparison, the FDA-approved 5-LO inhibitor zileuton possessed only slightly 

better efficiency in this cell-free assay, with an IC50 value of 0.5 μM.215 The two other natural 

products, myxochelin B and pseudochelin, which were tested for the first time for their 5-LO 

inhibitory properties in this study, were found to be even more active than myxochelin A with 

IC50 values of 1.4 and 0.9 μM, respectively. It is interesting that the observed increase in 5-LO 

inhibition of the bacterial metabolites is paralleling the biosynthetic reaction sequence, in 

which the formation of myxochelin B and pseudochelin A requires additional enzymatic 

processing in comparison to myxochelin A.62,217 Whether this gradual improvement in 

bioactivity occurred by chance or by evolutionary constraints cannot be answered right now, 

though further analyses in this direction would be certainly warranted considering the recent 

discovery of lipoxygenases in myxobacteria.221–223  

Of the tested myxochelin B derivatives, B6 and B7 failed to inhibit 5-LO product formation at 

concentrations lower than 10 μM. The analogs B4 and B8 showed considerably higher IC50 

values than their parental molecule, whereas the replacement of the 2,3-dihydroxybenzoate 

moieties in pseudochelin A was surprisingly well tolerated. Except for pseudochelin A6, which 

lacks both catechol moieties, the pseudochelin A derivatives retained most of their bioactivity 

(Table 4.1 and Table 4.2).”214 In comparison to the previously reported IC50 values from 

myxochelin A derivatives,71 all tested myxochelin B derivatives show lower inhibitory potency, 

indicating that the amino group effects the inhibition negatively. In contrast, the 

corresponding pseudochelin congeners exhibit similar or only slightly weaker inhibitory 

properties.  
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4.1.5 Discussion  

“Based upon these results, the previous structure-activity relationship (SAR) data could now 

be further refined.71 The molecular mode of action of 5-LO inhibition by the myxochelins and 

pseudochelins is still unclear. In general, 5-LO inhibitors are classified as redox-active 

compounds, active site iron chelators, substrate mimetics (competitive inhibitors) or non-

competitive inhibitors.224“ (Modified after Sester et al., 2019)214  

Recent crystal structure analysis of 5-LO with the redox-type inhibitor nordihydroguaiaretic 

acid (NDGA) gave detailed insights into its mechanism of action. When NDGA is placed in the 

active site cavity, it provokes disordering of relevant alpha-helical structures in the enzyme. 

Additionally, the slender structure of the inhibitor makes it reach deep into the active site 

pocket, where it is tethered by only one interaction between one catechol unit and 

arginine-596. This position causes the opposite catechol to shield the central iron and thus to 

inhibit the catalytic activity (Figure 4.4).225 Due to structural similarities with myxochelins or 

pseudochelins, a similar mechanism may be hypothesized. However, for detailed insight into 

the influence of the various substitution patterns, and moreover, the lysinol- or 

dihydroimidazole-derived backbone, experimental data or a computational model is needed.  

 

Figure 4.4 Modelled protein structure of Stable 5-lipoxygenase with NDGA as inhibitor 
Left side shows Stable-5-LO modelled with amino-terminal domain in gray and catalytic domain in gray. 
On the right side, zoom into the active site cavity. The relevant amino acids are highlighted and NDGA 
(pink) positioned deep in the ravine, tethered by R596. The catalytic iron is depicted as orange sphere. 
(Modified after Gilbert et al., 2020)225  
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Additionally, it is still possible that these compounds partially inhibit 5-LO due to the 

complexation of the active site iron.  

“In summary, it has become evident that the presence of an imidazoline ring next to a catechol 

or phenolic moiety is beneficial for 5-LO inhibition. In contrast, the replacement of both 

catechol units by salicyl moieties will negatively affect the inhibitory properties. Furthermore, 

it turned out that the bioactivity of myxochelin B and pseudochelin A cannot be further 

improved by introducing a single salicyl or 6-fluorosalicyl moiety into the biosynthesis. Since 

these two aryl carboxylic acids were considered to represent the most promising candidates 

for obtaining more active compounds on the basis of our a previous investigation,71 one may 

conclude that the natural product pseudochelin A is already perfectly adapted to the inhibition 

of 5-LO and further optimization will likely require the evaluation of additional structural 

variations in the region linking the two catechol units.”(Modified after Sester et al., 2019, 

publication A)214 

This might include shortening of the chain length, e.g. by introduction of the homologous 

ornithine instead of lysine. Modifications are conceivable for example by site-directed 

mutagenesis or domain exchange to adapt the Stachelhaus code, or active site mutation by 

directed evolution226 of the MxcG A domain. This might facilitate production of 

myxochelin A, B as well as pseudochelin derivatives with a CH2-shortened central part. Highly 

desirable would also be the generation of an MxcM analog that accepts myxochelin A as a 

substrate and consequently forms modified pseudochelins bearing an oxazoline instead of 

dihydroimidazole ring. This could be achieved through directed evolution and might not only 

allow diversification of natural myxochelin A, but also facilitate a semisynthetic approach to 

convert artificial analogs that were described before.215,227,228 Alternatively, MxcM homologs 

as the Streptomyces amidohydrolases CbxE229 or NatAM230 could be tested to see if they 

enable such transformation. 

The proposed enzyme engineering could be realized in the heterologously mxcM-expressing 

E. coli strain that was harnessed to generate MxcM for characterization studies,231 taking 

advantage of more established genetic modification tools. Its robust nature and catalytic 

activity even in organic solvents231 are valuable properties with regard to its potential future 

applications as a biocatalyst. 
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Finally, the limited biosynthetic production yield of artificial myxochelins could be improved 

by a mutasynthetic approach, in which 2,3-dihydroxybenzoic acid (DHBA) synthesis could be 

interrupted. This would eliminate the availability of the natural precursor DHBA and the 

incorporation of non-natural surrogates could preferentially occur, even beyond those already 

tested.   
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4.2 Precursor-directed biosynthesis towards aurachin congeners 

Work presented in this chapter was performed in collaboration with B.Sc. Katrin Stüer-

Patowsky in the course of her Masters’ thesis (Laboratory of Technical Biology, TU Dortmund 

University).  

The known producer of aurachins, Stigmatella erecta,74 was employed to explore the 

promiscuity of the aurachin biosynthesis pathway concerning the incorporation of fluoro- and 

chloroanthranilic acids. These precursors do not naturally occur in this bacterium, and their 

feeding was expected to result in the production of aurachin derivatives. The corresponding 

feeding experiments were conducted in shaken Erlenmeyer flasks. The cultures were 

supplemented with adsorber resins to bind the secreted aurachins. At the end of cultivation, 

these resins were collected by filtration and then eluted with acetone and methanol. The 

resulting crude extracts were used for LC-MS analysis.162  

4.2.1 Metabolic profiling and anthranilic acids probing  

Metabolic profiling of the extracts indicated the production of known compounds from 

S. erecta, including myxochelin B, myxalamides or myxothiazol A and a variety of aurachins. In 

accordance with previous reports,80 supplementation of anthranilic acid boosted the 

production of natural aurachins. An example of the diversity of produced compounds is 

displayed in Figure 4.5. The aurachins appear as the main components. Aurachins A and H, B 

and C, or F, K and L could not be assigned unambiguously, as they have the same molecular 

mass and do not significantly differ in their UV spectra.  

The added anthranilic acid precursors had different effects on the aurachin titers and the 

growth of the producing strain. While the supplementation of anthranilic acid boosted the 

production of natural aurachins, as previously reported,80 halogenated anthranilic acids had a 

deleterious effect on both, aurachin titers and the growth of S. erecta. The growth defects 

were observed with all unnatural precursors, irrespective of their fluorine or chlorine 

substitution pattern. According to previous reports from mycobacteria,232 halogenated 

anthranilic acids interfere with tryptophan metabolism, which might also explain the 

observations in this study. 
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Figure 4.5 Metabolic profiling of S. erecta extracts by HPLC-MS. 
A. Without and B. with supplementation of anthranilic acid. Aurachin D (blue) and aurachin B/C (green) 
dominate the spectrum, in particular in setting B. Aurachin P (orange), aurachin A/H (purple), aurachin 
F/K/L (red). Other compounds: Myxochelin B, myxalamide D, C, myxothiazol A (gold).  

4.2.2 Quantification of halogenated aurachins  

The text in this section was taken with minor modifications from publication [B] of the author: 

“In the presence of halogenated anthranilic acids, attenuated growth of S. erecta was 

observed, irrespective of the fluorine or chlorine substitution pattern. This may hint at 

interferences with tryptophan metabolism, as recently reported for mycobacteria.232 Previous 

studies had already indicated that the biosynthesis of individual aurachins is linked to the 

growth phase of the producing bacterium.73 S. erecta, like many other myxobacteria, does not 

grow homogeneously in liquid media, but is known to form cellular aggregates.106 As this 

feature makes it very difficult to precisely determine the growth stage of S. erecta, the 

amounts of biosynthesized aurachins were normalized to the production of myxothiazol A. 

This known secondary metabolite from S. erecta74 does not recruit anthranilic acid for its 

biosynthesis and its production profile is similar to the aurachins.114,233 The results of this 

quantification are illustrated in Figure 4.6.”162 
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Figure 4.6 Quantification of aurachins in S. erecta crude extracts after feeding with halogenated 
anthranilic acids. 
A. HPLC-MS chromatograms after feeding fluoroanthranilic acids. Base peak chromatogram with 
extracted ion chromatograms of aurachin D (1, grey) and the derivatives 8-fluoroaurachin D (1a), 7-
fluoroaurachin D (1b), 6-fluoroaurachin D (1c) and 5-fluoroaurachin D (1d) (black). B. Normalized 
quantification of aurachins after feeding with fluoro- and chloroanthranilic acids. EIC = extracted ion 
chromatogram. (Modified after Sester et al., 2020)162 

“The total amount of aurachins increased by a factor of four when compared to 

unsupplemented cultures, which suggests that the availability of the natural aromatic 

precursor is a limiting factor in the biosynthesis. In contrast, the cultivation in the presence of 
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halogenated anthranilic acids had a lower impact or even decreased the production level. 

Moreover, significant differences in the utilization of the unnatural precursors became 

obvious. While all fluoroanthranilic acids could be converted into novel aurachins, albeit to 

different extent, the biosynthesis enzymes were obviously much less tolerant with regard to 

chlorinated starter units. Except for the incorporation of 5-chloroanthranilic acid, only trace 

amounts of chloroaurachins were detected by LC-MS. Among the fluorinated precursor 

analogs, 5-fluoroanthranilic acid showed the highest conversion, followed by the aromatic 

acids bearing the halogen substituent in positions 3 and 4, respectively. In comparison, the 

6-fluoroanthranilic acid-derived aurachins were produced in much lower quantities. These 

results indicate that the introduction of halogen atoms in aurachin biosynthesis depends both 

on the nature of the halogen (F > Cl) and on the substitution pattern of the precursor molecule 

(pos. 5 > 3 > 4 > 6). In none of the feeding settings, the anticipated acyl-CoA derivatives of 

halogenated anthranilic acids were found, whereas correspondingly substituted 4-hydroxy-

2-methylquinolines were detected at trace levels in cultures supplemented with fluoro- as 

well as 4- and 5-chloroanthranilic acids. Since no accumulation of any intermediate was 

observed, it is likely that substrate discrimination already occurs in the early steps of aurachin 

biosynthesis.”162  

4.2.3 Purification and structure elucidation of aurachin derivatives  

Parts of the following text were taken with minor modifications from publication [B] of the 

author: 

“In order to enable full NMR-based structural characterization, feeding studies were repeated 

on multiliter scale to produce sufficient quantities of some aurachin analogs. Owing to the 

very low production titers that were achieved (Figure 4.6 and Table 4.6) and a laborious 

chromatographic separation process (Figure 4.7), only the most abundant derivatives could 

be isolated in appreciable amounts. In case of novel fluoroaurachins the purification 

procedure was significantly facilitated by 19F NMR guided fractionation (Figure S47). The 

recovery of 6-chloro-aurachin remained unsuccessful despite repeated attempts.”162  

“8-fluoroaurachin D (0.5 mg) originated from a 10-L culture of S. erecta grown in the presence 

of 3-fluoroanthranilic acid. The [M+H]+ ion peak of 8-fluoroaurachin D possesses a m/z value 

of  382.2546,  corresponding  to  a  molecular  formula  of  C25H32FNO  and  10  double  bond 
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Table 4.6 Production yield of aurachin D and corresponding derivatives after feeding of 
halogenated anthranilic acids (Modified after Sester et al., 2020)162 

 
 

Supplement Halogenated derivative 
Yield of aurachin D 

[µg L-1] 

Yield of halogenated 
derivative 

[µg L-1] 

-    8.3 - 

anthranilic acid  83.3 - 

3-fluoroanthranilic acid 8-fluoroaurachin D 40.5  53.3 

4-fluoroanthranilic acid 7-fluoroaurachin D   1.0  18.4 

5-fluoroanthranilic acid 6-fluoroaurachin D   1.3  43.8 

6-fluoroanthranilic acid 5-fluoroaurachin D   0.7  16.2 

3-chloroanthranilic acid 8-chloroaurachin D   1.7 < 0.1 

4-chloroanthranilic acid 7-chloroaurachin D   2.8 < 0.1 

5-chloroanthranilic acid 6-chloroaurachin D   3.2  10.4 

6-chloroanthranilic acid 5-chloroaurachin D   8.1 < 0.1 

 

 

Figure 4.7 “LC-MS analysis of an extract from a S. erecta culture fed with 3-fluoroanthranilic acid  
A. Base peak chromatogram. B.-E. Extracted ion chromatograms for B. aurachin D (1), C. aurachin B/C, 
D. 8-fluoroaurachin D (1a), E. 8-fluoroaurachin B/C.” (Modified after Sester et al., 2020)162 
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equivalents. UV maxima at 241, 321 and 333 nm as well as NMR data (Figure S48 - Figure S52) 

of the purified compound are almost consistent with those of aurachin D,73,80 which suggested 

a closely related molecular architecture.”162  

The 13C NMR spectra exhibits 29 putative signals in total, showing four more than predicted 

by the chemical formula. By their chemical shifts they can be grouped into 10 aliphatic carbon 

atoms in the high field, 18 in the low field representing aromatic or other sp2-hybridized 

atoms, and one in the far low field (δC 177.8 ppm), hinting at a carbonyl functionality. Analysis 

of the 1H NMR and COSY data revealed three aromatic protons constituting one spin system 

