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1. Summary 

Natural products (NPs) have been a rich source for pharmaceutically used anti-infectives and 

other drugs. However, the application of anti-infectives inevitably causes the development of 

resistant and multiresistant pathogens, which have to be treated with novel anti-infectives. 

The industrial research for novel anti-infectives has been concentrating on members of the 

bacterial Actinomycetales for a long time. Due to several reasons, e.g. the rediscovery of 

already known NPs, pharmaceutical companies abandoned their NP-research and focused on 

drug development based on combinatorial chemistry. However, the limited structural diversity 

of merely synthetic compound libraries has not been a fruitful source for bioactive 

compounds. Hence the discovery of novel bioactive NPs as a source for anti-infectives is still 

of economical and humanitarian interest and will remain to be an important branch of 

research in the future. One strategy to circumvent the rediscovery of bioactive NPs is the 

analysis of yet unexplored bacterial taxa. Based on this assumption, this work aimed at the 

discovery of novel NPs from the entomopathogenic bacterial genera Xenorhabdus and 

Photorhabdus and other promising taxa, as well as the investigation of their biosynthesis.  

The first publication of this cumulative thesis focused on the discovery of novel bioactive 

PAX-peptides from Xenorhabdus nematophila HGB081.
1
 Based on high resolution (HR)-

matrix assisted laser desorption/ionization (MALDI)-mass spectrometry (MS), MALDI-

tandem mass spectrometry (MS
2
) experiments, and feeding experiments, novel derivatives 

were identified and characterized. The advanced Marfey´s method in combination with the 

chemical permethylation of the PAX-peptides was applied to determine the absolute 

configuration of some of the amino acid residues in these cyclic lipopeptides. The inactivation 

of putative biosynthesis gene clusters in X. nematophila HGB081 in combination with 

MALDI-MS allowed the identification of the PAX-peptide biosynthesis gene cluster. An in 

silico analysis of the PAX-peptide nonribosomal peptide synthetase (NRPS) verified the 

results of the advanced Marfey´s analysis, due to the existence of dual 

condensation/epimerization domains. Previously, the analysis of the Amberlite® XAD16-

extracts of these mutants using high performance liquid chromatography (HPLC)-electrospray 

ionization (ESI)-MS had not allowed for the identification of the deficient mutant, as the 

PAX-peptides´ signals had been obscured by the generation of variable polycharged ions. 

This effect had hampered their manual identification. In contrast to that, the MALDI-MS-

analysis of PAX-peptides in culture supernatants without previous XAD16-extraction only 

created singly charged ions of the highly cationic PAX-peptides, allowing the straightforward 

manual identification of the PAX-peptides. Furthermore, the enrichment of the cationic PAX-

peptides by means of Amberlite® XAD16 resin had possibly not been as efficient as the 

enrichment of more hydrophobic NPs, and thus not an optimal strategy for extraction of these 

NPs. Supporting this hypothesis, such cationic NPs have been more successfully enriched by 

means of weak cation exchange extraction during this thesis. Due to the herein described 

advantages of a MALDI-based analysis of NPs, this strategy has been generally used for the 

identification and structure elucidation of NPs from Xenorhabdus and Photorhabdus strains 

since the beginning of this work (Kolossin, Gagantuanine, manuscripts in preparation).
2-9
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For the second publication described in here, the structure of bicornutin A from Xenorhabdus 

budapestensis DSM 16342, which had previously been described to be bioactive,
10

 was 

completely elucidated using MALDI-MS and -MS
n
 as well as nuclear magnetic resonance 

(NMR) spectroscopy.
4
 The structure elucidation of the highly basic bicornutin A by means of 

MS
n
 was only possible after acetylacetone-derivatization of the arginine side chains, in order 

to allow the proper fragmentation of the peptide bonds. Inspired by the dominating neutral 

loss fragmentation pattern (NLFP) of bicornutin A without the derivatization, a software was 

designed in order to automatically identify bicornutin A-derivatives and other bicornutin A-

like NPs, based on the identification of their conserved NLFP in a MS
2
-database. The 

utilization of the software led to the identification of related arginine-rich compounds in other 

Xenorhabdus strains. The genome sequencing of some of the producing strains verified that 

not only the arginine-rich peptides were highly similar, their corresponding NPRSs exhibited 

significant similarities as well. The heterologous expression of the bicornutin A NRPS in a 

transaminase deficient E. coli allowed the determination of the absolute configuration of the 

leucine residue in bicornutin A by means of the feeding of [D10]-leucine.  

MALDI-analysis of NPs from X. budapestensis DSM 16342, subsequent HPLC-purification 

of the identified NPs, and NMR experiments furthermore revealed an unprecedented class of 

NPs, the xenoGUFamines. These exhibited structural and biosynthetic similarities to 

nemaucin from Xenorhabdus cabanillasii strain JN26 as well as to the zeamines from Serratia 

plymuthica. The xenoGUFamines exhibited antibiotic activity against a wide range of 

bacterial and eukaryotic organisms (manuscript in preparation). The investigation of the 

production of NPs by Paenibacillus larvae, a pathogen of the honey bee Apis mellifera, 

resulted in the enrichment of NPs that exhibited in vitro toxicity against larvae of A. mellifera 

(manuscript in preparation). The structure of these NPs remains to be identified. 

Several bacterial NPs contain 2,5-dialkylresorcinol (DAR)-moieties, such as 3,5-dihydroxy-4-

isopropylstilbene (IPS) from Photorhabdus strains and a Bacillus isolate, 2-hexyl-5-propyl-

resorcinol from Pseudomonas chlororaphis subsp. aurantiaca, as well as the flexirubins from 

various gliding bacteria. Two previous publications proposed the biosynthesis of the bacterial 

DAR-moieties via a double Claisen condensation of two β-keto-fatty acid precursors.
11,12

 

These proposals were falsified in the third publication of this thesis.
3
 By means of 

heterologous in vivo and in vitro experiments of the responsible enzymes, the proposed 

biochemical route was replaced by a cyclization mechanism which involves the activity of a 

β-ketoacyl-ACP-synthase (KS)-like enzyme (DarB).
3
 DarB-homologues catalyze the dual 

Claisen condensation-Michael addition of one β-keto- and one α,β-unsaturated fatty acid 

precursor, which are both bound to coenzyme A. The resulting 2,5-dialkyl-cyclohexane-1,3-

dione (CHD)-intermediates were shown to be subsequently aromatized by the enzyme which 

had previously been associated with the cyclization reaction (DarA). The widely occurring 

DarB-homologues therefore constitute a novel KS subfamily which is, unlike most other KSs 

of the fatty acid and polyketide biosynthesis, not involved the catalysis of chain elongation 

reactions. The analysis of available genomes for homologues of DarAB led to the 

identification of several biosynthesis gene clusters, which were mainly found in organisms 

that live in association with eukaryotic hosts. 



1.1. Zusammenfassung 

 

3 

1.1. Zusammenfassung 

Nachweislich seit mehr als 4000 Jahren werden bioaktive Naturstoffe von den Menschen zur 

Behandlung ihrer Leiden eingesetzt. Dieses Potential liegt in der Tatsache begründet, dass 

bioaktive Naturstoffe verschiedener Art über Millionen von Jahren in der Natur für die 

Interaktion und Beeinflussung ihrer Zielstrukturen optimiert wurden. Auf Grund dessen 

können sie auch als Heilmittel der Krankheiten des Menschen eingesetzt werden, da diese 

ebenfalls natürlichen Ursprungs sind. Eine der Ursachen menschlicher Leiden sind bakterielle 

Infektionen, gegen die jedoch seit der Einführung des Penicillins und anderer Antiinfektiva 

ein Heilmittel gefunden zu sein schien. Der Einsatz dieser Antiinfektiva hat jedoch seit dem 

Beginn ihrer Anwendung die zwangsläufige Entstehung resistenter und multiresistenter 

Bakterien zur Folge gehabt, gegen deren Vermehrung nur der Einsatz neuer Antiinfektiva mit 

anderen Wirkungsmechanismen Erfolg verspricht. Während die pharmazeutischen 

Unternehmen zunächst auf die Entdeckung neuer bioaktiver Naturstoffe setzten, um neue 

Heilmittel gegen verschiedene Krankheiten zu finden, wurde diese Strategie ab den 80er 

Jahren mehr und mehr durch anderer Strategien ersetzt, wofür es verschiedene Gründe gab. 