(CH-5 to CH-7). In H-6 and H-7, their heteronuclear correlation with F-8 prompts signal splitting 

with additional coupling constants of 4JH,F = 4.9 Hz and 3JH,F = 11.1 Hz, respectively. H 2', H-6' 

and H-10' represent three protons which are directly bound to a double bond each, and are 

thus part of three olefinic units, which themselves are connected by methylene bridges. In this 

partial structure, the COSY spectrum shows long-range correlations in addition to the 

expected vicinal couplings. An example is H-2’, which features cross peaks in the COSY 

spectrum not only with the neighboring H2-1’ but also with H3-13’ and H2-4’. A correct 

assignment in this and related cases was possible by analysis of the J values and HMBC data, 

respectively. After the 1H-bound carbons were assigned through HSQC analysis, a farnesyl unit 

was deduced in conjunction with HMBC data. In particular, the assignment of C-3’, C-7’ and 

C-11’ was only achieved through 1H,13C long-range interactions, as the corresponding carbons 

are not directly attached to protons. The HMBC spectrum also confirmed the atom assignment 

in the aromatic moiety. Both, H-5 and H-7, couple with C-8a, while H-5 additionally correlates 

with the carbonyl C-4 part of the vinylogous amide. The correlation of H-6 with C-4a 

establishes the trisubstituted benzene ring with the carbons C-4a to C-8a. In accordance with 

the observed heteronuclear coupling constants, the fluorine proposed by the chemical 

formula calculation is located at position 8. The fluorine-carbon couplings also explain the four 

excess "signals" in the 13C NMR spectrum. The methyl protons of CH3-9 exhibit HMBC 

correlations with C-2 and C-3. The two latter are also coupling partners to H2-1’ which 

additionally correlates with C-4, forming an α-β-unsaturated (C-2, C-3) carbonyl (C-4) partial 

structure. Additionally, comparison with the reported UV maxima of aurachins A – D73 

reinforced the presence of a larger conjugated system that also harbors the proposed nitrogen 

atom, completing the quinolone building block. The aforementioned HMBC correlations from 
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CH2-1’ to C4 of the quinolone moiety and to CH-2’ as well as C-3’ of the farnesyl side chain 

allow a linkage of the two partial structures (Figure 4.8, Table 4.7). Comparison with NMR data 

of aurachin A – L80 and RE75 confirmed the assignment of the signals and verified the structure 

as 8-fluoroaurachin D. 

 
Figure 4.8 Correlations observed for 8-fluoroaurachin D 

Selected COSY (bold lines), HMBC (arrows) and heteronuclear 19F-13C/1H (dashed arrows) interactions, 
relevant for structure elucidation.  

Table 4.7 NMR data recorded for 8-fluoroaurachin D  

pos. δC,  

(JC,F in Hz) 

type 

δH, M 

(JH,H / JH,F 

in Hz)a 

COSY HMBC  pos. δC,  

(JC,F in Hz) 

type 

δH, M 

(JH,H / JH,F  

in Hz)a 

COSY HMBC 

1 - - -   1’ 24.8, CH2 3.40, d (6.9) 2’, 13’ 2, 3, 4, 2’, 

3’ 

2 150.4, C - - -  2’ 123.5, CH 5.09, dt  

(6.9, 1.2) 

1’, 13’ 4’, 13’ 

3 121.7, C - - -  3’ 136.1, C - - -  

4 177.8, C - - -  4’ 40.7, CH2 2.03, m 5’ 2’, 3’, 5’, 

6’, 13’  

4a 127.1, C - - -  5’ 27.2, CH2 2.10, m 4’, 6’ 2’, 3’, 4’ 

5 122.0, d 

 (4.0), CH 

8.02, dd  

(7.9, 1.3) 

6, 7 4, 7, 8a  6’ 125.3, CH 5.04, dt  

(6.9, 1.4) 

5’, 14’ 8’, 14’ 

6 123.9, d  

(6.9), CH 

7.30, dt  

(7.9, 4.9) 

5, 7 4a  7’ 135.9, C - - -  

7 116.7, d 

(16.9), CH 

7.43, ddd 

(7.9, 1.3, 

11.1) 

6 5, 8a  8’ 40.8, CH2 1.87, m 9’ 6’, 7’, 9’ 

8 153.3, d 

(247.1), C 

- - -   9’ 27.8, CH2 1.92, m 8’, 10’  8’ 

8a 130.1, C - - -   10’ 125.3, CH 4.98, ddt  

(7.0, 1.5, 

 1.4) 

9’, 12’, 

15’  

15’ 

9 18.0, CH3 2.51, s - 2, 3   11’ 132.0, C - - - 

      12’ 25.8, CH3 1.60, d (1.4) 9’, 10’ 10’, 11’ 

      13’ 16.3, CH3 1.81, d (1.2) 1’, 2’ 2’, 4’ 

      14’ 16.2, CH3 1.55, d (1.4) 5’, 6’ 6’, 7’, 8’ 

      15’ 17.6, CH3 1.49, d (1.5) 9’, 10’ 9’, 10’, 11’ 

 
  



Results and Discussion 

69 

Purification of the extract from the 4-fluoroanthranilic acid culture via multi-step HPLC yielded 

0.3 mg of 7-fluoroaurachin D. MS and UV data of this metabolite(Figure S53) were consistent 

with the previously isolated 8-fluoroaurachin D. The structural relatedness of the two 

compounds was also obvious from an inspection of their 1H NMR spectra, even though the 

splitting pattern and coupling constants of the aromatic signals showed some deviations. In 

the case of 7-fluoroaurachin D, the data indicated the presence of a 1,2,4-trisubstituted 

benzene ring, and not a 1,2,3-trisubstitution as in 8-fluoroaurachin D. In conjunction with 13C 

and 2D NMR data (Figure S54 -Figure S57) the full structure of 7-fluoroaurachin D was 

deduced.  

Likewise, 0.3 mg of 6-fluoroaurachin D were obtained from a culture supplemented with 5-

fluoroanthranilic acid. The structure elucidation followed the same procedure as described 

before and was integrated into the interpretation of high-resolution ESI-MS and UV spectra 

(Figure S58) as well as NMR data (Figure S59 - Figure S62).  

4.2.4 Structure-activity relationship studies 

The text in this section was taken with minor modifications from publication [B] of the author:  

“Having these novel non-natural derivatives at hand, structure-activity relationship studies 

appeared feasible. The isolated compounds were tested in an agar diffusion assay to assess 

their antibiotic activities against a panel of four bacterial test strains. This analysis revealed 

that the generated derivatives 8-, 7- and 6-fluoroaurachin D are equipotent to aurachin D 

(Figure 4.9). Thus, fluorine introduction does not significantly alter the observed bioactivity 

profile. In comparison to the reference ciprofloxacin, however, the antibacterial activities of 

aurachin D and its analogs turned out to be comparatively weak. Furthermore, we noted that 

the aurachins only show partial inhibition against the test bacteria. This observation might 

indicate spontaneous resistance.”162  
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Figure 4.9 Aurachins isolated in this study and their antibacterial activities  
Results of the agar diffusion assay with ciprofloxacin as positive control. Values indicate the diameter 
of the respective inhibition zone in mm. p, partial inhibition (= few colonies within the inhibition zone). 
The aurachins were tested at a concentration of 0.5 mg mL-1, whereas ciprofloxacin was tested at a 
concentration of 0.005 mg mL-1. (Modified after Sester et al., 2020)162 

4.2.5 Discussion  

Parts of the following text were taken with minor modifications from publication [B] of the 

author: 

“This study shows for the first time that the aurachin pathway exhibits sufficient plasticity to 

enable precursor-directed biosynthesis. The biosynthetic enzymes generally accepted fluorine 

substitution at the anthranilic acid precursor but were less permissive with regard to the more 

bulky chlorine atom. Furthermore, it was demonstrated that the C-5 position of the anthranilic 

acid precursor is particularly suited for the introduction of functional groups. Therefore it can 

be assumed that the pursued strategy is generally applicable for systematic SAR 

investigations. Although three fluoroaurachins were successfully generated and structurally 

and biologically characterized in this study, it is evident from their titers that the production 

conditions were not favorable. This is in part due to the replacement of the originally 

described production medium,74 which is no longer commercially available. Moreover it can 

be reasoned with the biosynthetic dispersion into several products including a number of 

minor aurachins in addition to aurachins A - D and their halogenated variants.80  

To improve the aurachin yields different approaches are conceivable. The genetic inactivation 

of late-stage pathway enzymes in S. erecta could lead to an accumulation of early biosynthetic 
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intermediates, thereby reducing the chemical complexity of the respective extracts. 

Heterologous expression of the entire or partial aurachin gene cluster provides the means to 

bypass natural regulation and, hence, to increase the yield. In particular the focus on only one 

or two derivatives that appear early in the biosynthetic pathway as aurachin D or C, would 

cumulate production yields and simplify purification. “To overcome growth inhibition by 

anthranilic acid analogs, a strain could be chosen that is more resistant to these building 

blocks. Alternatively, the enzymatic conversion of anthranilic acid into tryptophan could be 

disrupted. In this way, unnatural anthranilic acids could not be recruited for tryptophan 

generation and, therefore, not interfere with primary metabolism.234 The inactivation of 

S. erecta anthranilate synthase could further eliminate the competition with the natural 

precursor and hence enable mutasynthesis. The feasibility of such an approach is, however, 

hardly predictable. Previous studies in the field targeted only non-essential pathways to 

dedicated building blocks of secondary metabolism, such as 3-hydroxy-, 3-hydroxy-4-methyl-, 

or 3-amino-5-hydroxy-anthranilic acid.235–238”162 Directed evolution toward fluoro- or chloro-

tolerant mutant strains could ultimately increase tolerance of S. erecta towards fluorinated 

precursors that interact with primary metabolism. In this way, an E. coli strain was adapted to 

convert fluoroindole precursors into tryptophane derivatives.239 Total synthesis approaches 

with halogenated aniline reactants as starting material might also provide access to 

halogenated congeners, potentially also 5-substituted aurachins.93  

As an alternative route to chlorinated or brominated aurachins, the regioselective 7-, 6- or 5-

tryptophan halogenases PruA/RebH, ThaI or PyrH, respectively,240 could be tested on natural 

aurachin D. Similarly, treatment with the promiscuous iodinase VirX1 could increase halogen-

derivatization options, as it accepts e.g. anthranilamide as substrate.241 Knowing that 

fluorination of aurachin D does not diminish bioactivity, alternative halogenation is also 

desirable in perspective of increased lipophilicity and thus bioavailability as a prospective 

drug.241 

With larger quantities in hand additional biological testing of such derivatives could be further 

extended. As mentioned, the aurachin structure does show similarities to the widely-used 

synthetic class of quinolone antibiotics including ciprofloxacin, active mainly against Gram-

negative bacteria and clinically used to treat infectious diseases of e.g. the respiratory and 

urinary tract.242 The equipotent activity of fluorine congeners marks a starting point for further 
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investigation of other halogenated derivatives. Its structure also resembles various 

biomolecules, suggesting further potential applications. Endochin and alike compounds were 

found to be active against toxoplasmosis, malaria and other protozoa-caused diseases.243,244 

Natural aurachin C and E indeed possess potent antiplasmodial properties against Plasmodium 

falciparum, comparable to licensed anti-malarial drugs as chloroquine or artemisinin. In this 

context aurachin E stands out due to its comparable low cytotoxicity within this compound 

class,81 which makes it another interesting candidate for SAR optimization. 

While the respiratory toxins 2-heptyl-4-hydroxyquinoline-N-oxide (HQNO)73 or 2-alkyl-4(1H)-

quinolone N-oxides (AQNOs) from the pathogen Pseudomonas aeruginosa and its derivatives 

show antibacterial activities,245 they are also structurally related to Pseudomonas Quinolone 

Signal (PQS) molecules, essential for quorum sensing (Figure 4.10).246 Investigation of related 

bioactivities may shed further light onto the therapeutic potential but also the ecological roles 

of this natural product family.  

  

Figure 4.10 Quinoline- or quinolone-derived natural products and synthetic antibiotics.  
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4.3 Click chemistry-facilitated labelling of natural product derivatives  

Gene cluster analysis in M. xanthus was performed in cooperation with Dr. J. Korp (Laboratory 

of Technical Biology, TU Dortmund University).  

To test the universal concept of natural product discovery by alkyne feeding, a proof of 

concept study was first conducted with M. xanthus and R. solanacearum as model organisms. 

Their natural products were investigated as potential candidates and later probed for their 

tolerance towards alkyne precursor compounds. 

4.3.1 Metabolic profiling and alkyne feeding in M. xanthus  

Bioinformatic analysis of the M. xanthus DK1622 genome revealed the presence of 27 

biosynthetic gene clusters, identified by antiSMASH 3.0, manual annotations of the 

myxochelin BGC and based on literature data for cittilin and alkylpyrones.126,247 Of these, 66% 

are involved in the biosynthesis of NRPs, PKs or hybrids thereof, which thus represent the 

most prominent group of secondary metabolites in the genome. Six clusters (22%) are 

predicted to code for RiPPs and only 2 for terpenes. For 11 of the 27 BGCs biosynthetic 

products were previously reported and characterized (Table 4.8).  

Since NRP, PK-NRP hybrid and RiPPs clusters can be considered as potential targets for alkyne 

amino acid incorporation, M. xanthus GJV1, a strain highly similar to DK1622,47 was screened 

by LC-MS for the production of the respective compounds. In this analysis, various secondary 

metabolites could be detected, namely cittilin A (m/z 631.2762 [M+H]+), myxochelin A 

(m/z 405.1656 [M+H]+), myxochelin B (m/z 404.1816 [M+H]+), myxovirescin (m/z 

624.4470 [M+H]+), DKxanthenes -534 , -518 and -560 (m/z 535.2551, 519.2602, and 561.2708, 

resp. [M+H]+), as well as myxalamids A, B and C (m/z 416.3159, 402.3003, and 388.2846, resp. 

[M+H]+) (Figure 4.11).  
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Table 4.8 Biosynthetic gene clusters in the genome of M. xanthus DK1622, their predicted or 
known products and the metabolites found in M. xanthus GJV1 as part of this thesis.  

 Location of BGC on 
chromosomea 

NP class Predicted 
productb 

Biological function or activity / 
Mode of action 

Derivative 
found in GJV1 

1 MXAN_0682-0689 RiPP cittilin neurotensin receptor 
antagonist31,47,248 

A 

2 MXAN_0894–0904 Terpene carotenoids photoprotection249 n.d. 

3 MXAN_1289–1292 NRP dipeptide   

4 MXAN_1527–1531 other E signal sporulation, fruiting body 
formation250,251 

n.d. 

5 MXAN_1588–1608 NRP hexapeptide   

6 MXAN_2796–2798 NRP/PK unknown   

7 MXAN_2852–2857 RiPP type II lantibiotic   

8 MXAN_3459–3463 PK unknown   

9 MXAN_3554–3556 RiPP bacteriocin   

10 MXAN_3617–3625 NRP/PK unknown   

11 MXAN_3626–3638 NRP/PK lipopeptide   

12 MXAN_3639–3647 NRP myxochelin siderophore, inhibition of 
lipoxygenase65,252 

A, B 

13 MXAN_3779 NRP/PK myxoprincomide predation146,253 n.d 

14 MXAN_3928–3950 NRP/PK antibiotic TA 
(myxovirescin) 

predation antibiotic/inhibition of 
type II signal peptidase41,254–256 

A1 

15 MXAN_4000–4003 NRP/PK lipopeptide   

16 MXAN_4077–4080 NRP/PK myxochromide unknown23,159,257 n.d 

17  MXAN_4290–4305 NRP/PK DKxanthene sporulation, fruiting body 
formation258,259 

-534, -518, -
560 

18  MXAN_4402–4407 NRP/PK lipopeptide   

19 MXAN_4409–4415 NRP/PK lipopeptide   

20 MXAN_4525–4530 NRP/PK myxalamid antifungal/inhibition of NADH: 
ubiquinone oxidoreductase260–262 

A, B, C  

21 MXAN_4589–4601 NRP lipopeptide   

22 MXAN_4602–4605 RiPP unknown   

23 MXAN_5829 RiPP bacteriocin   

24 MXAN_6247 Terpene geosmin warning signal111,263–265 n.d. 

25 MXAN_6388–6389 RiPP type II lantibiotic   

26 MXAN_6392–6405 PK unknown   

27 MXAN_6635–6639 PK alkylpyrones inhibition of topoisomerase134,266 n.d 

a The assignments were made on the basis of literature data or manual annotations. They differ from 
previously reported data, which had been obtained using automated genome mining tools.126 
b products which were actually observed are highlighted in bold. n.d. not detected. (Modified after 
Sester et al., 2020, publication [C])49 
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Figure 4.11 Metabolic profiling of M. xanthus GJV1 extract by HPLC-MS. 
BPC with respective EICs highlighted in colour. Derivatives detected are specified in Table 4.8.

Afterwards, feeding studies targeting cittilins, DKxanthenes and myxalamids were performed 

with D/L-propargylglycine and L-homopropargylglycine. These artificial amino acids are 

relatively small in size and were thus considered promising candidate surrogates to mimic 

proteinogenic amino acids. The selected natural products are known to incorporate the 

L-configured amino acids. Thus, L-configured homopropargylglycine was chosen for feeding 

experiments. Propargylglycine was only available as a mixture of both enantiomers, yet it was 

expected that the biosynthetic machineries would select the correct configuration.  

The alkyne-fed cultures were then screened for derivatives of the previously identified 

compounds. For this purpose, structures of possible analogues were predicted, and the 

extracts screened via LC-MS for the respective mass traces. For example, the broad, space-

consuming isoleucine side chain of cittilin or the glutamine building block of DKxanthenes 

represent promising targets for replacement with an alkyne amino acid (Figure 4.12). For 

myxalamids A – C the alanine was replaced in an analogous way. For myxovirescin and the 

myxochelins such building block exchange was not considered suitable due to significant steric 

differences in molecular architecture. Despite the variety of molecules considered, the 

calculated values did not match with the observed masses in the LC-MS chromatograms of the 

culture extracts from the feeding experiments with D/L-propargylglycine or 

L-homopropargylglycine. Thus, either cellular precursor uptake is impaired or the known 

biosynthetic pathways of M. xanthus appear not to tolerate alkyne amino acids as substrates. 
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This finding leads to the conclusion, that M. xanthus DK1622 with its known secondary 

metabolites is not a suitable strain to test the feasibility of Click chemistry-facilitated labelling.  

 

Figure 4.12 Examples of theoretical, predicted derivatives of cittilin A (1) or DKxanthene-534 (2). 
The bulky amino acid segments were exchanged with alkyne residues at R1 or R2, respectively. 

4.3.2 Probing micacocidin biosynthesis with alkyne fatty acids 

Due to these limitations, Ralstonia solanacearum GMI 1000 was considered as an alternative 

test strain for alkyne precursor incorporation. Feeding studies were carried out to probe its 

micacocidin biosynthetic pathway for acceptance of alkyne fatty acids as building blocks. This 

was considered more promising, as previous studies had already indicated a tolerance for 

unsaturated (olefinic) as well as halogenated fatty acid alternatives.190 To mimic the natural 

precursor hexanoic acid, a set of ω-alkyne homologues with chain lengths from C5 to C7 were 

supplemented during cultivation. Expected products are depicted in Figure 4.13.  

The extracts were first analyzed by LC-MS to identify micacocidin as well as its derivatives and 

to determine relative yields (Figure 4.14). In the unfed negative control (Figure 4.14A), three 

dominant peaks correspond to metal complexes of micacocidin. These include the Cu2+ and 

Fe3+ complexes that had been described previously as micacocidin B and C, respectively,267 as 

well as an Al3+ chelate, as reported earlier for the similar compound yersiniabactin.268 Their 

identities were confirmed by HR-MS, where the Cu2+ and Fe3+ complexes appear with their 

characteristic isotope patterns, and the Al3+ complex matches calculated values (Figure S1).  



Results and Discussion 

77 

Supplementation of 4-pentynoic acid and 6-heptynoic acid (Figure 4.14 B and D, E) gave rise 

to the alkyne micacocidin derivatives 3-butynoic micacocidin and 5-hexynoic micacocidin, 

respectively. The former was produced in minor quantity, whereas the latter stands out with 

distinct peaks due to different metal chelates formed during cultivation and extraction.  

 

 

Figure 4.13 Structure of micacocidin and the potential alkyne congeners, resulting from feeding 

experiments with C5 to C7 -alkyne fatty acids. 
 

 

Figure 4.14 Metabolic profiling of R. solanacearum extracts after feeding C5 - C7 ω-alkyne fatty acids.  
LC-MS chromatogram of crude extracts, EICs of micacocidins highlighted in color.  
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Similar to the natural micacocidins, the alkyne congeners appear as metal complexes, mainly 

bound with Cu2+ and Al3+. Addition of 5-hexynoic acid to the culture seems to impair 

micacocidin production and alkyne congeners are not found in the extract. Combined feeding 

of 5-hexynoic acid and 6-heptynoic acid gave a chromatogram similar to Figure 4.14D, 

supporting initial findings that the biosynthetic machinery readily accepts 6-heptynoic acid, 

but not 5-hexynoic acid.  

Overall, in LC-MS analyses, the Al3+ complexes gave the most dominant peaks, which might 

though originate from superior ionization properties by the mass spectrometer and may not 

reflect actual complex distribution. This limited comparability constrained absolute 

quantification of micacocidin derivatization. However, a relative quantification was carried 

out with AUCs from extracted ion chromatograms (EICs). Each of the natural micacocidin 

complexes in the unfed culture were set to 100% and AUCs derived from the feeding settings 

calculated as proportional values within the same metal complex class. Specifically, alkyne 

congener complexes were related to the respective natural micacocidin metal complex. 

Quantification shown in Table S1 details the qualitative findings and shows that 4-pentynoic 

acid feeding yields an average of 1% alkyne micacocidin compared to the unfed culture, 

whereas 6-heptynoic acid supplementation results in 14% alkyne micacocidin product.  

4.3.3 Isolation and structure elucidation of 5-hexynoic micacocidin as Ga3+ complex  

To verify incorporation of alkyne fatty acids, 5-hexynoic micacocidin was chosen as an 

exemplary compound. After preparation of extract from 6-heptynoic acid-fed 

R. solanacearum culture, the different metal complexes discovered in the initial screening 

were challenged with excess amount of gallium(III)-nitrate for re-complexation. Analysis of 

the treated extract showed, that only minor amounts of Cu2+, Al3+ and Fe3+ chelates remain 

and two main Ga3+ complexes, representing the natural as well as alkyne micacocidin, were 

generated. The 5-hexynoic micacocidin was purified via HPLC and characterized 

spectroscopically (chapter 5.2.6, Figure S64 - Figure S69). The observed mass of 5-hexynoic 

micacocidin Ga3+ matches with the calculated monoisotopic mass (C28H36N3O4S3Ga, 

theoretical m/z 642.1040 [M+H]+, Δ – 1.4  ppm), and the HPLC-UV/VIS spectrum shows local 

maxima at 239, 275 and 359 nm. 1D and 2D NMR data is consistent with literature values of 

natural micacocidin Ga3+ complex reported earlier,190 in particular for the thiazol(idine) 
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backbone. Yet, relevant differences occur in the fatty acid residue where the alkyne moiety is 

expected for this new molecule (Figure 4.15, Table 4.9). Therein, the COSY interactions show 

subsequential correlations within the aliphatic part from H2-7 to H2-10. The analysis of the 

HSQC data indicates a chemical shift of 18.8 ppm for C-10. The presence of the alkyne  

 

 

Figure 4.15 5-Hexynoic micacocidin Ga3+: Numbering and correlations observed in the fatty acid-
derived region. 

Selected COSY (bold lines) and HMBC (arrows) interactions, relevant for structure elucidation. 

Table 4.9 NMR data recorded for 5-hexynoic micacocidin Ga3+ 

pos. δC, type δH, M  pos. δC, type δH, M 

1 168.2, C -  15 82.0, CH 4.54, d (10.6) 

2 117.2, C -  16 40.6, CH2 a: 3.65, dd (9.2, 7.7)  

b: 3.22, dd (11.8, 9.2) 

3 146.6, C -  17 75.8, CH 3.65, dd (10.0, 7.7) 

4 121.6, CH 6.64, dd (7.4, 1.4)  18 48.6, CH3 2.55, s 

5 135.9, CH 7.22, dd (8.4, 7.3)  19 81.3, CH 3.69, s 

6 122.0, CH 6.75, dd (8.4, 1.3)  20 46.6, C - 

7 36.8, CH2 a: 3.19, ddd (14.3, 11.0, 5.4) 

b: 2.95, ddd (14.3, 10.9, 5.4) 

 21 29.2, CH3 1.58, s 

8 32.8, CH2 a: 1.81 m 

b: 1.73, m 

 22 24.2, CH3 1.37, s  

9 29.8, CH2 1.63, m  23 194.8, C - 

10 18.8, CH2 2.24, m  24 39.6, CH2 a: 3.73, d (12.3) 

 

b: 3.45, d (12.3)  

11 85.0, C -   25 83.7, C  

12 179.6, C -   26 24.2, CH3 1.67, s 

13 34.7, CH2 a: 3.63, dd (10.9, 8.1) 

b: 3.29, dd (13.6, 11.0) 

 27 178.7, C - 

14 73.3, CH 4.78, ddd (13.6, 10.6, 8.0)  28 69.7, CH 2.23, m 
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functionality was confirmed by correlations observed in the HMBC, where H2-10 (δH 2.24 ppm) 

couples with C-11 (δc 85.0 ppm) and C-28 (δc 69.7 ppm). It is noteworthy to mention, that the 

HSQC shows correlations between H2-10 and C-10, but not between the postulated H-28 and 

C-28. However, a reference spectrum recorded for commercial 6-heptynoic acid exhibits the 

same phenomenon with identical coupling patterns in these positions equivalent to CH2-8 

through CH-28 in 5-hexynoic micacocidin. δc values are also consistent with the SDBS database 

entry for 6-heptynoic acid.269 

4.3.4 Additional feeding experiments with R. solanacearum  

Besides micacocidin, R. solanacearum is also a known producer of ralsolamycin A and B.212 

Similar to micacocidin biosynthesis, a fatty acid is used as a starter unit for the production of 

ralsolamycin (R1 in Figure 4.16). In this case palmitic acid (C16) is loaded onto the NRPS 

assembly line after activation by a fatty acid AMP ligase (FAAL). Additionally, the eighth 

building block of ralsolamycin represents a position with potential to introduce alkyne amino 

acids (R2 in Figure 4.16). Due to the relaxed substrate specificity of the corresponding NRPS A 

domain, naturally either valine or isoleucine are incorporated, forming ralsolamycin A or 

ralsolamycin B, respectively.212 To investigate promiscuity of the FAAL and the gatekeeping A-

domain, and to create a range of alkyne ralsolamycin congeners, a series of feeding studies 

with fatty acids and amino acids were carried out as detailed in Figure 4.16 and Table 4.10.  

LC-MS analysis of the extract from a control culture confirmed the production of the 

previously reported ralsolamycins A and B. Furthermore, two mass traces were detected 

which corresponded to ralsolamycin derivatives incorporating myristic instead of palmitic acid 

residues. Exogenous supply of these two fatty acids during cultivation (Table 4.10 A, B) did not 

improve ralsolamycin production, but in contrast, decreased the observed amounts of 

ralsolamycin A and B to trace levels. In contrast, supplementing the cultures with the alkyne 

equivalents 13-tetradecynoic and 15-hexadecynoic acid (Table 4.10 C, D) did not affect 

ralsolamycin production and gave rise to two new peaks in each feeding setting, matching 

with calculated mass values of alkyne myristic and palmitic acid-derived ralsolamycins. On the 

other hand, feeding of D/L-propargylglycine and L-homopropargylglycine (Table 4.10 E, F) had 

no detectable effect on ralsolamycin biosynthesis. A targeted search by MS did not provide    
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any evidence for the predicted derivatives, resulting from the exchange of the

 

Figure 4.16 Ralsolamycins and derivatives anticipated in alkyne feeding experiments 
Ralsolamycin A (1) and B (1a) and conceivable analogs derived from 13-tetradecynoic acid (1b, c), 
propargylglycine (1d) and homopropargylglycine (1e), and 15-hexadecynoic acid (1f, g).  