Zunächst einmal setzte die pharmazeutische Industrie für die Entdeckung neuer bioaktiver 

Naturstoffe hauptsächliche auf Bakterien der Ordnung Actinomycetales, zu der unter anderem 

die Gattung Streptomyces zählt. In diesem bakteriellen Taxon wurden viele biologisch aktive 

Naturstoffe entdeckt und auch von der pharmazeutischen Industrie als Medikamente 

vertrieben. Die einseitige Konzentration der Anstrengungen auf dieses Taxon rief jedoch auch 

die regelmäßige Wiederentdeckung bereits bekannter Naturstoffe hervor, was einen 

ausgeprägten finanziellen Mehraufwand bedeutete. Gleichzeitig besitzen bioaktive 

Naturstoffe teilweise hochkomplexe Strukturen und werden von den produzierenden 

Organismen nur in geringen Mengen produziert. Dies erschwerte zum einen die 

Strukturaufklärung der Substanzen und gleichzeitige die Isolierung oder Synthese 

ausreichender Mengen der Naturstoffe, um damit Aktivitätsstudien durchzuführen. Auf Grund 

dessen setzte die pharmazeutische Industrie vermehrt auf die kombinatorische Synthese 

großer Substanzbibliotheken, die im Folgenden auf spezifische Aktivitäten getestet wurden. 

Es stellte sich jedoch heraus, dass die komplexen Strukturen der bioaktiven Naturstoffe mit 

ihren Stereozentren und Heteroatomen, die in den synthetischen Bibliotheken nicht vorhanden 

waren, eine Grundlage ihrer biologischen Aktivitäten darstellen. Die kombinatorische 

Synthese einer Vielzahl künstlicher Substanzen konnte die mit den komplexen Strukturen der 

Naturstoffe einhergehende Bioaktivität somit nicht reproduzieren und ersetzen. Auf Grund 

ihrer „privilegierten Strukturen“, die über Millionen von Jahre durch die Natur optimiert 

wurden, werden Naturstoffe auch in Zukunft die Grundlage der Entdeckung neuer Wirkstoffe 

sein, sei es durch die Isolierung neuer Naturstoffe, die Modifikation bekannter Naturstoffe 

durch Synthese, wodurch optimierte Aktivitäten erzielt werden können, oder durch die 

synthetische Kombination der „privilegierten“ Struktureinheiten bekannter Naturstoffe zu 

neuen synthetischen und von der Natur inspirierten Wirkstoffen. Die biologisch aktiven 

Naturstoffe, welche in dieser Arbeit hauptsächlich behandelt werden, gehören den 

Polyketiden und Peptiden an. Die Biosynthese beider Substanzklassen durchläuft die 

Polymerisation aktivierter Bausteine durch spezialisierte Enzyme oder Ribozyme, die 

Polyketide oder Peptide mit einer Abfolge von Bausteinen erzeugen, wie sie durch die 
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jeweilige Matrize vorgegeben wurde. Bioaktive Peptide können zum einen ribosomal 

entstehen, nach den bekannten Prinzipien der Proteinbiosynthese zuzüglich posttranslationaler 

Modifikationen, oder durch die nicht ribosomale Biosynthese. Diese erfolgt durch nicht 

ribosomale Peptidsynthetasen (NRPSs), welche sich durch eine Abfolge von katalytischen 

Modulen auszeichnen, wobei jedes Modul die katalytischen Fähigkeiten zur Aktivierung 

bestimmter Aminosäurebausteine und deren Verknüpfung mit der wachsenden Peptidkette 

besitzt. Die Primärstruktur der so entstehenden Peptide wird durch die Abfolge und Spezifität 

der Module in der NRPS vorgegeben, da die Biosynthese meist kollinear zur 

Modularchitektur der NRPS erfolgt. Während oder im Anschluss der Biosynthese können 

weitere Modifikationen erfolgen, die unter anderem zur Entstehung von Aminosäuren mit D-

Konfiguration führen können. Die Biosynthese der Polyketide erfolgt nach dem Prinzip der 

Fettsäurebiosynthese, d.h. durch decarboxylierende Claisen Kondensation einer von Malonyl-

Coenzym A abgeleiteten Verlängerungseinheit mit der wachsenden Kette. Anders als in der 

Fettsäurebiosynthese werden Polyketide jedoch nicht immer vollständig reduziert, so dass 

auch Hydroxy- und Keto-gruppen im gereiften Polyketid vorkommen können. Durch die der 

initialen Polymerisierung angeschlossene Modifikationen kann auch im Falle der 

Polyketidbiosynthese, trotz der relativ geringen Zahl möglicher Biosynthesebausteine, eine 

ausgeprägte Strukturvielfalt erreicht werden. Auch die Biosynthese der Polyketide kann durch 

modular aufgebaute Enzyme erfolgen (Typ I Polyketidsynthase (PKS)), wobei in diesem Fall 

jedes Modul für die Auswahl eines aktivierten Bausteines und dessen Einbau in die 

wachsende Kette verantwortlich ist. Aufgrund der übereinstimmenden Logik der NRPS und 

Typ I PKS sind in der Natur auch Hybrid-NRPS-PKS entstanden, die eine nochmalige 

Erweiterung der strukturellen Vielfalt der Naturstoffe erlauben. 

Um die kostspielige Wiederentdeckung bereits bekannter Naturstoffe zu vermeiden, stehen 

verschiedene Strategien zur Verfügung. Hierzu gehört das Durchsuchen der Genome 

bekannter Naturstoffproduzenten auf das Vorhandensein von Biosynthesegenregionen mit 

bisher unbekanntem Produkt. Weiterhin bietet sich der Einsatz optimierter Teststämme für 

antibiotisch aktive Naturstoffe an, die gegen die weit verbreiteten Antibiotika der 

Actinomycetales resistent sind, und so deren Wiederentdeckung verhindern. Eine weitere 

Möglichkeit, die Wiederentdeckung bereits bekannter Naturstoffe zu verhindern, ist die 

Verwendung von Dereplikationstechniken. Hierbei handelt es sich um die Kombinationen von 

massenspektrometrischer Analyse der identifizierten bioaktiven Naturstoffe oder 

Naturstoffrohextrakte mit Datenbanken, die Informationen zur Struktur und Masse bekannter 

Naturstoffe enthalten. Eine verwandte Strategie ist auch die auf Flüssigkeitschromatographie 

(LC) und Massenspektrometrie (MS) basierende Hauptkomponentenanalyse, mit Hilfe derer 

sowohl gemeine als auch einmalige Naturstoffe aus einer Vielzahl untersuchter 

Naturstoffextrakte identifiziert werden können. Da ein Großteil der Mikroorganismen unter 

Laborbedingungen für nicht kultivierbar gehalten wird, ist es weiterhin möglich Metagenome 

nach Biosynthesegenregionen zu untersuchen und diese dann durch heterologe Expression in 

Wirtsstämmen auf Naturstoffproduktion zu untersuchen. Grundlage der hier präsentierten 

Arbeit ist eine weitere Strategie zur Entdeckung neuer Naturstoffe, welche die 

Untersuchungen von Mikroorganismen solcher Taxa vorsieht, die bisher noch nicht im Fokus 

der Naturstoffforschung lagen, aber auf Grund ihrer Lebensweise und auf Basis von Indizien 

aus Genomsequenzierungen für potentielle Naturstoffproduzenten gehalten werden können. 
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Hierzu gehören die entomopathogenen bakteriellen Gattungen Photorhabdus und 

Xenorhabdus, welche in der Arbeitsgruppe von Professor Dr. Bode im Rahmen des GameXP-

Projektes (Genomic approaches to metabolite exploitation from Xenorhabdus/Photorhabdus) 

untersucht werden.  

In der ersten Veröffentlichung dieser kumulativen Dissertation wurden neue Derivate der 

PAX-peptide aus Xenorhabdus nematophila HGB081 identifiziert und charakterisiert.
1
 Hierzu 

gehörte auch die Aufklärung der Konfigurationen einzelner Aminosäuren dieser lysinreichen 

zyklischen Lipopeptide mit Hilfe der „advanced Marfey´s method“. Zu diesem Zweck wurden 

die Lysinseitenketten des Peptids dimethyliert, um in Folge der vollständigen Hydrolyse der 

Peptide, welche im Verlauf der Marfey-Analyse erfolgt, die Stereochemie des zuvor mit dem 

C-Terminus kondensierten und somit nicht dimethylierten Lysinrestes identifizieren zu 

können. Die gewonnen Erkenntnisse über die Konfiguration des Lysinsrestes und des 

weiterhin enthaltenen Argininrestes stimmten mit der vorhergesagten Konfiguration der 

Peptide überein, welche auf Basis des ebenfalls in dieser Arbeit identifizierten und für die 

Biosynthese der PAX-Peptide verantwortlichen NRPS abgeleitet werden konnte. Im Zuge der 

Arbeiten mit X. nematophila HGB081 stellte sich heraus, dass eine auf MALDI (matrix 

assited laser desorption/ionization)-MS beruhende Analyse von Kulturüberständen deutliche 

Vorteile gegenüber der auf LC-MS basierenden Analyse von Amberlite® XAD16 Extrakten 

bietet, wenn kationische Naturstoffe analysiert werden sollen. Die Extraktion von 

Xenorhabdus und Photorhabdus Flüssigkulturen mit Amberlite® XAD16 und anschließende 