Table 4.10 Feeding studies targeting ralsolamycins 

a + incorporation observed, - no incorporation, n.d. not detected. 

 

any evidence for the predicted derivatives, resulting from the exchange of the 

valine/isoleucine residue with the alkyne amino acids. In summary, incorporation of 13-

tetradecynoic and 15-hexadecynoic acid resulted in the desired compounds (Figure 4.16 1b, 

1c, 1f and 1g), though at low production yield. Incorporation of the alkyne amino acids was 

not observed.  

# Precursor  Incorporation Derivative produced  

(Figure 4.16) 

Ralsolamycin A, B 

titer 

control  - O 1, 1a control 

A myristic acid + n.d. decreased 

B palmitic acid + 1, 1a decreased 

C 13-tetradecynoic acid + 1b, c unchanged 

D 15-hexadecynoic acid + 1f, g unchanged 

E D/L-propargylglycine - - unchanged 

F L-homopropargylglycine - - unchanged 
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In summary, the R. solanacearum feeding experiments revealed, that alkyne fatty acids with 

a similar chain length to the natural precursors are suitable candidates to introduce alkyne 

functionalities into micacocidin and ralsolamycins, respectively. Since the former was found 

to be significantly more abundant, it was considered the most suitable model compound for 

the following method development towards a robust Click reaction for chromophore labelling. 

At first, the precursors alone were subjected to a variety of reaction conditions and 

subsequently R. solanacearum crude extracts tested in the optimized setting. 

4.3.5 Prototype Click reactions with precursors 

Various parameters like temperature, copper concentration and reactant ratio were tested in 

prototype reactions, of the respective precursors D/L-propargylglycine (DL-PG) or 6-heptynoic 

acid (6HepA) with the fluorophore 6-carboxyfluorescein azide (6-FAM-N3). The results were 

monitored by HPLC-DAD analysis at 496 nm and area under the curve (AUC) ratios applied to 

quantify the conversion.  

As detailed in Table 4.11, the reactions for DL-PG did not give the desired product, but a high 

degree of unspecific degradation of the fluorophore could be observed, rather than a targeted 

reaction towards the merged product. All chromatograms show a variety of peaks with a 

global maximum of 496 nm, yet, this impedes assignment of the desired product by HPLC-DAD 

only. Subsequent analysis of the test reactions by LC-MS revealed product formation only with 

minor yield and the observed side products cannot be correlated with other potentially 

expected derivatives of 6-carboxyfluorescein or DL-PG. Overall, DL-PG appears to interfere 

with the performed reaction, resulting in a degradation of the fluorophore.  

In contrast, for 6HepA, preferred reaction conditions could be concluded from these 

prototype reactions. Alone the alternation of the azide to alkyne ratio from 2:1 up to 1:20 

strongly improves the reaction yield towards better turnover and doubles the yield at 

conditions of 25°C and 250 µM Cu+. Further, an increase of either the copper concentration 

from 100 µM to 250 µM or the temperature from 25°C to 40°C gives significantly improved 

product formation. Overall, reactions number 7, 8, 10 and 11 (Table 4.11) yield 80% of desired 

product. Hence, these reaction conditions were identified as the most robust for further 

derivatization of raw extract material.  
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Table 4.11. Results from test reactions of D/L-propargylglycine and 6-heptynoic acid with 
6-carboxyfluorescein azide (6-FAM-N3) under various reaction conditions, all over night 

   D/L-propargylglycine 6-heptynoic acid 

 Reaction 

# 

Azide : Alkyne 

ratio 

6-FAM-N3 

[%] 

Yield 

[%] 

6-FAM-N3 

[%] 

Yield 

[%] 

25°C,  

100 µM Cu+ 

1 2:1 99.1 0 99.5 0 

2 1:1 96.7 0 99.6 0 

3 1:2 99.5 0 98.9 0.4 

 4 1:10 99.4 0 89.2 6.7 

 5 1:20 99.4 0 73.7 17.7 

25°C,  

250 µM Cu+ 

6 2:1 44.4 0 51.2 41.4 

7 1:2 0 0 0 79.5 

 8 1:20 0 0 0 80.1 

40°C,  

100 µM Cu+ 

9 2:1 35.5 0 - - 

10 1:2 - - 8.7 78.4 

 11 1:20 0 0 0 81.9 

40°C,  

250 µM Cu+ 

12 2:1 49.4 0 70.1 27.3 

13 1:2 0 0 13.4 73.2 

 14 1:20 0 0 0 75.4 

 

4.3.6 Click derivatization of R. solanacearum extracts  

The five extracts of R. solanacearum fed with alkyne fatty acids (chapter 4.3.2) were subjected 

to a Click reaction derivatization with 6-FAM-N3 (Figure 4.17).  

Subsequently two analytical evaluation strategies were applied, firstly by HPLC-UV/VIS and 

secondly via HPLC-MS (Figure 4.18). The alkaline conditions of the HPLC-UV/VIS eluents 

(buffered to pH 8) are ideal for detection of the fluorescein-derived marker (Figure 4.18 1) at 

high specificity and sensitivity, since it exhibits an absorption maximum at 496 nm with a 

higher absorption coefficient than under acidic conditions. As expected, the extract without 

alkyne supplementation is dominated by 6-FAM-N3, but it is also found as residual traces in 

the alkyne-fed cultures. In the latter, the most abundant peaks were identified as the triazole 

products of 6-FAM-N3 merged with the supplied precursor alkyne fatty acids. 
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Figure 4.17 Labelling of alkyne micacocidins with a fluorophore marker 
Exemplified CuAAC Click reaction of 6-carboxyfluorescein azide (6-FAM-N3) (1) and 5-hexynoic 
micacocidin (2), resulting in the triazole (3+2) product thereof (3). 

 

Figure 4.18 HPLC-UV/VIS and HPLC-MS analysis of R. solanacearum extracts fed with alkyne fatty 
acid precursors, after Click reaction with 6-FAM-N3 
Identified major compounds include: 6-FAM-N3 (1); Triazole (3+2) product of 6-FAM-N3 with 
4-pentynoic acid (2a), 5-hexynoic acid (2b), 6-heptynoic acid (2c); 5-hexynoic micacocidin complexes 
with Cu2+ (3a) or Al3+ (3b); Natural micacocidin complexes with Cu2+ (4a), Al3+ (4b) or Fe3+(4c). 
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Corresponding HPLC-MS analyses confirmed the prevalent presence of 6-FAM-N3-derivatized 

precursors, together with residual alkyne micacocidins, indicating incomplete reaction 

turnover. Natural micacocidin complexes are also still present in all the extracts as observed 

before the derivatization. Their chemistry was not influenced by the reaction, which confirms 

stability of micacocidin chelates under reaction conditions and selectivity of the Click reaction 

towards alkyne reaction handles. A targeted search for masses corresponding to the alkyne 

micacocidin complex merged with 6-FAM-N3 revealed that only minor quantities of the 

desired product were formed. For the most abundant derivative, 6-heptynoic acid-derived 

micacocidin, the corresponding UV/VIS chromatogram recorded in parallel at the HPLC-MS 

set-up did not exhibit the respective peaks, but only one strong peak corresponding to the 

derivatized precursor (Figure 4.18 2c).  

Since 6-heptynoic acid was identified to have the highest alkyne incorporation rate, the 

corresponding 5-hexynoic micacocidin-Al3+ chelate was chosen as the model compound. Its 

6-FAM-N3 derivative is expected to display a combined UV/VIS spectrum of both chromophore 

regions within the molecule. 6-FAM-N3 has its distinct maximum at 496 nm and 5-hexynoic 

micacocidin-Al3+ is assumed to differ only marginally from its natural micacocidin-Al3+ analog 

with its distinct maxima at 276 and 359 nm. Therefore, the unsupplemented culture extract 

as negative control was compared to the 6-heptynoic acid-fed example and both evaluated in 

detail at 359 and 496 nm (Figure 4.19). Minor peaks that occurred at both wavelengths but 

exclusively in the supplemented culture were selected and their UV/VIS spectra were 

examined. 6-FAM-N3, 6-heptynoic acid-derivatized 6-FAM-N3 and micacocidin-Al3+ showed 

spectra as expected and discussed above. However, all newly observed peaks only resembled 

the spectrum of the educt 6-FAM-N3 without additional maxima (exemplary shown for Figure 

4.19, 4 and 5). Although the interpretation is limited by signal strength, it can be concluded, 

that under the tested conditions and at 496 nm, the desired alkyne-micacocidin-6-FAM-N3 

product is not detectable. 
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Figure 4.19 Comparison of UV/VIS absorption at 361 and 496 nm after Click reaction in 6-heptynoic 
acid-fed cultures. 
6-FAM-N3 (1), 6-FAM-N3-heptynoic acid (2), micacocidin-Al3+ complex (3), unknown compounds (4, 5). 
In chromatograms at λ = 496 nm new peaks arise after Click reaction. These were compared to the 
chromatograms at 359 nm, the local maximum observed for micacocidin-Al3+, for both settings, 
without feeding (A) and after feeding 6-heptynoic acid (D). UV/VIS spectra from D at the relevant time 
points. 4 and 5 relate to new peaks at 496 nm but show no pattern that combines the features of 1 
and 3.  

To understand restrictions in these Click reaction processes, relative reaction yields were 

calculated from the HPLC-UV/VIS chromatogram at 496 nm (Table 4.12). For this purpose, the 

chromatograms from 4 – 16 min were integrated to determine the overall AUC and the areas 

of the single compounds rated proportionally. Considering that the precursors were all 

supplied in equal quantities, their reaction yields towards the expected 

precursor-chromophore yields vary by factor 10, ranging from 8.3% to 85.7% for 4-pentynoic 

acid and 6-heptynoic acid, respectively (Table 4.12 B, D). Conversely, unspecific side reactions 

take up to 74.9% of the marker chromophore 6-FAM-N3 (Table 4.12 B).  
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Table 4.12 Results from raw extract derivatization with 6-carboxyfluorescein azide 

a 5-hexynoic acid-derived micacocidin was not produced  

A possible explanation for the observed yield variance might be that reaction conditions were 

initially optimized for 6-heptynoic acid, which eventually gave the highest percentage of 

predicted product. In contrast to a desired robust and widely applicable reaction set-up, the 

chosen conditions seem to allow a variety of side reactions that diverge chromophore reactant 

away from the alkyne target moieties. This experiment did not allow UV/VIS-guided detection 

of the alkyne micacocidin chelates even though they are present in major amounts. 

Accordingly, the derivatization of alkyne ralsolamycins, which had only been produced in trace 

amounts, was omitted. 

4.3.7 Discussion  

This project depicts, that in particular alkyne fatty acids are suitable building blocks to 

introduce acetylenic residues into secondary metabolites. This concept was proven by 

generating alkyne micacocidin congeners in quantitative and ralsolamycin derivatives in minor 

amounts in R. solanacearum. Feeding experiments with alkyne amino acids were unsuccessful 

for ralsolamycin, as they were for M. xanthus as a producer of numerous and diverse natural 

products. Regardless, the success for incorporation of an alkyne fatty acids also requires 

prerequisite knowledge about potentially accepted substrates. The example of micacocidin 

showed that extension or shortening the chain length by only one CH2 unit drastically reduces 

the incorporation success. Therefore, the length of the artificial fatty acid should not deviate 

too much from the length of the natural one to allow incorporation. 

  HPLC-UV/VIS at 496 nm 

# Precursor(s) 6-FAM-N3 

(%) 

Alkyne-micacocidin- 

6-FAM-N3 product 

yield (%) 

Precursor- 

6-FAM-N3 product 

yield (%) 

Other 

(%) 

blank - 99.5 - - 0.5 

A - 99.5 - - 0.5 

B 4-pentynoic acid 16.8 0.0 8.3 74.9 

C 5-hexynoic acid 37.8 - a 44.9 17.3 

D 6-heptynoic acid 4.2 0.0 85.7 10.1 

E 5-hexynoic acid  

+ 6-heptynoic acid 

11.2 0.0 60.0 28.8 
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A suitable Click reaction protocol was established with 6-carboxyfluorescein azide as 

chromophore marker and 6-heptynoic acid as target compound, resulting in 80% product 

yield. The molar reactant ratio azide to alkyne was initially set to 1:20, which leads to 

underrepresentation of the azide marker molecule. This is advantageous with regards to assay 

pricing, since a 1:1 ratio (equaling 10 mg 6-heptynoic acid) would generate marker costs of 

around 300 € per reaction. The tested 1:20 ratio however impairs a complete turnover of all 

alkyne functional groups present, which is limiting success in the setting of untargeted raw 

extract derivatization for two major reasons. Firstly, the extraction process should target 

recovery of a maximum number of compounds, assuring that all potential candidate 

compounds are analyzed. This waives the option to exclude the alkyne precursor molecule 

from the extract and creates an internal competition between supplemented compound and 

derivatized molecules. Additionally, secondary metabolites are often produced in low 

quantities and their alkyne-derived mimicry result in even lower yields. The potential strategy 

to increase precursor concentration towards higher production though aggravates such rivalry 

circumstances in azide marker consumption.  

The micacocidin example also disclosed that chelating natural products may further 

complicate the identification process, because instead of one defined natural product multiple 

coordinated variants may be formed. In an untargeted experiment the desired products are 

unknown and such a multitude of complexes, resulting from the same compound, may 

disperse the peak intensity, hinder detection, or even deplete it below detection limit.  

In summary, one of the most limiting factors was the detection limit in combination with high 

pricing of labelling chromophore. Therefore, alternative analytical methods should be 

employed to overcome these issues. Metabolomics analysis based on mass spectrometry data 

was recently developed, that allows creation of metabolic networks, clustering similar 

compounds based on their MS-MS fragmentation pattern. This tool, called “Global Natural 

Products Social Molecular Networking”,270 could be applied to identify the targeted alkyne-

derivatives of micacocidins, ralsolamycins or unknown compounds. A specialized application 

targeting different ion species of the same molecule could help circumvent the observed 

complications when a compound chelates different metal ions, resulting in multiple peaks 

caused by one natural product.271 Nevertheless, this requires high resolution MS equipment 

to achieve the data quality needed.  
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4.4 Final remarks  

The studies presented in this thesis exemplify how precursor-directed biosynthesis as a 

universally applicable method can be employed to tackle various research questions. The 

derivatization of myxochelin B, pseudochelin A and aurachin D gave insights into the natural 

promiscuity of the biosynthetic assembly lines. Inspired by earlier feeding experiments in 

P. fallax,71 14 novel derivatives of myxochelin B and pseudochelin A were generated by 

artificial precursor feeding in an engineered M. xanthus strain in this PhD project. These 

products were found to have a similar or better bioactivity concerning 5-LO inhibition than 

the previously tested myxochelin A analogs and allowed to extend previous knowledge of 

structure-activity relationships of this compound class. Precursor-directed biosynthesis 

proved to be a rapid and effective method as no genetic manipulation is required. In 

particular, the dual incorporation of the 2,3-dihydroxybenzoic acid-like building blocks 

allowed generation of up to six derivatives with one feeding in the M. xanthus strain 

expressing MxcM. On the other hand, the limited acceptance of e.g. benzoic acid as precursor 

points out limits of the natural enzyme promiscuity and demands manipulation of the 

biosynthetic pathway for such poorly incorporated precursors. The bioactivities of 

pseudochelin A, but also its derivatives A5 and A7, stand out with 5-LO IC50 values that 

outcompete their myxochelin B equivalents, highlighting the relevance and potential of the 

dihydroimidazole moiety. They also suggest prospective experiments to optimize the 

molecules’ inhibitory properties and moreover encourage testing of more myxochelins for 

their antileukemic potential. 

It also shows that even 30 years after the discovery of this compound group new questions 

and ideas can arise. The insight into the biosynthetic pathway to pseudochelin A, for example, 

revealed the flexibility and versatility of the MxcM enzyme. This is particularly interesting with 

regard to its potential application as a biocatalyst, e.g. for semisynthesis, and moreover makes 

it a promising starting point for enzyme evolution towards alternative heterocycle-forming 

biochemistry.  

Similarly, aurachin derivatization was achieved through feeding of halogenated anthranilic 

acid derivatives. Culture supplementation with 6-fluoroanthranilic acid and chlorinated 

precursor molecules though did not suffice for quantitative production, due to limited 
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incorporation. Herein precursor toxicity, presumably through crosstalk with primary 

metabolism, and limited substrate tolerance of the biosynthetic pathway exemplify once 

more limitations of the direct feeding approach. Inspired by the clinically used 

fluoroquinolone antibiotic ciprofloxacin, the three generated fluorinated aurachin D analogs, 

were found to have equipotent antibiotic bioactivities as the natural compound. Previously 

reported antiparasitic and anticancer bioactivities93 of aurachins suggest further testing of 

these derivatives as potential future drug candidates in those fields.  

The last study explored the possibility of alkyne precursor feeding coupled with Click chemistry 

derivatization towards untargeted compound discovery in two model strains. A range of 

amino acid-incorporating biosynthetic pathways of M. xanthus failed to accept the artificial 

surrogates D/L-propargylglycine and L-homopropargylglycine toward the corresponding 

peptide natural products, and the same was observed for ralsolamycin biosynthesis in 

R. solanacearum. In contrast, the feeding of fatty acids with a terminal alkyne group was more 

successful. Some of these fatty acid analogues were incorporated into the micacocidin scaffold 

in quantitative yields, whereas the ralsolamycin biosynthetic pathway was less tolerant 

regarding the utilization of these precursors. Still, measurable amounts of derivatives were 

produced.  

Despite these limitations in yields, precursor-directed biosynthesis with fatty acids featuring 

a terminal alkyne group was found appropriate to investigate the experimental design. 

R. solanacearum was a suitable model organism because both assayed example compounds, 

micacocidin and ralsolamycin, are produced in different amounts. This reflects a realistic 

setup, as natural products in general may be abundant or barely detectable, testing the limits 

of applicability. 

The optimized Click derivatization with 6-carboxyfluorescein azide showed fast turnover and 

satisfactory yields in aqueous conditions and thus followed the Click principle to be selective 

and bioorthogonal, even when the microbial raw extract was chosen as starting material. 

Regrettably, the project was halted because the free alkyne precursors outcompeted the 

natural products analogs in the Click reaction, since the latter were produced with limited 

yields. Yet, the initial strategy could be tested with alternative, MS-based detection set-ups. 

For future experiments, combination of in silico substrate prediction to determine suitable 
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alkyne fatty acid analogs, and chemical wet-lab experiments is advisable. Genetic 

manipulation of production strains could enable generation of enhanced substrate tolerance 

or improve metabolic flux of the building blocks involved. 

Overall, these three projects show the inherent potential of precursor-directed biosynthesis, 

but also showcase limitations of this approach, as it is e.g. dependent on cellular uptake or 

natural promiscuity of the biosynthetic assembly lines. To find matching surrogates, 

prerequisite knowledge is needed, e.g. by bioinformatic analyses.  

In summary, it has been shown how the biosynthetic flexibility of enzymes can be exploited 

to generate natural product analogs and likewise to use precursors as chemical probes that 

allow specific labeling of the compounds. Furthermore, the found and characterized natural 

product derivatives could extend the SAR knowledge in these substance groups and 

demonstrate once more the importance of natural products as lead structures in drug 

development.  
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5 Appendix  

5.1 General Appendix 

 

Figure S1 HR-MS spectra of micacocidin complexes. A. micacocidin-Cu2+, C27H37N3O4S3Cu, Theoretical 

m/z [M+H]+ 627.1315, Δ -1.27 ppm; B. micacocidin Al3+, C27H36N3O4S3Al, Theoretical m/z [M+H]+ 

590.1756, Δ +0.17 ppm, C. micacocidin Fe3+, C27H36N3O4S3Fe, Theoretical m/z [M+H]+ 619.1290, 

Δ -0.65 ppm.  

 

Table S1 Relative production titers of micacocidin complexes and their alkyne derivatives before 
Click reaction. Natural micacocidin complexes in the negative control (A) set to 100%. Analogs of 
respective metal complex as relative percentage to negative control (%). 

a Av = average percentage of Cu2+, Al3+ and Fe3+ complex portions. 

 

  

  Natural micacocidin  

(%) 

Alkyne micacocidin  

(%) 

d# Precursor(s) Cu2+ Al3+ Fe3+ Av.a Cu2+ Al3+ Fe3+ Av. a 

A - 100.0 100.0 100.0 100.0 - - - - 

B 4-pentynoic acid 30.9 45.9 36.5 37.8 1.7 1.3 0.0 1.0 

C 5-hexynoic acid 0.2 3.9 0.0 1.4 0.0 0.0 0.0 0.0 

D 6-heptynoic acid 53.2 22.9 50.5 42.2 27.8 8.3 6.1 14.1 

E 5-hexynoic acid  

+ 6-heptynoic acid 
50.0 25.0 36.9 37.3 20.5 8.5 5.8 11.6 
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Table S2 Relative production titers of micacocidin complexes and their alkyne derivatives after 
Click reaction. Natural micacocidin complexes in the negative control (A) set to 100%. Analogs of 
respective metal complex as relative percentage to negative control (%). 

 

 
  

  Natural micacocidin 

(%) 

Alkyne micacocidin  

(%) 

# Precursor(s) Cu2+ Al3+ Fe3+ Cu2+ Al3+ Fe3+ 

A - 100.0 100.0 100.0 - - - 

B 4-pentynoic acid 119.8 37.0 65.0 1.7 0.6 0.0 

C 5-hexynoic acid 13.5 15.4 22.5 0.0 0.1 0.0 

D 6-heptynoic acid 223.0 84.6 115.1 80.9 29.2 24.2 

E 5-hexynoic acid  

+ 6-heptynoic acid 

89.5 67.8 61.1 33.8 24.2 15.4 
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5.2 Spectroscopic Data 

5.2.1 Myxochelin B  

[α]20
D –8.63 (c 0.87, MeOH);  

UV/VIS (MeOH) λmax (log ε): 249 (sh) (3.97), 314 (3.56) nm; NMR data as previously 

reported.219 

5.2.2 Pseudochelin A 

 [α]20
D –24.12 (c 0.28, MeOH);  

UV/VIS (MeOH) λmax (log ε): 253 (3.96), 319 (3.42) nm; NMR data as previously reported.62,66 

  



Appendix 

xxii 

5.2.3 Myxochelin B derivatives 

5.2.3.1 Myxochelin B1  

Figure S2 HPLC-UV spectrum and ESI-MS spectrum of myxochelin B1. 

 
 

1H NMR (600 MHz, methanol-d4, 300 K) δ 7.74 (1H, dd, J = 7.0, 1.5 Hz, H-2’’), 7.74 (1H, dd, J = 

7.0, 1.5 Hz, H-6’’), 7.50 (1H, dt, J = 7.5, 1.5 Hz, H-4’’), 7.41 (1H, t, J = 7.5, 7.0 Hz, H-3’’), 7.41 

(1H, t, J = 7.5, 7.0 Hz, H-5’’), 7.27 (1H, dd, J = 8.0, 1.5 Hz, H-6’), 6.95 (1H, dd, J = 8.0, 1.5 Hz, H-

4’), 6.70 (1H, t, J = 8.0 Hz, H-5’), 4.38 (1H, ddt, J = 10.1, 7.0, 3.8 Hz, H-2), 3.40 (2H, t, J = 6.9 Hz, 

H-6), 3.18 (1H, dd, J = 13.0, 3.8 Hz, H-1a), 3.03 (1H, dd, J = 13.0, 10.1 Hz, H-1b), 1.73 (2H, m, 

H-3), 1.69 (2H, m, H-5), 1.55 (1H, m, H-4a), 1.48 (1H, m, H-4b);  

13C NMR (150 MHz, methanol-d4, 300 K) δ 172.5 (C, C-7’), 170.4 (C, C-7’’), 150.2 (C, C-2’), 147.4 

(C, C-3’), 135.8 (C, C-1’’), 132.6 (CH, C-4’’), 129.5 (CH, C-3’’), 129.5 (CH, C-5’’), 128.2 (CH, C-

2’’), 128.2 (CH, C-6’’), 119.9 (CH, C-4’), 119.7 (CH, C-5’), 119.0 (CH, C-6’), 116.7 (C, C-1’), 49.1 

(CH, C-2), 45.2 (CH2, C-1), 40.4 (CH2, C-6), 32.5 (CH2, C-3), 30.1 (CH2, C-5), 24.2 (CH2, C-4); 

[α]20
D –9.26 (c 0.45, MeOH);  

UV/VIS λmax (MeOH) nm (log ε): 248 (sh) (3.84), 316 (3.23) nm; 

HRMS (ESI): m/z 372.1919 (calcd for C20H26N3O4, 372.1918). 
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Figure S3 1H NMR spectrum (600 MHz, CD3OD) of myxochelin B1. 

 

 

Figure S4. 1H-decoupled 13C NMR spectrum (150 MHz, CD3OD) of myxochelin B1. 
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Figure S5. 1H, 1H COSY spectrum of myxochelin B1 (CD3OD). 

 

 

Figure S6. 1H, 13C HSQC spectrum of myxochelin B1 (CD3OD). 
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Figure S7 1H, 13C HMBC spectrum of myxochelin B1 (CD3OD). 
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5.2.3.2 Myxochelin B2 

Figure S8. HPLC-UV spectrum and ESI-MS spectrum of myxochelin B2.  

 

 

1H NMR (600 MHz, methanol-d4, 300 K) δ 7.83 (1H, d, J = 7.8 Hz, H-2’), 7.83 (1H, d, J = 7.8 Hz, 

H-6’), 7.53 (1H, t, J = 7.8 Hz, H-4’), 7.43 (1H, t, J = 7.8 Hz, H-3’), 7.43 (1H, t, J = 7.8 Hz, H-5’), 

7.16 (1H, d, J = 8.0 Hz, H-6’’), 6.92 (1H, d, J = 8.0 Hz, H-4’’), 6.68 (1H, t, J = 8.0 Hz, H-5’’), 4.33 

(1H, ddt, J = 9.9, 7.2, 3.8 Hz, H-2), 3.40 (2H, t, J = 6.9 Hz, H-6), 3.17 (1H, dd, J = 13.0, 3.8 Hz, H-

1a), 3.02 (1H, dd, J = 13.0, 9.9 Hz, H-1b), 1.73 (2H, m, H-3), 1.67 (2H, m, H-5), 1.56 (1H, m, H-

4a), 1.48 (1H, m, H-4b); 

13C NMR (150 MHz, methanol-d4, 300 K) δ 171.5 (C, C-7’’), 171.4 (C, C-7’), 150.2 (C, C-2’’), 

147.4 (C, C-3’’), 135.1 (C, C-1’), 133.0 (CH, C-4’), 129.6 (CH, C-3’), 129.6 (CH, C-5’), 128.5 (CH, 

C-2’), 128.5 (CH, C-6’), 119.6 (CH, C-4’’), 119.6 (CH, C-5’’), 118.6 (CH, C-6’’), 116.8 (C, C-1’’), 

49.6 (CH, C-2), 45.1 (CH2, C-1), 40.0 (CH2, C-6), 32.7 (CH2, C-3), 30.0 (CH2, C-5), 24.3 (CH2, C-4); 

[α]20
D –8.95 (c 0.42, MeOH); 

UV/VIS λmax (MeOH) nm (log ε): 248 (sh) (3.89), 314 (3.35) nm; 

HRMS (ESI): m/z 372.1916 (calcd for C20H26N3O4, 372.1918). 
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Figure S9. 1H NMR spectrum (600 MHz, CD3OD) of myxochelin B2. 

 

 

Figure S10. 1H-decoupled 13C NMR spectrum (150 MHz, CD3OD) of myxochelin B2. 
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5.2.3.3 Myxochelin B4 

Figure S11. HPLC-UV spectrum and ESI-MS spectrum of myxochelin B4. 