LC-MS-Analyse wird in der Arbeitsgruppe als Standardmethode zur Identifikation und 

Anreicherung von Naturstoffen verwendet, was aber wahrscheinlich zu einer Diskriminierung 

von polykationischen Naturstoffen führt. Dies liegt zum einen an den Eigenschaften des 

verwendeten XAD-Austauschers, der hydrophobe Substanzen bevorzugt bindet. Weiterhin 

werden polykationische Analyte durch ESI-MS in verschiedenen mehrfach geladenen 

Zuständen detektiert, was zu einer Verschleierung ihres Signales führen kann, wenn die 

Analyse der Spektren manuell erfolgt. Zwar ist die Dekonvultierung dieser Signale nicht 

kompliziert, wird jedoch angesichts der manuellen Analyse von hunderten von Rohextrakten 

verschiedener Stämme zu einer schwer durchführbaren Aufgabe, wodurch polykationische 

Analyten u. U. übersehen werden. Im Gegensatz dazu werden selbst die polykationischen 

PAX-Peptide durch MALDI-MS als einfach positiv geladene Signale detektiert und erlauben 

so eine erleichterte manuelle Analyse der Daten. Aufgrund der geschilderten Vorteile der auf 

MALDI-MS basierenden Analyse von Naturstoffproben und der Möglichkeit zur Generierung 

hochpräziser Messungen und gezielter Fragmentierungen an der zur Verfügung stehenden 

MALDI-LTQ Orbitrap XL, wurden mit Beginn dieser Arbeit diese Verfahren in der 

Arbeitsgruppe generell für die Analyse von Kulturüberständen der untersuchten Bakterien 

und zur Strukturaufklärung von Naturstoffen verwendet (Manuskripte in Vorbereitung: 

Kolossin, Gagantuanine).
2-9

 Weiterhin konnte mit der Verwendung von schwachen 

Kationenaustauschern zur Extraktion von kationischen Naturstoffen eine Alternative zur 

initialen Anreicherung von Naturstoffextrakten etabliert werden. 

In der zweiten Veröffentlichung dieser Doktorarbeit wurde die Struktur des zuvor als bioaktiv 

beschriebenen Bicornutin A
10

 vollständig mit Hilfe von MALDI-MS- und MALDI-MS
n
-

Experimenten gelöst und in der Folge durch NMR bestätigt.
4
 Hierbei konnte auch gezeigt 



1.1. Zusammenfassung 

 

6 

werden, dass Bicornutin A nicht die zuvor beschriebenen Bioaktivitäten besitzt.
10

 Das MS
2
-

Spektrum des argininreichen Bicornutin A wurde durch eine Vielzahl von Neutralverlusten, 

wie z.B. NH3, dominiert und nur wenige Fragment-ionen mit Informationsgehalt zur 

Primärstruktur konnten detektiert werden. Erst durch Derivatisierung der Argininseitenketten 

mit Acetylaceton konnte deren Basizität herabgesetzt werden, wodurch bei MS
2
-

Experimenten nun Fragmentierungen am Peptidrückgrat erfolgten, die das Ableiten der 

Primärstruktur erlaubten. Durch die Genomsequenzierung des Bicornutin A 

Produktionsstammes Xenorhabdus budapestensis DSM 16342 konnte ein mögliches Gen 

identifiziert werden, das die verantwortliche NRPS kodiert. Diese auf der Spezifität der 

Adenylierungsdomänen basierende Vermutung konnte durch heterologe Expression des Gens 

in Escherichia coli und die darauffolgende heterologe Produktion von Bicornutin A bestätigt 

werden. Weiterhin konnte durch heterologe Expression des NRPS-kodierenden Gens in einem 

Transaminase defizienten E. coli und Fütterung von [D10]-Leucin die Konfiguration des 

Leucinrestes in Bicornutin A identifiziert werden, welche mit der auf Basis der 

Domänenarchitektur der NRPS vorhergesagten absoluten Konfiguration von Bicornutin A 

übereinstimmte. Um weitere dem Bicornutin A ähnelnde Naturstoffe identifizieren zu können, 

wurde eine Analysesoftware entwickelt, die die MS
2
-Datenbank der MALDI-Messungen von 

69 Xenorhabdus und Photorhabdus Wildtypstämmen auf Naturstoffe untersucht, die ein 

ähnliches Neutralverlustfragmentierungsmuster wie Bicornutin A aufweisen, d.h. die 

stoffklassenspezifische Kombinationen von Neutralverlusten wie z.B H2O oder NH3 in MS
2
-

Experimenten. Hierdurch konnten mit den HCTA- und den RILXIRR-Peptiden zwei weitere 

argininreiche Substanzklassen identifiziert werden, deren dazugehörige NRPSs durch 

Genomsequenzierungen von Produzentenstämmen ebenfalls identifiziert werden konnten. Es 

zeigte sich, dass die für die Produktion der argininreichen nicht ribosomalen Peptide 

verantwortlichen NRPSs einen hohen Grad an Sequenzidentität aufweisen. Es war somit 

möglich eine Gruppe sowohl strukturell als auch biosynthetisch verwandter Naturstoffe auf 

Basis ihres gemeinsamen Neutralverlustfragmentierungsmusters zu identifizieren. Die 

Unabhängigkeit dieser Methode von vorhandenen a,b,c- oder x,y,z-Fragment-ionen erlaubt 

weiterhin die Detektion von Substanzfamilien modifizierter Peptide, die wegen 

intramolekularer Verknüpfungen keine vollständige Fragmentierung aufweisen. Außerdem ist 

die Identifikation von Polyketid-Naturstoffklassen möglich.  

Neben Bicornutin A wies das MALDI-Massenspektrum des Kulturüberstandes von X. 

budapestensis DSM 16342 eine Serie weiterer dominanter Signale auf, die möglicherweise 

mit der beschriebenen Bioaktivität des Stammes korrelierten.
10

 Nach Anreicherung der 

Substanzklasse mit Hilfe von Kationenaustausch- und Umkehrphasen-Festphasenextraktion 

und anschließender Aufreinigung mit HPLC konnte eine Breitbandbioaktivität dieser 

Substanzklasse tatsächlich nachgewiesen werden. Die Struktur eines Derivates der 

XenoGUFamin genannten Substanzklasse konnte in Kooperation mit Sanofi durch NMR 

aufgeklärt werden. Die Strukturen weiterer Derivate wurden in Folge dessen mit Hilfe von 

„higher-energy collisional dissociation“ (HCD)-tandemmassenspektrometrie aufgeklärt. So 

wie die XenoGUFamine in Struktur und Biosynthese dem (Pre-)zeamin aus Serratia 

plymuthica ähneln, weisen sie auch starke Ähnlichkeiten mit der Struktur und Biosynthese des 

Nemaucins aus Xenorhabdus cabanillasii JN26 auf. Aufgrund ihres kationischen Charakters 

weist auch die Substanzklasse der XenoGUFamine ein ausgeprägtes 
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Neutralverlustfragmentierungsmuster auf. Mit Hilfe dessen konnten in Kombination mit der 

entwickelten Software weitere Naturstoffe in anderen Stämmen identifiziert werden, die 

möglicherweise ähnliche Strukturen aufweisen. Die Struktur dieser Naturstoffe muss 

allerdings noch aufgeklärt werden. Die Untersuchung der Toxizität von Naturstoffen des 

bienenpathogenen Bakteriums Paenibacillus larvae an in vitro kultivierten Bienenlarven 

ergab, dass P. larvae entomotoxische Naturstoffe produziert, die mit Hilfe von 

Festphasenextraktion angereichert werden können.  

Neben den bekannten pflanzlichen Resorcinolen, wie z.B. Resveratrol, produzieren auch 

Bakterien resorcinolhaltige Naturstoffe, wie z.B. das 3,5-Dihydroxy-4-isopropylstilben, das 2-

Hexyl-5-propyl-resorcinol, oder die Familie der Flexirubine. Zwei vor Beginn dieser Arbeit 

veröffentlichte Publikationen beschrieben die Biosynthese der bakteriellen Dialkylresorcinole 

als eine doppelte Claisen-Kondensation zweier β-Keto-fettsäurevorstufen, welche durch eine 

Zyklase (DarA/StlC) katalysiert werde.
11,12

 Eine besondere Ketosynthase (DarB/StlD) wäre 

im beschriebenen Modell für die Bereitstellung der β-Keto-Fettsäurevorstufen verantwortlich 

gewesen. Durch heterologe in vivo Expressionsexperimente der beteiligten Enzyme in E. coli 

und durch in vitro Experimente mit dem gereinigten DarB-Homolog aus Chitinophaga 

pinensis DSM 2588 konnte in der dritten Publikation dieser Arbeit jedoch gezeigt werden, 

dass die Ketosynthase DarB/StlD die eigentliche Zyklisierungsreaktion katalysiert.
3
 Diese 

Reaktion verläuft über eine duale Claisen Kondensation und Michael-Addition einer β-Keto- 

und einer α,β-ungesättigten Fettsäurevorstufe. Hierbei sind beide Fettsäureedukte der 

Zyklisierungsreaktion an Coenzym A gebunden. Die zuvor als Zyklasen beschriebenen 

DarA/StlC-Homologe konnten als Aromatasen charakterisiert werden, welche die aus der 

Zyklisierungsreaktion entstandenen 2,5-Dialkyl-zyklohexan-1,3-dion-intermediate in die 

entsprechenden 2,5-Dialkylresorcinole umwandeln. Die Kettenlänge der entstehenden 

Dialkylresorcinole wird durch die Substratspezifität der DarB/StlD-Homologe determiniert. 