 

 

1H NMR (600 MHz, methanol-d4, 300 K) δ 7.69 (1H, dd, J = 8.0, 1.8 Hz, H-6’’), 7.35 (1H, ddd, J 

= 8.3, 7.2, 1.8 Hz, H-4’’), 7.27 (1H, dd, J = 8.1, 1.6 Hz, H-6’), 6.94 (1H, dd, J = 7.9, 1.6 Hz, H-4’), 

6.87 (1H, dd, J = 8.3, 1.2 Hz, H-3’’), 6.84 (1H, ddd, J = 8.0, 7.2, 1.2 Hz, H-5’’), 6.70 (1H, t, J = 8.0 

Hz, H-5’), 4.38 (1H, m, H-2), 3.40 (2H, m, H-6), 3.18 (1H, dd, J = 13.1, 2.5 Hz, H-1a), 3.04 (1H, 

dd, J = 13.0, 10.0 Hz, H-1b), 1.73 (2H, m, H-3), 1.68 (2H, m, H-5), 1.55 (1H, m, H-4a), 1.48 (1H, 

m, H-4b); 

13C NMR (150 MHz, methanol-d4, 300 K) δ 172.5 (C, C-7’), 171.0 (C, C-7’’), 161.1 (C, C-2’’), 

150.2 (C, C-2’), 147.3 (C, C-3’), 134.7 (CH, C-4’’), 128.7 (CH, C-6’’), 120.1 (CH, C-5’’), 119.9 (CH, 

C-4’), 119.7 (CH, C-5’), 119.0 (CH, C-6’), 118.4 (CH, C-3’’), 117.0 (C, C-1’’), 116.6 (C, C-1’), 49.0 

(CH, C-2), 45.1 (CH2, C-1), 40.0 (CH2, C-6), 32.5 (CH2, C-3), 30.0 (CH2, C-5), 24.3 (CH2, C-4); 

[α]20
D –9.31 (c 0.31, MeOH);   

UV/VIS λmax (MeOH) nm (log ε): 239 (sh) (3.92), 305 (3.55) nm; 

HRMS (ESI): m/z 388.1877 (calcd for C20H26N3O5, 388.1867). 
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Figure S12. 1H NMR spectrum (600 MHz, CD3OD) of myxochelin B4. 

 

 

Figure S13. 1H-decoupled 13C NMR spectrum (150 MHz, CD3OD) of myxochelin B4. 
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5.2.3.4 Myxochelin B5 

Figure S14. HPLC-UV spectrum and ESI-MS spectrum of myxochelin B5. 

 

 

1H NMR (600 MHz, methanol-d4, 300 K) δ 7.79 (1H, dd, J = 8.0, 1.7 Hz, H-6’), 7.38 (1H, ddd, J 

= 8.4, 7.1, 1.7 Hz, H-4’), 7.16 (1H, dd, J = 8.1, 1.3 Hz, H-6’’), 6.91 (1H, dd, J = 8.3, 1.2 Hz, H-4’’), 

6.90 (1H, dd, J = 8.3, 1.2 Hz, H-3’), 6.88 (1H, ddd, J = 8.0, 7.2, 1.2 Hz, H-5’), 6.68 (1H, t, J = 8.0 

Hz, H-5’’), 4.37 (1H, m, H-2), 3.39 (2H, J = 6.5 Hz, H-6), 3.18 (1H, dd, J = 13.1, 3.4 Hz, H-1a), 

3.04 (1H, dd, J = 13.1, 10.0 Hz, H-1b), 1.74 (2H, m, H-3), 1.69 (2H, m, H-5), 1.55 (1H, m, H-4a), 

1.49 (1H, m, H-4b); 

13C NMR (150 MHz, methanol-d4, 300 K) δ 172.0 (C, C-7’), 171.5 (C, C-7’’), 161.1 (C, C-2’), 150.1 

(C, C-2’’), 147.3 (C, C-3’’), 135.1 (CH, C-4’), 129.2 (CH, C-6’), 120.2 (CH, C-5’), 119.6 (CH, C-4’’), 

119.6 (CH, C-5’’), 118.6 (CH, C-6’’), 118.4 (CH, C-3’), 116.9 (C, C-1’), 116.8 (C, C-1’’), 49.1 (CH, 

C-2), 45.2 (CH2, C-1), 40.0 (CH2, C-6), 32.6 (CH2, C-3), 30.0 (CH2, C-5), 24.3 (CH2, C-4); 

[α]20
D –11.07 (c 0.58, MeOH);  

UV/VIS λmax (MeOH) nm (log ε): 240 (sh) (3.87), 305 (3.55) nm; 

HRMS (ESI): m/z 388.1862 (calcd for C20H26N3O5, 388.1867) 
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Figure S15. 1H NMR spectrum (600 MHz, CD3OD) of myxochelin B5. 

 

 

Figure S16. 1H-decoupled 13C NMR spectrum (150 MHz, CD3OD) of myxochelin B5. 
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5.2.3.5 Myxochelin B6 

 

Figure S17. HPLC-UV spectrum and ESI-MS spectrum of myxochelin B6. 

 

 

1H NMR (600 MHz, methanol-d4, 300 K) δ 7.80 (1H, dd, J = 8.0, 1.8 Hz, H-6’), 7.69 (1H, dd, J = 

8.0, 1.8 Hz, H-6’’), 7.38 (1H, ddd, J = 8.3, 7.2, 1.8 Hz, H-4’), 7.35 (1H, ddd, J = 8.3, 7.2, 1.8 Hz, 

H-4’’), 6.90 (1H, dd, J = 8.3, 1.1 Hz, H-3’), 6.87 (1H, dd, J = 8.3, 1.0 Hz, H-3’’), 6.87 (1H, ddd, J = 

8.0, 7.2, 1.2 Hz, H-5’), 6.84 (1H, ddd, J = 8.0, 7.2, 1.2 Hz, H-5’’), 4.40 (1H, m, H-2), 3.40 (2H, m, 

H-6), 3.18 (1H, dd, J = 13.2, 3.5 Hz, H-1a), 3.04 (1H, dd, J = 13.4, 9.8 Hz, H-1b), 1.74 (2H, m, H-

3), 1.69 (2H, m, H-5), 1.55 (1H, m, H-4a), 1.49 (1H, m, H-4b); 

13C NMR (150 MHz, methanol-d4, 300 K) δ 172.0 (C, C-7’), 171.0 (C, C-7’’), 161.1 (C, C-2’), 161.1 

(C, C-2’’), 135.1 (CH, C-4’), 134.7 (CH, C-4’’), 129.2 (CH, C-6’), 128.7 (CH, C-6’’), 120.2 (CH, C-

5’), 120.1 (CH, C-5’’), 118.5 (CH, C-3’), 118.5 (CH, C-3’’), 117.0 (C, C-1’’), 116.8 (C, C-1’), 49.2 

(CH, C-2), 45.1 (CH2, C-1), 40.1 (CH2, C-6), 32.6 (CH2, C-3), 30.0 (CH2, C-5), 24.3 (CH2, C-4); 

[α]20
D –12.62 (c 1.03, MeOH);  

UV/VIS λmax (MeOH) nm (log ε): 237 (3.84), 301 (3.51) nm; 

HRMS (ESI): m/z 372.1936 (calcd for C20H26N3O4, 372.1918). 
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Figure S18. 1H NMR spectrum (600 MHz, CD3OD) of myxochelin B6. 

 

 

Figure S19. 1H-decoupled 13C NMR spectrum (150 MHz, CD3OD) of myxochelin B6. 
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5.2.3.6 Myxochelin B7 

 

Figure S20. HPLC-UV spectrum and ESI-MS spectrum of myxochelin B7. 

 
 

1H NMR (600 MHz, methanol-d4, 300 K) δ 7.29 (1H, dt, J = 8.4, 6.8 Hz, H-4’’), 7.28 (1H, dd, J = 

8.0, 1.3 Hz, H-6’), 6.93 (1H, dd, J = 8.0, 1.3 Hz, H-4’), 6.70 (1H, t, J = 8.0 Hz, H-5’), 6.70 (1H, dd, 

J = 8.4, 1.2 Hz, H-3’’), 6.59 (1H, ddd, J = 11.5, 8.2, 1.2 Hz, H-5’’), 4.38 (1H, m, H-2), 3.41 (2H, t, 

J = 6.6 Hz, H-6), 3.19 (1H, dd, J = 13.3, 2.9 Hz, H-1a), 3.04 (1H, dd, J = 13.3, 10.0 Hz, H-1b), 1.73 

(2H, m, H-3), 1.68 (2H, m, H-5), 1.55 (1H, m, H-4a), 1.49 (1H, m, H-4b); 

13C NMR (150 MHz, methanol-d4, 300 K) δ 172.6 (C, C-7’), 168.4 (C, d, J = 1.8 Hz, C-7’’), 162.6 

(C, d, J = 4.9 Hz, C-2’’), 162.3 (C, d, J = 247.0 Hz, C-6’’), 150.2 (C, C-2’), 147.3 (C, C-3’), 134.2 

(CH, d, J = 12.5 Hz, C-4’’), 119.9 (CH, C-4’), 119.7 (CH, C-5’), 119.0 (CH, C-6’), 116.6 (C, C-1’), 

114.4 (CH, d, J = 2.8 Hz, C-3’’), 107.4 (C, d, J = 14.8 Hz, C-1’’), 106.8 (CH, d, J = 24.5 Hz, C-5’’), 

49.1 (CH, C-2), 45.1 (CH2, C-1), 40.1 (CH2, C-6), 32.5 (CH2, C-3), 29.8 (CH2, C-5), 24.1 (CH2, C-4); 

[α]20
D –15.03 (c 0.36, MeOH); 

UV/VIS λmax (MeOH) nm (log ε): 242 (sh) (3.96), 307 (3.53) nm; 

HRMS (ESI): m/z 406.1770 (calcd for C20H25FN3O5, 406.1773). 
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Figure S21. 1H NMR spectrum (500 MHz, CD3OD) of myxochelin B7. 

 

 

Figure S22. 1H-decoupled 13C NMR spectrum (125 MHz, CD3OD) of myxochelin B7. 
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5.2.3.7 Myxochelin B8 

 

Figure S23. HPLC-UV spectrum and ESI-MS spectrum of myxochelin B8. 

 

 

1H NMR (600 MHz, methanol-d4, 300 K) δ 7.33 (1H, dt, J = 8.4, 6.7 Hz, H-4’), 7.17 (1H, dd, J = 

8.1, 1.4 Hz, H-6’’), 6.91 (1H, dd, J = 7.9, 1.4 Hz, H-4’’), 6.74 (1H, dd, J = 8.4, 1.2 Hz, H-3’), 6.68 

(1H, t, J = 8.0 Hz, H-5’’), 6.62 (1H, ddd, J = 11.5, 8.3, 1.2 Hz, H-5’), 4.40 (1H, m, H-2), 3.40 (2H, 

m, H-6), 3.17 (1H, dd, J = 13.1, 3.8 Hz, H-1a), 3.07 (1H, dd, J = 13.2, 9.8 Hz, H-1b), 1.72 (2H, m, 

H-3), 1.69 (2H, m, H-5), 1.58 (1H, m, H-4a), 1.50 (1H, m, H-4b); 

13C NMR (150 MHz, methanol-d4, 300 K) δ 171.6 (C, C-7’’), 169.4 (C, C-7’), 162.3 (C, d, J = 5.0 

Hz, C-2’), 162.3 (C, d, J = 248.0 Hz, C-6’), 150.2 (C, C-2’’), 147.3 (C, C-3’’), 134.6 (CH, d, J = 12.4 

Hz, C-4’), 119.5 (CH, C-4’’), 119.5 (CH, C-5’’), 118.6 (CH, C-6’’), 116.7 (C, C-1’’), 114.4 (CH, d, J 

= 1.9 Hz, C-3’), 107.7 (C, d, J = 14.8 Hz, C-1’), 107.0 (CH, d, J = 24.8 Hz, C-5’), 49.3 (CH, C-2), 

44.8 (CH2, C-1), 40.0 (CH2, C-6), 32.4 (CH2, C-3), 29.9 (CH2, C-5), 24.1 (CH2, C-4); 

[α]20
D –10.82 (c 0.38, MeOH);  

UV/VIS λmax (MeOH) nm (log ε): 241 (sh) (4.02), 307 (3.59) nm; 

HRMS (ESI): m/z 406.1752 (calcd for C20H25FN3O5, 406.1773). 
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Figure S24. 1H NMR spectrum (500 MHz, CD3OD) of myxochelin B8. 

 

 

Figure S25. 1H-decoupled 13C NMR spectrum (125 MHz, CD3OD) of myxochelin B8. 
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5.2.3.8 Myxochelin B9 

 

Figure S26. HPLC-UV spectrum and ESI-MS spectrum of myxochelin B9. 

 

 

1H NMR (600 MHz, methanol-d4, 300 K) δ 7.34 (1H, dt, J = 8.3, 6.8 Hz, H-4’), 7.31 (1H, dt, J = 

8.4, 6.7 Hz, H-4’’), 6.74 (1H, dd, J = 8.4, 1.0 Hz, H-3’), 6.71 (1H, dd, J = 8.4, 1.0 Hz, H-3’’), 6.63 

(1H, ddd, J = 11.6, 8.2, 1.0 Hz, H-5’), 6.59 (1H, ddd, J = 11.7, 8.3, 1.0 Hz, H-5’’), 4.40 (1H, m, H-

2), 3.43 (2H, m, H-6), 3.17 (1H, dd, J = 12.9, 3.8 Hz, H-1a), 3.08 (1H, dd, J = 13.2, 9.8 Hz, H-1b), 

1.73 (2H, m, H-3), 1.67 (2H, m, H-5), 1.60 (1H, m, H-4a), 1.52 (1H, m, H-4b); 

13C NMR (150 MHz, methanol-d4, 300 K) δ 169.5 (C, C-7’), 168.4 (C, C-7’’), 162.3 (C, d, J = 248.0 

Hz, C-6’), 162.3 (C, d, J = 247.0 Hz, C-6’’), 134.6 (CH, d, J = 12.3 Hz, C-4’), 134.2 (CH, d, J = 12.6 

Hz, C-4’’), 114.4 (CH, C-3’), 114.4 (CH, C-3’’), 107.0 (C, d, J = 24.8 Hz, C-5’), 106.8 (CH, d, J = 

24.7 Hz, C-5’’), 49.0 (CH, C-2), 44.9 (CH2, C-1), 40.1 (CH2, C-6), 32.3 (CH2, C-3), 29.8 (CH2, C-5), 

24.0 (CH2, C-4); 

[α]20
D –13.56 (c 0.07, MeOH);  

UV/VIS λmax (MeOH) nm (log ε): 234 (sh) (3.78), 303 (3.16) nm; 

HRMS (ESI): m/z 408.1747 (calcd for C20H24F2N3O5, 408.1729). 
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Figure S27. 1H NMR spectrum (700 MHz, CD3OD) of myxochelin B9. 