Durch phylogenetische Analysen der bekannten DarB/StlD-Homologe und anderer bekannter 

Ketosynthasen konnte gezeigt werden, dass die DarB-/StlC-Homologe den größten Grad an 

Ähnlichkeit mit FabH-artigen Ketosynthasen aufweisen. Allgemein stellt die Klasse der 

identifizierten DarB/StlD-Homologe einen neuen Spezialfall der Ketosynthasen dar, der 

anders als die gewöhnlichen Ketosynthasen nicht für die Kettenverlängerung von Fettsäuren 

oder Polyketiden verantwortlich ist. Andere Beispiele für ungewöhnliche Ketosynthasen sind 

CerJ aus der Cervimycin Biosynthese, welches die Entstehung einer Esterbindung 

katalysiert,
13

 oder eine Ketosynthase, die für die Biosynthese von Photopyronen in 

Photorhabdus luminescens TTO1 verantwortlich ist (Persönliche Kommunikation mit Dr. 

Alexander O. Brachmann). Durch Analyse von öffentlich zugänglichen bakteriellen Genomen 

konnten 89 Organismen identifiziert werden, die eine Biosynthesegenregion mit einem 

Genäquivalent von DarA/StlC und DarB/StlD besitzen. Ein Großteil dieser Organismen ist 

entweder pathogen oder lebt in Assoziation mit einem eukaryotischen Wirt, weshalb vermutet 

werden kann, dass die dialkylresorcinolhaltigen Biosyntheseprodukte der Proteinequivalente 

dieser Genregionen im Zusammenhang mit der wirtsassoziierten Lebensweise stehen. Für die 

2,5-Dialkylresorcinol-haltigen Stilbene der Gattung Photorhabdus konnte bereits 

nachgewiesen werden, dass sie sowohl antibiotische als auch den Wirt regulierende 

Funktionen besitzen und gleichzeitig ein Quorum sensing Signal sind. 



2. Introduction  

 

8 

2. Introduction 

Verifiable since the utilization of plant-oils for the treatment of colds and inflammation in 

Mesopotamia (2600 BC)
18

 and the use of therapeutic levels of tetracycline in a Sudanese-

Nubian civilization (350 AD),
15

 natural products (NPs) have been tools in our attempt to 

alleviate health risks and to cure diseases. For the same purpose, purified NPs as therapeutic 

agents, such as morphine from Papaver somniferum, have been used since 1803.
18

 However, 

even though NPs have been used as medical agents for more than 4600 years, their history 

does not seem to end in a foreseeable time. Health risks humans have faced ever since are 

generally rooted in the endless reservoir of nature´s diversity, notably pathogenic organisms 

and malfunctions, that go along with such complex life forms that human beings are. Thus the 

treatment of diseases with NPs, which are in the same manner rooted in the natural diversity, 

is only logical, since bioactive NPs have had millions of years to co-evolve with their 

biological targets. Some of these targets are the potential cause of human diseases.
16

 However, 

the medicinal target of a NP-based drug does not necessarily resemble the original target of 

the respective NP. This is based on the fact that protein families may be conserved among 

different domains and taxa of the tree of life and that nature uses a limited number structural 

scaffolds and motives, as e.g. protein folding patterns or membrane constituents, that are 

targeted by bioactive NPs. Only recently, with the invention of high throughput screenings 

(HTS) for bioactive synthetic compounds out of large combinatorial chemistry libraries, the 

end of the era of NP based drug development seemed to be initiated. Despite the widespread 

acceptance of this strategy by pharmaceutical companies, the de novo combinatorial 

chemistry based development of new drugs failed with only one approved drug during the last 

30 years (anticancer drug sorafenib).
17

 This was probably due to the lack of “scaffolds of 

natural origin” (heteroatoms and stereocenters) in those synthetic compounds, which, in 

contrast, are commonly found in bioactive NPs.
16

 Thus NPs, NP-derivatives, and NP-inspired 

but synthetic drugs carry on to be human´s instrument for the treatment of diseases.
17

 

Only 1 % of earth´s bacterial and 5 % of earth´s fungal species are known,
19

 approximately 

1 % of the microorganisms are yet cultivable under standard laboratory conditions,
284

 and 

some of these unknown and uncultivable microorganisms can be considered as putative 

producers of bioactive NPs. This demonstrates very clearly that even today and as long as we 

preserve it, the biodiversity on earth could be the source of novel bioactive NPs and highlights 

that many yet unknown bioactive NPs could still be discovered.
19

 This is especially 

mentionable, as the frequent utilization of antibiotics for the treatment of diseases causes the 

development of antibiotic-resistant pathogens. Hence efforts should be made to discover 

novel bioactive NPs, which would provide an additional possibility for the treatment of 

resistant pathogens and other diseases. However, the development of a drug from a NP as well 

as its subsequent production requires the fundamental understanding of its biosynthesis and 

mode of action. As researchers are on the verge of designing novel bioactive NPs based on the 

combination of different NP-biosynthetic machineries, the understanding of the biosynthesis 

of NPs, even if not bioactive, will provide additional tools for the creation of novel synthetic 

NPs. Summing up the abovementioned considerations, scientific curiosity for NPs, their 

biosynthesis, and their producing organisms is justified due to various reasons and I will try to 

meet the curiosity of my predecessors in here. 



2. Introduction- 2.1. Natural products and research 

 

9 

2.1. Natural products and research 

Natural products (NPs) can be seen as the entity of small molecules produced by biological 

sources, without the consideration of their biosynthesis, structure, or function.
20

 Ever since 

1891, NPs have been differentiated as either products of the “primary metabolism” or the 

“secondary metabolism”, whereas bioactive NPs with potential use in medicine have been 

seen as “secondary metabolites” arising from the “secondary metabolism”.
21

 While the 

“primary metabolism” was considered to be responsible for processes that are essential for the 

survival of cells, secondary metabolites were referred to as compounds that support the 

survival of the organism in the environment but are not essential.
21

 Secondary metabolites 

were even sometimes considered as useless metabolic waste of the primary metabolism, and 

other sources saw the “secondary metabolism” as nature´s genetic playground for the 

development of novel beneficial abilities and compounds.
22

 

However, according to Firn and Jones, the division of the entire metabolism into “primary” 

and “secondary” does not accord with the pattern of observed metabolites and the 

evolutionary foundations to explain this pattern.
23

 As an example, the authors argue that lipids 

have for a long time been considered as primary metabolites since they are essential for 

cellular life, even though their structural versatility characterizes them as secondary 

metabolites. Other classical primary metabolites, like intermediates of the citric acid cycle, 

would exhibit one defined structure and could thus not be assigned to the same category as 

lipids.
23

 Hence a more flexible and dynamic model for metabolic evolution was proposed, 

which comprises three metabolite classes with different properties and the underlying 

principle, that there are no strict boundaries between the different metabolic classes.
21,23

 Firn 

and Jones proposed the class of “basic integrated” pathways, which corresponds to the 

classical “primary metabolism”. In this class, a strong evolutionary pressure led to metabolite 

canalization and narrow substrate specificities of involved enzymes, resulting in metabolic 

networks of structurally defined compounds. Furthermore, selection preferred properties that 

are beneficial for the overall metabolic network and homeostasis.
21

 The second class, the so 

called “supporting metabolism”, comprises lipids, pigments, and cell wall components. It was 

evolutionally selected because of the compounds´ physicochemical properties, which generate 

the cellular environment for the “basic integrated” metabolism. Due to the fact that supporting 

metabolites do not necessarily interact with specific enzymes, the selection for 

physicochemical properties allowed structural diversity, unlike in the aforementioned class.
21

 

Additionally, pathways that lead to “biomolecular activity” or antibiotic activity, which were 

also called “speculative pathways”, were described. The authors proposed that “biomolecular 

activity”, the ability to precisely bind and inhibit a protein target in low concentrations, is as a 

rare property.
21

 Thus, such organisms would generally be positively selected that exhibit a 

large chemical diversity, even if some products are without direct function and do not 

contribute to their fitness.
21,24

 Such diversity would enhance the probability for the production 

of biomolecularly active molecules, if evolutionary pressure requires it.
21

 However, attempts 

of describing the evolution and emergence of “secondary metabolites” or “speculative 

pathways” should consider that many of these molecules simply do not exhibit a known 

biological activity since experimental and analytical procedures do not allow their 
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discovery.
25

 Additionally, the anthropocentric interpretation of the term biological activity 

might also account for missing functions of NPs as it applies artificial minimal standards for 

biological activity. However, even though the definitions of the terms “secondary 

metabolisms” and “secondary metabolite” lack a comprehensive formulation, they continue to 

be used in the scientific community.  

The natural activity of antibiotics 

A creative model for the evolution of antibiotically active NPs was proposed by Jonathan 

Davies, who reasoned that the ancestors of antibiotics might have been positive effectors or 

catalysts of basic cellular processes, like translation and transcription, in the pre-protein era of 

life.
26

 After these effectors and nonproteinous catalysts were replaced by more effective 

macromolecular machineries like the ancestors of the ribosome, they have been conserved 

during evolution as negative effectors of the same processes that they had promoted earlier. 

The highly specific binding to their ancient effector sites, e.g. rRNA, turned later into their 

antibiotic activity by perturbing these processes.
26

 Additionally, Davies proposed that the 

natural activities of known antibiotics differ from their pharmaceutically exploited activities. 

This idea bases on the finding that several antibiotics have been shown to influence biological 

processes as signal molecules in sub-inhibitory concentrations, by modulation of the recipient 

cell´s gene expression.
25,27-31

 He states that inhibitory concentrations of antibiotics in the 

environment, unlike significant concentrations of other natural products like siderophores or 

phenazines, have never been detected, which might indicate that the natural functions of the 

antibiotics might be different and that they could be involved in bacterial communication and 

signaling.
25

 Thus, the observed antibiotic effects might be artifacts explained by the fact that 

non-physiological concentrations result in “growth inhibition or cell death” due to the 

poisoning of their receptor.
25

 However, even though this might explain the highly specific 

binding of antibiotics to their targets, one should not forget that the inhibitory concentrations 

of the antibiotics of interest are determined under laboratory conditions, where the test strains 

grow under artificially optimal growth conditions. Lower antibiotic concentrations might 

suffice for growth-inhibition in natura, where growth conditions are far less optimal in most 

of the cases. Generally, the term hormesis is used to describe the bi-phased effects or 

antibiotics, which stimulate gene expression at sub-inhibitory concentrations and inhibit 

cellular growth or kill target cells at higher concentrations.
31

 The effects of translation- or cell 

wall biosynthesis-inhibitors on gene expression were postulated to be based on the fact that all 

macromolecular processes affect transcription by interaction with the RNA-polymerase.
27

 

Another explanation would be additional binding sites of antibiotics, which exist in addition 

to those necessary for inhibitory effects.
27

 

Davies´ hypothesis was criticized for the fact, that studies describing the subinhibitory effects 

of antibiotics were performed with structural analogues of naturally occurring antibiotics, 

which was argued to preclude the conclusion that the observations correlate with natural 

phenomena. Additionally, antibiotics where shown to have pleiotropic effects, like the 

upregulation of SOS-response and methyl-mismatch repair, the decrease of biofilm mass, and 

alteration of virulence factor expression in various bacteria.
283

 Thus the modulation of gene 

expression by antibiotics in subinhibitory concentrations could just be one of their pleiotropic 
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effects, indicating that the activity of antibiotics at subinhibitory concentrations must not be 

summarized in a linear model that confines the natural function of antibiotics to mere 

signaling molecules.
283

 

Traditional natural product sources 

Bioactive NPs, elsewhere commonly referred to as secondary metabolites, endow the 

particular producing organism with advantages over competitors in their habitat. As this 

function is of general importance, bioactive NPs can be found in all branches of the versatile 

tree of life. 

Fungi have traditionally been used for the refinement of dishes and beverages, like for 

example yeast in case of beer, wine, and bread. When Fleming first described the antibiotic 

penicillin from Penicillium notatum/chrysogenum in 1929, he has pioneered the clinical 

utilization of penicillin G since 1942 and inspired the research that resulted in the discovery of 

many other antibiotics and bioactive NPs.
18

 Many other bioactive NPs produced by fungi, like 

the antibiotic cephalosporins from Cephalosporium cryptosporium or the cholesterol-lowering 

agent lovastatin from other Penicillium and Aspergillus species, have been discovered and are 

sold as drugs by pharmaceutical companies.
19

  

The search for bacterial NPs by pharmaceutical companies has predominantly focused on the 

order Actinomycetales, especially the genus Streptomyces, and resulted in the discovery of 

several bioactive NPs that have been used as drugs. Some examples are the anthracyclines, 

bleomycins, and actinomycins.
19

 Like the genus Streptomyces, other members of the 

Actinomycetales produce potent NPs as well, that have also been used as pharmaceutical 

agents. Vancomycin for example was isolated from Amycolatopsis orientalis in 1953 and 

erythromycin from Saccharopolyspora erythraea.
18

 Of distinct phylogeny is Sorangium 

cellulosum, the myxobacterial producer of epothilone, an antitumor agent of clinical 

importance.
19

 

Only 5-15 % of approximately 250,000 higher plants have been investigated for production of 

bioactive NPs, hence this potential for the discovery of unknown bioactive NPs is still 

untapped. Even though, several NPs of plant origin are known and have been used for 

medicinal purposes.
19

 Some examples of medically used plant NPs are morphine from 

Papaver somniferum, salicin from Salix alba, as well as licorice-extract as candy and 

glycyrrhizinic acid as medicinal agent from Glycyrrhiza glabra. Plant stilbenoids, like 

resveratrol (3,5,4´-trihydrohystilbene) from grapevines (Vitaceae), the peanut (Arachis 

hypogaea), and pines, are considered to be phytoalexins which provide an inducible resistance 

of the plant producers against infections caused by fungi.
33

 Several activities of potential 

interest for medicinal purposes have been described for the stilbenes, like the antioxidant 

activity and protection against atherosclerosis.
33

 In addition, the combretastatins isolated from 

the south African bush willow Combretum caffrum, have been in clinical trials, as they inhibit 

tumor-growth by preventing tubulin-polymerization.
19

 Other examples of plant-stilbenoids are 

stilbene-polymeres, like viniferin, the schweinfurthins from Macaranga schweinfurthi, and 

trans-arachidin-1 the peanut-plant (Arachis hypogaea).
33,34
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Historical aspects of pharmaceutical natural product research 

With the beginning of the 1980´s, the pharmaceutical companies tended to abandon their 

search for NP-based drugs, now favoring high throughput screenings of large libraries of 

synthetic compounds against isolated molecular targets.
18

 This was due to problems in the 

supply of large amounts of NPs from natural sources as well as the complex structures of 

these bioactive NPs. They often harbor stereocenters and heteroatoms, which can cause 

problems regarding their structure elucidation and manufacture, and large amounts of the 

bioactive NPs are necessary for clinical trials. One additional reason for the abandonment of 

NP-screening was the increasing rediscovery rate of known NPs. On the other hand, hits from 

synthetic libraries could easily be synthesized in large amounts and modified to screen for 

optimized version of the initial lead compound.
18

 However, while the hit-rate of a synthetic 

library has been found to be smaller than 0.001 %, the screening for bioactivity in polyketide-

NP-libraries has been about 300 times more efficient.
35

 Due to the limited success of 

combinatorial chemistry based drug development, pharmaceutical companies started to use 

diversity oriented synthesis of compounds as well as libraries with privileged structures, based 

on structural moieties of known NP, which allowed for a more successful screening for 

bioactive compounds.
16,36,37

 Additionally, advancements in dereplication techniques based on 

modern MS- and NMR-techniques have allowed the fast identification of already known 

bioactive NPs, thus increasing the chances to identify new chemical entities.
35,39,40
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2.2. Alternative organisms as source of novel bioactive natural products  

The common use of antimicrobial agents for treatment of infectious diseases selects resistant 

pathogenic microorganisms, which are not susceptible for treatment with the employed 

antibiotic anymore.
35

 Hence novel antimicrobial agents have to be developed or discovered 

which allow the treatment of resistant strains, based on the fact that these antibiotics rely on a 

different mode of action. As NPs have not only been a reliable source for the identification of 

antimicrobial compounds, continuing efforts in NP research will also lead to the identification 

of putative immunosuppressants, agents for cancer- and diabetes-treatment, cholesterol 

lowering agents, as well as drugs with many other applications.
17

 Therefore continuing efforts 

for the identification of novel bioactive NPs might not only allow the treatment of 

multiresistant human-pathogens but also improve the survival rate of patients that suffer from 

various other diseases. In addition to the investigation of traditional NP sources with standard 

cultivation and extraction methods, several alternative strategies have been successfully used 

for the discovery of novel bioactive NPs and will be described hereafter (Fig. 2.2.1). 