 

 

Figure S28. 1H-decoupled 13C NMR spectrum (175 MHz, CD3OD) of myxochelin B9. 
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5.2.4 Pseudochelin A derivatives  

5.2.4.1  Pseudochelin A4 

 

Figure S29. HPLC-UV spectrum and ESI-MS spectrum of pseudochelin A4. 

 

 

1H NMR (600 MHz, methanol-d4, 300 K) δ 7.73 (1H, d, J = 7.9 Hz, H-6’’), 7.37 (1H, t, J = 7.9 Hz, 

H-4’’), 7.16 (1H, d, J = 8.0 Hz, H-6’), 7.10 (1H, d, J = 7.9 Hz, H-4’), 6.87 (1H, m, H-5’), 6.87 (1H, 

m, H-3’’), 6.87 (1H, m, H-5’’), 4.38 (1H, m, H-2), 4.13 (1H, m, H-1a), 3.73 (1H, dd, J = 11.8, 7.7 

Hz, H-1b), 3.44 (2H, t, J = 6.8 Hz, H-6), 1.88 (1H, m, H-3a), 1.79 (1H, m, H-3b), 1.72 (2H, m, H-

5), 1.52 (2H, m, H-4); 

13C NMR (150 MHz, methanol-d4, 300 K) δ 171.0 (C, C-7’’), 164.5 (C, C-7’), 161.1 (C, C-2’’), 

149.0 (C, C-2’), 147.6 (C, C-3’), 134.7 (CH, C-4’’), 128.8 (CH, C-6’’), 121.3 (CH, C-4’), 121.3 (CH, 

C-5’), 120.1 (CH, C-6’), 120.1 (CH, C-5’’), 118.5 (CH, C-3’’), 117.0 (C, C-1’’), 109.3 (C, C-1’), 58.1 

(CH, C-2), 50.6 (CH2, C-1), 40.0 (CH2, C-6), 35.6 (CH2, C-3), 30.2 (CH2, C-5), 23.0 (CH2, C-4); 

[α]20
D –10.21 (c 0.20, MeOH;  

UV/VIS λmax (MeOH) nm (log ε): 249 (sh) (n.d.), 302 (3.55) nm; 

HRMS (ESI): m/z 370.1759 (calcd for C20H24N3O4, 370.1761). 
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Figure S30. 1H NMR spectrum (600 MHz, CD3OD) of pseudochelin A4. 

 

 

Figure S31. 1H-decoupled 13C NMR spectrum (150 MHz, CD3OD) of pseudochelin A4. 
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5.2.4.2 Pseudochelin A5 

 

Figure S32. HPLC-UV spectrum and ESI-MS spectrum of pseudochelin A5. 

 
 

1H NMR (600 MHz, methanol-d4, 300 K) δ 7.70 (1H, dd, J = 8.0, 1.8 Hz, H-6’), 7.57 (1H, ddd, J 

= 8.4, 7.3, 1.8 Hz, H-4’), 7.20 (1H, dd, J = 8.1, 1.7 Hz, H-6’’), 7.07 (1H, d, J = 8.4 Hz, H-3’), 7.04 

(1H, dd, J = 8.0, 7.3 Hz, H-5’), 6.92 (1H, dd, J = 7.9, 1.7 Hz, H-4’’), 6.71 (1H, t, J = 8.0 Hz, H-5’’), 

4.38 (1H, m, H-2), 4.13 (1H, t, J = 11.3 Hz, H-1a), 3.73 (1H, dd, J = 11.4, 7.6 Hz, H-1b), 3.44 (2H, 

t, J = 7.0 Hz, H-6), 1.88 (1H, m, H-3a), 1.80 (1H, m, H-3b), 1.72 (2H, m, H-5), 1.52 (2H, m, H-4); 

13C NMR (150 MHz, methanol-d4, 300 K) δ 171.5 (C, C-7’’), 164.3 (C, C-7’), 159.7 (C, C-2’), 150.2 

(C, C-2’’), 147.4 (C, C-3’’), 137.6 (CH, C-4’), 130.7 (CH, C-6’’), 121.4 (CH, C-5’), 119.6 (CH, C-4’’), 

119.6 (CH, C-5’’), 118.6 (CH, C-6’’), 118.2 (CH, C-3’), 116.8 (C, C-1’’), 109.3 (C, C-1’), 58.1 (CH, 

C-2), 50.5 (CH2, C-1), 40.0 (CH2, C-6), 35.6 (CH2, C-3), 30.2 (CH2, C-5), 22.9 (CH2, C-4); 

[α]20
D –18.14 (c 0.09, MeOH);  

UV/VIS λmax (MeOH) nm (log ε): 245 (4.21), 312 (3.81) nm; 

HRMS (ESI): m/z 370.1741 (calcd for C20H24N3O4, 370.1761). 
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Figure S33. 1H NMR spectrum (600 MHz, CD3OD) of pseudochelin A5. 

 

 

Figure S34. 1H-decoupled 13C NMR spectrum (150 MHz, CD3OD) of pseudochelin A5. 
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5.2.4.3 Pseudochelin A6 

 

Figure S35. HPLC-UV spectrum and ESI-MS spectrum of pseudochelin A6. 

 
 

1H NMR (600 MHz, methanol-d4, 300 K) δ 7.73 (1H, dd, J = 7.9, 1.7 Hz, H-6’’), 7.71 (1H, dd, J = 

8.0, 1.7 Hz, H-6’), 7.57 (1H, ddd, J = 8.4, 7.3, 1.7 Hz, H-4’), 7.37 (1H, ddd, J = 8.3, 7.2, 1.7 Hz, H-

4’’), 7.07 (1H, dd, J = 8.4, 0.9 Hz, H-3’), 7.04 (1H, ddd, J = 7.9, 7.3, 1.0 Hz, H-5’), 6.89 (1H, dd, J 

= 8.2, 1.2 Hz, H-3’’), 6.87 (1H, ddd, J = 7.8, 7.3, 1.2 Hz, H-5’’), 4.38 (1H, m, H-2), 4.13 (1H, t, J = 

11.4 Hz, H-1a), 3.73 (1H, dd, J = 11.5, 7.6 Hz, H-1b), 3.44 (2H, t, J = 7.0 Hz, H-6), 1.89 (1H, m, 

H-3a), 1.80 (1H, m, H-3b), 1.72 (2H, m, H-5), 1.52 (2H, m, H-4); 

13C NMR (150 MHz, methanol-d4, 300 K) δ 171.0 (C, C-7’’), 164.3 (C, C-7’), 161.1 (C, C-2’’), 

159.7 (C, C-2’), 137.5 (CH, C-4’), 134.7 (CH, C-4’’), 130.7 (CH, C-6’), 128.8 (CH, C-6’’), 121.4 (CH, 

C-5’), 120.1 (CH, C-5’’), 118.5 (CH, C-3’), 118.2 (CH, C-3’’), 117.0 (C, C-1’’), 109.3 (C, C-1’), 58.1 

(CH, C-2), 50.5 (CH2, C-1), 40.0 (CH2, C-6), 35.6 (CH2, C-3), 30.3 (CH2, C-5), 23.0 (CH2, C-4); 

[α]20
D –22.70 (c 0.35, MeOH);  

UV/VIS λmax (MeOH) nm (log ε): 242 (3.96), 304 (3.56) nm; 

HRMS (ESI): m/z 354.1830 (calcd for C20H24N3O3, 354.1812). 
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Figure S36. 1H NMR spectrum (600 MHz, CD3OD) of pseudochelin A6. 

 

 

Figure S37. 1H-decoupled 13C NMR spectrum (150 MHz, CD3OD) of pseudochelin A6. 
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5.2.4.4 Pseudochelin A7 

 

Figure S38. HPLC-UV spectrum and ESI-MS spectrum of pseudochelin A7. 

 

 

1H NMR (600 MHz, methanol-d4, 300 K) δ 7.32 (1H, dt, J = 8.3, 6.8 Hz, H-4’’), 7.16 (1H, d, J = 

7.8 Hz, H-6’), 7.09 (1H, d, J = 7.8 Hz, H-4’), 6.85 (1H, t, J = 7.8 Hz, H-5’), 6.72 (1H, d, J = 8.3, H-

3’’), 6.63 (1H, dd, J = 11.6, 8.3 Hz, H-5’’), 4.39 (1H, m, H-2), 4.14 (1H, t, J = 11.3 Hz, H-1a), 3.74 

(1H, dd, J = 11.3, 7.4 Hz, H-1b), 3.46 (2H, t, J = 6.9 Hz, H-6), 1.88 (1H, m, H-3a), 1.80 (1H, m, H-

3b), 1.72 (2H, m, H-5), 1.53 (2H, m, H-4); 

13C NMR (150 MHz, methanol-d4, 300 K) δ 168.5 (C, d, J = 2.0 Hz, C-7’’), 164.6 (C, C-7’), 162.7 

(C, d, J = 4.7 Hz, C-2’’), 162.4 (C, d, J = 247.0 Hz, C-6’’), 149.2 (C, C-2’), 147.7 (C, C-3’), 134.2 

(CH, d, J = 12.3 Hz, C-4’’), 121.3 (CH, C-4’), 121.1 (CH, C-5’), 120.1 (CH, C-6’), 114.5 (CH, d, J = 

2.5 Hz, C-3’’), 109.2 (C, C-1’), 107.5 (C, d, J = 15.0 Hz, C-1’’), 106.8 (CH, d, J = 24.3 Hz, C-5’’), 

58.1 (CH, C-2), 50.5 (CH2, C-1), 40.1 (CH2, C-6), 35.6 (CH2, C-3), 30.1 (CH2, C-5), 22.9 (CH2, C-4); 

[α]20
D  n.d. 

UV/VIS λmax (MeOH) nm (log ε): 242 (sh) (3.96), 311 (3.34) nm;  

HRMS (ESI): m/z 388.1650 (calcd for C20H23FN3O4, 388.1667). 
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Figure S39. 1H NMR spectrum (600 MHz, CD3OD) of pseudochelin A7. 

 

 

Figure S40. 1H-decoupled 13C NMR spectrum (150 MHz, CD3OD) of pseudochelin A7. 
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5.2.4.5 Pseudochelin A8 

 

Figure S41. HPLC-UV spectrum and ESI-MS spectrum of pseudochelin A8. 

 

 

1H NMR (600 MHz, methanol-d4, 300 K) δ 7.53 (1H, dt, J = 8.5, 6.6 Hz, H-4’), 7.20 (1H, dd, J = 

8.1, 1.6 Hz, H-6’’), 6.92 (1H, dd, J = 7.9, 1.5 Hz, H-4’’), 6.87 (1H, d, J = 8.5 Hz, H-3’), 6.81 (1H, 

dd, J = 11.2, 8.4, H-5’), 6.71 (1H, t, J = 8.0 Hz, H-5’’), 4.42 (1H, m, H-2), 4.14 (1H, t, J = 11.5 Hz, 

H-1a), 3.74 (1H, dd, J = 11.5, 7.4 Hz, H-1b), 3.43 (2H, t, J = 6.9 Hz, H-6), 1.87 (1H, m, H-3a), 1.80 

(1H, m, H-3b), 1.71 (2H, m, H-5), 1.51 (2H, m, H-4); 

13C NMR (150 MHz, methanol-d4, 300 K) δ 171.5 (C, C-7’’), 162.9 (C, d, J = 254.0 Hz, C-6’), 160.5 

(C, C-7’), 160.3 (C, d, J = 5.0 Hz, C-2’), 150.2 (C, C-2’’), 147.3 (C, C-3’’), 137.4 (CH, d, J = 12.2 Hz, 

C-4’), 119.6 (CH, C-4’’), 119.6 (CH, C-5’’), 118.6 (CH, C-6’’), 116.8 (C, C-1’’), 113.7 (C, d, J = 2.9 

Hz, C-3’), 107.9 (C, d, J = 22.2 Hz, C-5’), 100.3 (CH, d, J = 13.4 Hz, C-1’), 58.3 (CH, C-2), 50.3 

(CH2, C-1), 40.0 (CH2, C-6), 35.5 (CH2, C-3), 30.2 (CH2, C-5), 22.8 (CH2, C-4); 

[α]20
D –23.9 (c 0.46, MeOH); 

UV/VIS λmax (MeOH) nm (log ε): 244 (4.11), 310 (3.60) nm;  

HRMS (ESI): m/z 388.1682 (calcd for C20H23FN3O4, 388.1667). 
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Figure S42. 1H NMR spectrum (500 MHz, CD3OD) of pseudochelin A8. 

 

 

Figure S43. 1H-decoupled 13C NMR spectrum (125 MHz, CD3OD) of pseudochelin A8. 

  



Appendix 

l 

5.2.4.6 Pseudochelin A9 

 

Figure S44. HPLC-UV spectrum and ESI-MS spectrum of pseudochelin A9. 

 

 

1H NMR (600 MHz, methanol-d4, 300 K) δ 7.53 (1H, dt, J = 8.5, 6.6 Hz, H-4’), 7.32 (1H, dt, J = 

8.4, 6.8 Hz, H-4’’), 6.87 (1H, d, J = 8.4 Hz, H-3’), 6.82 (1H, dd, J = 11.2, 8.4 Hz, H-5’), 6.72 (1H, 

d, J = 8.4 Hz, H-3’’), 6.63 (1H, dd, J = 11.7, 8.3 Hz, H-5’’), 4.42 (1H, m, H-2), 4.15 (1H, t, J = 11.5 

Hz, H-1a), 3.76 (1H, dd, J = 11.6, 7.4 Hz, H-1b), 3.46 (2H, t, J = 6.9 Hz, H-6), 1.88 (1H, m, H-3a), 

1.80 (1H, m, H-3b), 1.72 (2H, m, H-5), 1.53 (2H, m, H-4); 

13C NMR (150 MHz, methanol-d4, 300 K) δ 162.9 (C, d, J = 254.0 Hz, C-6’), 162.3 (C, d, J = 4.7 

Hz, C-2’’), 160.5 (C, C-7’), 160.2 (C, d, J = 5.0 Hz, C-2’), 137.4 (CH, d, J = 12.5 Hz, C-4’), 134.2 

(CH, d, J = 13.2 Hz, C-4’’), 114.5 (CH, d, J = 4.3 Hz, C-3’’), 113.7 (CH, d, J = 3.4 Hz, C-3’), 107.9 

(C, d, J = 22.1 Hz, C-5’), 106.8 (CH, d, J = 24.6 Hz, C-5’’), 58.4 (CH, C-2), 50.3 (CH2, C-1), 40.1 

(CH2, C-6), 35.5 (CH2, C-3), 30.1 (CH2, C-5), 22.7 (CH2, C-4); 

[α]20
D n.d. 