 

Figure 2.2.1. Summarizing view of contemporary ideas and strategies for the identification and 

production of novel bioactive NPs. Abbreviations: i,LC-MS: imaging-MS
41,42

 and liquid 

chromatography-MS; PCA: principal component analysis; OSMAC: one strain many compounds.
43

 

As the industrial attempts to discover novel bioactive NPs have for a long time been focusing 

on bacteria of the order Actinomycetales, the consideration of novel sources and strategies 
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might allow the identification of structurally unrelated bioactive NPs. The polythioamide 

closthioamide is the first antibiotically active NP isolated from a strictly anaerobic bacterium, 

namely Clostridium cellulolyticum.
44

 The researchers added an aqueous soil-extract to the 

culture medium thereby imitating the natural habitat, which led to a completely changed NP 

production pattern and induced the biosynthesis of closthioamide.
44

 

Oceans, which cover more than 70 % of the earth´s surface, have not been considered as a 

source of medicinally used NPs in the traditional medicine, which does not preclude that 

oceanic organisms might be producers of interesting bioactive NPs. The development of 

modern diving techniques allowed scientist to discovery deeper areas of the ocean for the 

existence of bioactive NPs. One of the first isolated marine NPs were the C-nucleotides from 

the Caribbean sponge Cryptotheca crypta, which later led to the discovery of the synthetic 

antitumor agent cytosine-arabinose.
19

 Brystatin A, a potential antitumor agent, has originally 

been described from the bryozoans Bugula neritina. However, evidence recently indicated 

that an uncultivable bacterial symbiont of Bugula neritina, Candidatus Endobugula sertula, is 

responsible or involved in the biosynthesis of bryostatin A.
45

 Other potential anti-cancer 

agents from marine organisms are ecteinascidin 743 from the Carribean ascidian 

Ecteinascidia turbinata and discodermolide from the sponge Discodermia dissolute.
19

 Marine 

sediments have also been the source of new members of the order Actinomycetales that are 

endemic to the marine environment. For example, the potent cytotoxin salinosporamide A has 

been isolated from the marine actinomycete Salinospora tropica.
19

 

Microorganisms that live in mutualistic association with versatile hosts have been described 

as alternative sources for bioactive NPs, a fact that should encourage researchers to expand 

investigations in this research area.
32

 However, several factors can hamper the straightforward 

identification of NP producing microorganisms from symbiotic associations. As for example, 

due to the close or even intracellular associations with their eukaryotic host,
46

 the origin of the 

bioactive compounds might be obscure and initially assigned to the host organism.
47

 

Additionally, obligate symbionts might not be cultivable in vitro, preventing the isolation of 

genomic DNA or the identification of the NP in the bacterial culture.
47

 Therefore the isolation 

or enrichment of bacterial cells for subsequent genome sequencing might be necessary, 

followed by genome mining and heterologous expression of potential gene clusters.
47

 One 

example for a NP produced by an endosymbiont is the antimitotic macrolide rhizoxin from 

Burkholderia rhizoxina, an endosymbiont of the plant-pathogen fungus Rhizopus 

microspores.
48

 

There are several known examples for mutualistic associations of bacteria and nematodes that 

exhibit entomopathogenic (insect-pathogenic) activity, where the partners are associated 

across the generations.
50

 This is in contrast to other bacteria-nematode-associations, which do 

not provide mutual advantages and are not stable over generations, like e.g. the “hitchhiking” 

of nematodes by bacteria from one nutrient source to the next,
50

 examples which are not 

considered here. One true example for a mutualistic associations of bacteria and nematodes 

might be the entomopathogenic association of the nematode Oscheius carolinensis 

(Nematoda: Rhabditidae) and the bacterium Serratia marcescens (γ-proteobacteria: 

Enterobacteriales: Enterobacteriacea), which have been shown to reside on the cuticle of the 

nematode.
50

 However, it has not been clarified yet whether this association is facultative or 
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obligate. The latter has been shown for the association of members of the genera 

Photorhabdus and Xenorhabdus, both of which are entomophatogenic Gram-negative γ-

proteobacteria (Enterobacteriales: Enterobacteriaceae) that are mutualisticly associated with 

entomopathogenic nematodes of the genera Heterorhabditis and Steinernema, 

respectively.
32,51

 Due to their effectiveness, both associations have been used as commercial 

crop protection agents and even though their lifestyles are more or less identical, both 

bacterial genera have divergent genomes and use a different set of pathogenicity factors.
52

 

There is a high degree of species-specificity regarding the association of these bacteria with 

their nematodes, which does not allow a symbiosis with a different host. On the other hand, 

little specificity regarding the nature of the prey species is observed for the bacteria-

nematode-associations.
51

 Interestingly, members of the genus Photorhabdus are the only 

known terrestrial bacteria that exhibit bioluminescence.
51

 Furthermore, Photorhabdus 

asymbiotica and its associated nematode Heterorhabdistis gerrardi are not only insect- but 

also human-pathogenic.
51

 Nematodes of the genera Heterorhabditis and Steinernema undergo 

a complex life cycle which encompasses the so called infective juvenile form (IJ), which 

essentially is a soil-dwelling, non eating, and non defecating form of the nematode whose 

surface is sealed by a double cuticle.
32

 In this free living IJ-state, where the symbiotic bacteria 

are located within the nematode´s gut, they actively search for new prey, susceptible insect 

larvae. Once an insect larvae has been found and the nematode has entered the insect 

haemocoel, the entomopathogenic bacteria are released and consecutively kill the insect 

larvae within 48 hours.
32

 The bacteria proliferate rapidly inside of the cadaver while the 

nematodes feed off them and undergo several cycles of reproduction, finally resulting in the 

release of a new generation of IJs carrying the bacterial endosymbionts. The lethality of the 

bacteria is endowed by their ability to overcome the insect immune system. In Photorhabdus 

strains this is e.g. achieved by the modification of their lipopolysaccharide (LPS)-layer or the 

production of siderophores,
51

 like photobactin (Fig. 2.2.2. A). Photobactin is essential for the 

acquisition of iron, a resource that is limited in eukaryotic organisms in order to prevent 

microorganimsic growth.
53

 Members of the genus Xenorhabdus use a different strategy, as 

they prevent the production of insect antimicrobial peptides.
52

 As an additional strategy, 

Photorhabdus strains can avoid phagocytic uptake by injection of an effector molecule into 

the phagocytic hemocytes via a type three secretion system.
51

 The destruction of the insect gut 

and killing of the insects by Photorhabdus strains is mediated by at least one protease and a 

number of protein toxins, like the Mcf-proteins (makes caterpillar floppy), which induce 

target cell apoptosis.
54

 Another example is the XptABC-protein complex from Xenorhabdus 

nematophila, which induces pore formation in insect cell membranes.
55
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Figure 2.2.2. Selected structures of bioactive NPs produced by entomopathogenic bacteria of the 

genera Photorhabdus and Xenorhabdus. A: The siderophore photobactin from P. luminescens ATCC 

29304.
53

 B: IPS from members of the genus Photorhabdus.
56,12

 C: Rhabduscin from P. luminescens 

and X. nematophila.
57

 D: Xenocoumacin-1 (XCN-1) and xenocoumacin-2 (XCN-2) from X. 

nematophila HGB081 as well as prexenocoumacin-A-E (PXCN-A-E) from X. nematophila HGB081.
9
 

While the association of the bacteria with the nematode has been described as obligate under 

natural conditions, the isolated bacteria are routinely cultivated under standard laboratory 

conditions, whereas members of the genus Photorhabdus are required for the development of 

their Heterorhabditis hosts. The bacteria have been described to support the development of 

their associated nematode host in several ways. Firstly, by the production and delivery of iso-

branched fatty acids, which have been discussed as important factors of nematode 

development, and by the production of large quantities of crystalline inclusion proteins which 
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serve as nutrients for the nematodes, as soon as the nematodes feed off their proliferating 

symbionts in the insect cadaver.
51

 Additionally, IPS (Fig. 2.2.2. B) is produced by all 

members of the genus Photorhabdus and is involved in the interspecies signaling, as it has 

been shown to be an important factor for effective nematode recovery, that is the conversion 

of the IJ state into a fertile hermaphrodite.
12

 

As described above, members of the genera Photorhabdus and Xenorhabdus are mutualisticly 

associated with nematodes and exhibit pathogenicity towards insect larvae. Mutualism and 

pathogenicity have been proposed to be related processes on the molecular level, thus bacteria 

of both genera are used as model organisms for the investigation of the underlying principles 

of pathogenesis and mutualism.
32

 In case of Photorhabdus luminescens, the inversion of a 

single promoter from an operon encoding fimbrial proteins catalyzed by an invertase switches 

the bacterium from its mutualistic and nematode-associated state into its pathogenic state.
58

 

The encoded fimbria are necessary for nematode colonization and a regulator gene also 

encoded in the operon has been supposed to be involved in the activation of further genes 

necessary for colonization. The pathogenic form displayed strongly increased 

bioluminescence, production of anthraquinones, rhabduscin, IPS (and another stilbene 

derivative), as well as hemolytic activity, whereas the mutualistic form was fifty times more 

resistant to the antibiotics streptomycine-aminoglycoside and ciprofloxacin than the 

pathogenic form.
58

 

In adaptation to their ecological niche, whose successful occupation necessitates 

communication with the nematode-symbiont, killing of the insect larvae, as well as the 

protection of the insect cadaver from food competitors, bacteria of the genera Photorhabdus 

and Xenorhabdus are potential producers of biologically active NPs and have already been 

shown to produce a wealth of them.
59

 One example is rhabduscin (Fig. 2.2.2. C), an 

amidoglycosyl- and vinyl-isonitrile-functionalized tyrosine derivative produced by X. 

nematophila and P. luminescens, which is an inhibitor of the enzyme phenoloxidase (PO). 

The PO is the final constituent in a response cascade of the insects´ innate immune system 

and catalyzes the formation of melanin-polymers on the bacterial surface, resulting in the 

encapsulation of the bacterial cells. Generally, the PO response cascade is comparable to the 

vertebrates´ complement system and might even share a common ancestor. This relation 

might also explain why Photorhabdus asymbiotica can infect insects as well as humans, 

probably using the same strategies to overcome their similar immune systems.
51

 Additionally, 

the PO would produce short-living cytotoxic quinones as intermediates of the melanization-

process and enhance phagocytosis by hematocytes, if the bacteria would not inhibit its 

activity.
57

 Another example for a bioactive NP from Photorhabdus strains is IPS, which 

seems to have multiple functions, as it is not only a signal important for nematode maturation 

but also a potent antibacterial and antifungal agent, which suppresses the colonization of the 

insect cadaver with saprophytic organisms, such as commensal insect gut bacteria
60

 or fungi
61

 

and thus prevents putrefaction of the cadaver.
60

 IPS has been found in concentrations of up to 

4 mg/g in infected Galleria mellonella larvae and the MIC-values of IPS were as high as 12.5 

µg/ml against an unknown G. mellonella gut bacterium
60

 as well as 25, 12, 12, 25, and 12 

µg/ml against the fungi Aspergillus flavus, Aspergillus fumigates, Botrytis cinerea, Candida 

tropicales, and Cryptococcus neoformans, respectively.
61

 Furthermore, IPS has a nematicidal 
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activity against several bacterial and fungal feeding nematodes, but not against members of 

the symbiotically associated genus Steinernema.
62

 An interesting group of compounds 

involved in the suppression of food competitors are xenocoumacin-1 and -2 (benzopyran-1-

ones) produced by several members of the genus Xenorhabdus, which are NRP/PK-hybrids 

that exhibit potent anti-bacterial and anti-fungal activity.
9
 The most bioactive  

xenocoumacin-1 (Fig. 2.2.2. D a) has been shown to be derived from the inactive 

prexenocoumacins (Fig. 2.2.2. D b) via a “prodrug-activation mechanisms”, which is 

catalyzed by a periplasmic D-asparagine-specific serine-peptidase.
9
 The producing organism 

can detoxify xenocoumacin-1 into the less active xenocoumacin-2 (Fig. 2.2.2. D a) by the 

conversion of an arginine- into a pyrolidine-side chain, which is catalyzed by a desaturase and 

a dehydrogenase.
9

 

There are several other examples of symbiosis between microorganisms and eukaryotic 

organisms, where the microorganisms have been shown to contribute to these mutualistic 

associations by producing bioactive natural products. Leaf cutting ants of the genus 

Acromyrmex cultivate the fungus Leucoagaricus gongylophorus (Agaricales: Leucocoprineae) 

in an obligate symbiosis and use it as their food source.
64

 Since the cultivated fungi are 

threatened by pathogens, the ants are furthermore symbiotically associated with bacteria of 

the genera Pseudonocardia and Streptomyces, which can be found in the nests as well as on 

the ants. The bacteria have been shown to produce anti-bacterial and anti-fungal compounds, 

e.g. antimycins, candicidins, valinomycins, and actinomycins, and thus protect the resistant 

mutualistic fungus from the susceptible fungal competitors.
64

 

Shipworms (Myoida: Teredinidae) are wood-boring mollusks that harbor intracellular 

bacterial endosymbionts in their gills, which have been shown to be responsible for cellulose 

degradation and nitrogen fixation. However, the genome of the γ-proteobacterium and 

shipworm endosymbiont Teredinibacter turnerae has been shown to harbor several potential 

NP biosynthesis gene clusters. Consequently, the production of anti-bacterial boronated 

polyketides belonging to the tartrolon class, which can be found in the entire the shipworm 

body, has been assigned to the bacteria. The compounds might be responsible for the 

suppression of microorganismic growth in the entire animal, preventing them from 

scavenging nutrients.
65

  

2.3. Additional strategies to novel bioactive natural products 

Recent technical advances in the fields of genome sequencing, mass spectrometry, nuclear 

magnetic resonance (NMR) spectroscopy, microbiology, as well as molecular biology have 

equipped natural product scientists with an enormous arsenal of tools, which should facilitate 

the identification and generation of novel NPs in the future. The following sections will deal 

with the technical foundations and the corresponding applications that have recently been 

developed in the field of NPs. 
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2.3.1. Contemporary strategies 

Profiting from major advances in genome sequencing techniques and decreasing costs for 

such efforts, the genomic information of a multitude of microorganisms and metagenomes 

from NP producing microbial consortia are available and a potential source of novel NP 

biosynthesis gene clusters. Identification of these gene clusters could lead to the identification 

of the corresponding NPs in the original host or via heterologous expression of the respective 

gene clusters.
66

 As of June 2013, 4560 genomes were openly available at the national center 

for biotechnology information (NCBI)-database, whereas only 1150 genomes were openly 

available in 2009 (http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi).
67

 The tracing of NP 

biosynthesis gene clusters by combing through genomic information, a process called genome 

mining, has been successfully integrated into bioinformatic tools such as antiSMASH,
68

 

which allows the automated identification and annotation of NP gene clusters as well as 

structure predictions based on the domain specificities in case of modular enzyme 

machineries. The development of such bioinformatics tools was facilitated by detailed 

knowledge of the underlying principles of NP biosynthesis, like e.g. adenylation- and 

acyltransferase-domain specificities or the widely applicable rule of collinearity in modular 

biosynthesis-machineries.
67

 The knowledge about the biosynthetic principles of NPs has been 

gained during the last centuries and will be described in more detail later. Once a gene cluster 

of interest has been identified in a particular microorganism, the identification and structure 

elucidation of a yet unknown corresponding NP might follow, simplified by the predicted 

structure and physicochemical properties of the NP, which allow its structure-guided 

purification.
67,69

 Another strategy for the identification of NPs from cryptic biosynthetic gene 

clusters with predicted specificities is the so called “genomisotopic approach”,
70

 where the 

term cryptic gene cluster refers to the fact that the biosynthetic product of the corresponding 

NRPS (etc.) has not been identified so far. In the corresponding publication, Gross et al. 

predicted NP building blocks according to A-domain specificities and used real time 

polymerase chain reaction to determine conditions, under which the cryptic biosynthetic gene 

cluster was expressed. The subsequent feeding of 
15

N-labeled leucine and NMR-guided 

isolation of 
15

N-labeled NPs using HPLC resulted in the identification of orfamide A in 

Pseudomonas fluorescens Pf-5. Thus, the “genomisotopic” strategy by Gross et al. 

encompassed the stepwise NMR-guided isolation of 
15

N-labeled derivatives of an already 

known NP class,
70

 omitting the possibility to facilitate these experiments by the utilization of 

a MS-detector. MS-experiments also suffice to detect the incorporation of stable isotope 

labeled NPs and could thus be used to guide the purification of the NPs of interest. Given that 

the analysis of a biosynthesis gene cluster does not allow the accurate prediction of putative 

building blocks, which would render the “genomisotopic approach” inapplicable, a knock out 

in the gene cluster of interest followed by comparative metabolic profiling with the wild type 

might allow identification of the particular NP.
67

 However, several examples indicate that 

NPs are not necessarily produced or detected under standard laboratory conditions (silent 

gene cluster), leaving some of the biosynthetic potential of microorganism untapped, even 

from those organism that have been excessively studied.
71

 The activation of such silent and 

cryptic NP biosynthesis gene clusters can be achieved by heterologous expression in a 

suitable host.
72

. However, the heterologously produced NP does not necessarily resemble the 

structure of the NP in the natural producer. The heterologous expression of the hybrid NRPS-
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PKS gene cluster plu1881-plu1877 from P. luminescens TTO1 in E. coli led to the production 

of luminmycin A (Fig. 2.3.1.1 a),
72

 whereas the natural producer has been shown to produce 

the structurally similar but hydroxylated glidobactins (Fig. 2.3.1.1 b).
73

 Only after additional 

heterologous expression of a hydroxylase in E. coli, which was not encoded in the gene 

cluster but part of a homologous gene cluster in a Burkholderiales strain (GlbH),
74

 the native 

NP glidobactin A was produced.
72

 E. coli does not produce cepafungin I, as it is not able to 

generate iso-branched fatty acids.
5
 

 
Figure 2.3.1.1. Structures of luminmycin A (a), produced after heterologous expression of plu1881-

plu1877 from P. luminescens TTO1 in E. coli.
72

 The NRPS-PKS-hybrid Plu1881-Plu1877 from P. 