UV/VIS λmax (MeOH) nm (log ε): 242 (4.33), 312 (3.83) nm; 

HRMS (ESI): m/z 390.1647 (calcd for C20H23FN3O4, 390.1624). 
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Figure S45. 1H NMR spectrum (600 MHz, CD3OD) of pseudochelin A9. 

 

 

Figure S46. 1H-decoupled 13C NMR spectrum (150 MHz, CD3OD) of pseudochelin A9.
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5.2.5 Aurachin D derivatives 

Figure S47  19F NMR spectra (600 MHz, CD3OD) of 8- (1a), 7- (1b) and 6-fluoroaurachin D (1c). 
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5.2.5.1 8-Fluoroaurachin D  

Figure S48. HPLC-UV spectrum and ESI-MS spectrum of 8-fluoroaurachin D. 

 

1H NMR (600 MHz, methanol-d4, 300 K): δ = 8.02 (dd, JH,H = 7.9, 1.3 Hz, 1H; CH-5), 7.43 (ddd, 

JH,H = 7.9, 1.3, JH,F = 11.1 Hz, 1H, CH-7), 7.30 (dt, JH,H = 7.9, JH,F = 4.9 Hz, 1H, CH-6), 5.09 (dt, JH,H 

= 6.9, 1.2 Hz, 1H, CH-2’), 5.04 (dt, JH,H = 6.9, 1.4 Hz, 1H, CH-6’), 4.98 (ddt, JH,H = 7.0, 1.5, 1.4 Hz, 

1H, CH-10’), 3.40 (d, JH,H = 6.9 Hz, 2H, CH2-1’), 2.51 (s, 3H, CH3-9), 2.10 (m, 2H, CH2-5’), 2.03 

(m, 2H, CH2-4’), 1.92 (m, 2H, CH2-9’), 1.87 (m, 2H, CH2-8’), 1.81 (d, JH,H = 1.2 Hz, 3H, CH3-13’), 

1.60 (d, JH,H = 1.4 Hz, 3H, CH3-12’), 1.55 (d, JH,H = 1.4 Hz, 3H, CH3-14’), 1.49 ppm (d, JH,H = 1.5 

Hz, 3H, CH3-15’);  

13C NMR (150 MHz, methanol-d4, 300 K): δ = 177.8 (C-4), 153.3 (d, JC,F = 247.1 Hz, C-8), 150.4 

(C-2), 136.1 (C-3’), 135.9 (C-7’), 132.0 (C-11’), 130.1 (C-8a), 127.1 (C-4a), 125.3 (C-6’), 125.3 

(C-10’), 123.9 (d, JC,F = 6.9 Hz; C-6), 123.5 (C-2’), 121.7 (C-3), 122.0 (d, JC,F = 4.0 Hz; C-5),  116.7 

(d, JC,F = 16.9 Hz; C-7),  40.8 (C-8’), 40.7 (C-4’), 27.8 (C-9’), 27.2 (C-5’), 25.8 (C-12’), 24.8 (C-1’), 

18.0 (C-9), 17.6 (C-15’), 16.3 (C-13’), 16.2 ppm (C-14’);  

19F NMR (600 MHz, methanol-d4, 300 K): δ = 133.5 ppm (dd, JF,H = 11.3, 4.8 Hz, 1F, CF-8);  

HRMS (ESI): m/z calcd for C25H32FNO: 382.2541 [M+H]+; found: 382.2546.  
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Figure S49. 1H NMR spectrum (600 MHz, CD3OD) of 8-fluoroaurachin D. 

 

 

Figure S50. 1H-decoupled 13C NMR spectrum (150 MHz, CD3OD) of 8-fluoroaurachin D. 
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Figure S51. 1H, 13C HSQC spectrum (CD3OD) of 8-fluoroaurachin D. 

 

 

Figure S52. 1H, 13C HMBC spectrum (CD3OD) of 8-fluoroaurachin D. 
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5.2.5.2 7-Fluoroaurachin D  

Figure S53. HPLC-UV spectrum and ESI-MS spectrum of 7-fluoroaurachin D. 

 
 

1H NMR (700 MHz, methanol-d4, 300 K): δ = 8.25 (dd, JH,H = 8.7, JH,F = 6.2 Hz, 1H; CH-5), 7.16 

(dd, JH,H = 2.4, JH,F = 9.7 Hz, 1H, CH-8), 7.11 (dt, JH,H = 8.7, 2.4, JH,F = 8.7 Hz, 1H, CH-6), 5.09 (dt, 

JH,H = 7.0, 1.4 Hz, 1H, CH-2’), 5.05 (dt, JH,H = 7.0, 1.4 Hz, 1H, CH-6’), 4.99 (ddt, JH,H = 7.1, 1.5, 1.4 

Hz, 1H, CH-10’), 3.38 (d, JH,H = 7.0 Hz, 2H, CH2-1’), 2.45 (s, 3H, CH3-9), 2.10 (m, 2H, CH2-5’), 2.02 

(m, 2H, CH2-4’), 1.94 (m, 2H, CH2-9’), 1.87 (m, 2H, CH2-8’), 1.80 (d, JH,H = 1.4 Hz, 3H, CH3-13’), 

1.61 (d, JH,H = 1.4 Hz, 3H, CH3-12’), 1.55 (d, JH,H = 1.4 Hz 3H, CH3-14’), 1.51 ppm (d, JH,H = 1.5 Hz, 

3H, CH3-15’);  

13C NMR (175 MHz, methanol-d4, 300 K): δ = 177.9 (C-4), 165.8 (d, JC,F = 240.0 Hz, C-7), 150.0 

(C-2), 141.4 (C-8a), 135.9 (C-7’), 135.7 (C-3’), 132.0 (C-11’), 129.5 (C-5),125.4 (C-10’), 125.2 (C-

6’), 123.9 (C-2’), 121.9 (C-4a), 120.8 (C-3), 113.3 (C-6),  103.4 (C-8), 40.8 (C-4’), 40.8 (C-8’), 27.8 

(C-9’), 27.2 (C-5’), 25.7 (C-12’), 24.4 (C-1’), 18.3 (C-9), 17.7 (C-15’), 16.1 (C-13’), 16.0 ppm (C-

14’);  

19F NMR (600 MHz, methanol-d4, 300 K): δ = 109.3 ppm (ddd, JF,H = 9.6, 8.6, 6.2 Hz, 1F, CF-7);  

HRMS (ESI): m/z calcd for C25H32FNO: 382.2541 [M+H]+; found: 382.2549.  
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Figure S54. 1H NMR spectrum (700 MHz, CD3OD) of 7-fluoroaurachin D. 
 

 

Figure S55. 1H-decoupled 13C NMR spectrum (175 MHz, CD3OD) of 7-fluoroaurachin D. 
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Figure S56. 1H, 13C HSQC spectrum (CD3OD) of 7-fluoroaurachin D. 

 

 

 
Figure S57. 1H, 13C HMBC spectrum (CD3OD) of 7-fluoroaurachin D. 

 



Appendix 

lix 

5.2.5.3 6-Fluoroaurachin D  

Figure S58. HPLC-UV spectrum and ESI-MS spectrum of 6-fluoroaurachin D. 
 

 

 

1H NMR (600 MHz, methanol-d4, 300 K): δ = 7.84 (dd, JH,H = 9.4, 2.9 Hz, 1H; CH-5), 7.56 (dd, 

JH,H = 9.1, JH,F = 4.5 Hz, 1H, CH-8), 7.45 (ddd, JH,H = 9.1, 2.9, JH,F = 8.1 Hz, 1H, CH-7), 5.09 (dt, JH,H 

= 6.9, 1.3 Hz, 1H, CH-2’), 5.05 (dt, JH,H = 6.9, 1.3 Hz, 1H, CH-6’), 4.99 (ddt, JH,H = 7.0, 1.5, 1.4 Hz, 

1H, CH-10’), 3.40 (d, JH,H = 6.9 Hz, 2H, CH2-1’), 2.47 (s, 3H, CH3-9), 2.09 (m, 2H, CH2-5’), 2.02 

(m, 2H, CH2-4’), 1.94 (m, 2H, CH2-9’), 1.88 (m, 2H, CH2-8’), 1.81 (d, JH,H = 1.3 Hz, 3H, CH3-13’), 

1.61 (d, JH,H = 1.4 Hz, 3H, CH3-12’), 1.55 (d, JH,H = 1.3 Hz, 3H, CH3-14’), 1.51 ppm (d, JH,H = 1.5 

Hz, 3H, CH3-15’);  

13C NMR (150 MHz, methanol-d4, 300 K): δ = 177.7 (C-4), 160.5 (d, JC,F = 241.9 Hz, C-6), 150.0 

(C-2), 137.2 (C-8a), 136.1 (C-3’), 135.9 (C-7’), 132.1 (C-11’), 125.4 (C-6’), 125.3 (C-10’), 126.2 

(C-4a), 123.6 (C-2’), 121.6 (C-8), 121.3 (C-7), 120.8 (C-3), 110.1 (C-5),  40.8 (C-4’), 40.7 (C-8’), 

27.8 (C-9’), 27.3 (C-5’), 25.8 (C-12’), 24.8 (C-1’), 18.3 (C-9), 17.6 (C-15’), 16.3 (C-13’), 16.1 ppm 

(C-14’);  

19F NMR (600 MHz, methanol-d4, 300 K): δ = 119.2 ppm (ddd, JF,H = 9.4, 8.1, 4.5 Hz, 1F, CF-6);  

HRMS (ESI): m/z calcd for C25H32FNO: 382.2541 [M+H]+; found: 382.2541.  
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Figure S59. 1H NMR spectrum (600 MHz, CD3OD) of 6-fluoroaurachin D. 

 

 

Figure S60. 1H-decoupled 13C NMR spectrum (150 MHz, CD3OD) of 6-fluoroaurachin D. 
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Figure S61. 1H, 13C HSQC spectrum (CD3OD) of 6-fluoroaurachin D.  

 

 

Figure S62. 1H, 13C HMBC spectrum (CD3OD) of 6-fluoroaurachin D. 
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5.2.5.4 6-Chloroaurachin B/C  

Figure S63. ESI-MS spectrum of 6-chloroaurachin B/C  

 

 

HRMS (ESI): m/z calcd for C25H32ClNO: 414.2194 [M+H]+; found: 414.2197.  
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5.2.6  5-Hexynoic micacocidin Ga3+ 

 

Figure S64 HPLC-UV/VIS spectrum and ESI-MS spectrum of 5-hexynoic micacocidin Ga3+ complex. 

 

1H NMR (600 MHz, methanol-d4, 300 K): δ = 7.22 (dd, J = 8.4, 7.3 Hz, 1H; CH-5), 6.75 (dd, J = 

8.4, 1.3 Hz, 1H, CH-6), 6.64 (dd, J = 7.4, 1.4 Hz, 1H, CH-4), 4.78 (ddd, J = 13.6, 10.6, 8.0 Hz, 1H, 

CH-14), 4.54 (d, J = 10.6 Hz, 1H, CH-15), 3.73 (d, J = 12.3 Hz, 1H, CH2-24a), 3.69 (s, CH-19), 3.65 

(dd, J = 10.0, 7.7 Hz, 1H, CH-17), 3.65 (dd, J = 9.2, 7.7 Hz, 1H, CH2-16a), 3.63 (dd, J = 10.9, 

8.1 Hz, 1H, CH2-13a), 3.45 (d, J = 12.3 Hz, 1H, CH2-24b), 3.29 (dd, J = 13.6, 11.0 Hz, 1H, 

CH2-13b), 3.22 (dd, J = 11.8, 9.2 Hz, 1H, CH2-16b), 3.19 (ddd, J = 14.3, 11.0, 5.4 Hz, 1H, CH2-7a), 

2.95 (ddd, J = 14.3, 10.9, 5.4 Hz, 1H, CH2-7b), 2.55 (s, 3H, CH3-18), 2.24 (m, 2H, CH2-10), 2.23 

(m, 1H, CH-28), 1.81 (m, 1H, CH2-8a), 1.73 (m, 1H, CH2-8b), 1.67 (s, 3H, CH3-26), 1.63 (m, 2H, 

CH2-9), 1.58 ppm (s, 3H, CH3-21), 1.37 (s, 3H, CH3-22); 

13C NMR (150 MHz, methanol-d4, 300 K): δ = 194.8 (C-23), 179.6 (C-12), 178.7 (C-27), 168.2 

(C-1), 146.6 (C-3), 135.9 (C-5), 122.0 (C-6), 121.6 (C-4), 117.2 (C-2), 85.0 (C-11), 82.0 (C-15), 

81.3 (C-19), 75.8 (C-17), 73.3 (C-14), 69.7 (C-28), 48.6 (C-18), 46.6 (C-20), 40.6 (C-16), 39.6 (C-

24), 36.8 (C-7), 34.7 (C-13), 32.8 (C-8), 29.8 (C-9), 29.2 (C-21), 24.2 (C-26), 24.2 (C-22), 18.8 

ppm (CH2-10);  

HRMS (ESI): m/z calcd for C28H35N3O4S3Ga+: 642.1040 [M+H]+; found: 642.1049. 
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Figure S65 1H NMR spectrum (600 MHz, CD3OD) of 5-hexynoic micacocidin Ga3+ complex. 

 

Figure S66 1H-decoupled 13C NMR spectrum (150 MHz, CD3OD) of 5-hexynoic micacocidin Ga3+ 
complex. 
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Figure S67 1H, 1H COSY spectrum of 5-hexynoic micacocidin Ga3+ (CD3OD). 

 
 
Figure S68 1H, 13C HSQC spectrum of 5-hexynoic micacocidin Ga3+ (CD3OD).  
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Figure S69 1H, 13C HMBC spectrum of 5-hexynoic micacocidin Ga3+ (CD3OD).
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