luminescens TTO1 naturally produces glidobactin A and cepafungin I (b) in combination with a 

hydroxylase, which is not encoded in the glidobactin biosynthesis gene cluster.
73,74

 

As an additional drawback has to be considered, that the biosynthetic gene clusters of NPs 

might be larger than suited for standard cloning procedures.
67

 However, advanced cloning 

strategies such as redET-,
72

 Gibson-, or transformation associated recombination (TAR)-

cloning can be utilized for the genetic mobilization of large NP biosynthesis gene clusters.
75

 

Alternatively, the expression of silent cryptic NP gene clusters can be achieved by 

manipulation of regulators of the secondary metabolism, the exchange of pathway specific 

regulator genes, or the exchange of promoters to inducible counterparts.
67,76

 Additionally, the 

empirical variation of cultivation conditions (medium components, aeration, pH-value, 

enzyme inhibitors, stress factors, etc.) as described in the one strain - many compounds 

(OSMAC) approach,
43

 or the imitation of the natural environment during cultivation, e.g. by 

addition of a trigger factor from the habitat, can lead to the activation of silent cryptic gene 

clusters and result in the identification of the corresponding metabolites.
76

 For instance, the 

addition of an aqueous soil extract to an in vitro culture of Clostridium cellulolyticun led to a 

dramatical change in its metabolic profile and induced the production of the polythioamide 

closthioamide.
44

 As mentioned above, NPs originating from the “secondary metabolism” 

exhibit important roles in the interaction with the environment and neighboring 
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microorganisms, e.g. as pheromones, antibiotics, or modulators of prey- and host-organisms.
76

 

Taking this into account, co-cultivation of microorganism has been successfully used to 

stimulate the production of cryptic NPs. For example, co-cultivation of a Pseudomonas 

aeruginosa and an Enterobacter sp. strain in a Boyden chamber, which separates both strains 

by a semi-permeable membrane, led to the production of the yet cryptic antibiotic pycocyanin. 

The biosynthesis of pycocyanin by the P. aeruginosa strain was induced by unknown 

signaling molecules from the Enterobacter strain.
76

 

An additional possibility to identify NPs related to a cryptic biosynthesis gene clusters has 

been the in vitro reconstitution of the biosynthetic pathway, as it has been shown fort the two 

component lantibiotic haloduracin from Bacillus halodurans C-125.
77

 However, the in vitro 

reconstitution of an entire biosynthetic pathway comprising several individual proteins is 

complicated and time consuming. 

Advanced techniques allow the identification of NPs corresponding to yet cryptic biosynthesis 

gene clusters in microorganism cultivated in laboratories. However, the vast majority of 

microorganisms deprive researchers from the ability to cultivate them in the laboratory, but 

still harbor the potential to produce novel potentially bioactive NPs. It is estimated that 99 % 

of the bacterial microorganisms cannot be cultivated in an artificial environment.
284

 Thus the 

only possibility to exploit this potential is the screening of metagenomes, comprising the 

collective genomic information of natural microbial communities, for potential biosynthesis 

gene clusters and the associated biologically active NPs.
78

 Libraries of such environmental 

DNA-samples have been successfully screened for the production of bioactive NPs in 

heterologous hosts or used to identify potential biosynthesis gene clusters based on sequence-

identities to already known biosynthesis gene clusters.
78

 One example is the identification of 

the pederin biosynthesis gene cluster from a Pseudomonas-endosymbiont of the beetle 

Paederus fuscipes.
79

 If such a heterologous expression approach is used, it should to be 

considered that the production of NPs might for example be prevented by incompatible 

promoters or ribosomal binding sites.
78

 Another possibility for the identification of NP 

biosynthesis gene clusters is a phage display strategy that can be used to identify acyl carrier 

domains and peptidyl carrier domains from PKS and NRPS, respectively. Phages displaying 

such domains as fusions to their own coat-proteins can be identified and enriched after 

attachment of a biotin labeled phosphopantethein-moiety to the carrier domains by means of 

streptavidin-coated surfaces.
80

 

The survey for novel NP producers in the family of the Streptomycetaceae might be another 

strategy for the identification of novel bioactive NPs. It is estimated that the large majority of 

antibiotics, even those produced from members of the genus Streptomyces, are still 

unknown.
14,81

 Screening for these novel antibiotics would require test strains that are resistant 

to common Streptomyces-antibiotics.
18,81

 Additionally, smart activity-based screening 

strategies could allow the identification of novel bioactive NPs that would otherwise not be 

detected. It is e.g. possible to use test-strains that are more susceptible to NPs with certain 

activities, which might not have been identified under standard test conditions due to their 

limited concentration in the tested crude extracts. As an example, antisense-RNA has been 

expressed in a particular test-strain, which lowered the expression rate of the protein target of 
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interest and thus made the strain more susceptible to compounds with activities against the 

desired traget.
18

 

2.3.2. Mass spectrometric strategies and applications 

The mass spectrometric analysis of biomolecules has been revolutioned with the invention of 

soft ionization strategies like MALDI
82-84

 and ESI.
85

 Both of which allow ionization of intact 

biomolecules and facilitate the consecutive determination of m/z-values. The most eminent 

advantage of MS in comparison to other methods in terms of metabolomic and secondary 

metabolomic research are high sensitivity, the feasibility of high throughput approaches, as 

well as the possible coupling with LC techniques for separation of complex samples.
86

  

However, unlike the bioinformatical and statistical analysis of genomic data for the 

identification of NP biosynthesis gene clusters, the automatic analysis of MS- and MS
n
-data 

for NP screening and structure elucidation has not been routinely applied due to some 

difficulties. This is especially mentionable, as manual methods are inadequate for the analysis 

of large datasets and significantly slow down the reliable identification of novel NPs.
87

 

Unfavorable signal/noise-ratios, difficult interpretation of isotopic patterns, variations 

between replica samples, background signals of media components, and retention time- as 

well as mass-differences between separate LC-MS-runs hamper the straight forward analysis 

of the usually large data-sets associated with the screening for novel NPs and thus necessitate 

reliable data analysis tools.
87

 This overlaps with difficulties in the automated de novo 

sequencing of peptide NPs due to the complex task of interpreting fragmentation data. This is 

based on the fact that the fragmentation of peptides has not been completely understood, 

which hampers their complete structure elucidation based on the analysis of fragmentation-

mass spectra.
88

 Furthermore, based on the structural properties of many peptide-NPs which 

e.g. harbor internal cross-links, MS
n
-spectra often lack a complete series of informative 

sequence ions. The interpretation of MS
n
-spectra from peptide-NPs is additionally 

complicated by the structural diversity of precursors incorporated by NRPS, which is far 

beyond the proteinogenic amino acids. 

In recent studies, principal component analysis (PCA) in combination with accurate and 

reproducible LC-MS measurements allowed the identification of widely distributed as well as 

unique NPs out of a data-set comprising LC-MS runs of extracts from several myxobacterial 

strains.
87,89,90

 A so called advanced bucketing approach was used to unite redundant signals 

by the generation of buckets (retention time (Tr)-m/z-pairs) for individual compounds, which 

comprise and unify all mass-signals corresponding to a specific compound and the respective 

intensity.
87,89

 Briefly, signals resulting from different charge states of the same compound are 

deconvoluted, “false” signals resulting from non monoisotopic masses as well as signals 

resulting from the summation of noise-signals are removed, and a three dimensional 

coordinate plane, the so called bucket-table, is created.
87,89

 This combination has facilitated 

the comparison of NP production patterns of different strains and different cultivation 

conditions, and allowed for the identification of myxobacterial NPs, that were not widely 

distributed in the dataset.
87

 Since the analyzed MS-data were highly accurate, reliable sum 

formulas of interesting compounds were generated and a consecutive database search allowed 
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the dereplication of the data and the identification of novel myxobacterial NPs.
87

 In an 

additional approach focusing on the production of novel NPs from bacteria isolated from 

tropical ascidians, LC-MS-PCA proved to be highly effective in terms of the identification of 

unique and novel NPs from a collection of 47 strains.
89

 Additionally, the selection of strains 

for a consecutive detailed screening for novel bioactive NPs based on a initial LC-MS-PCA-

analysis has been shown to be more effective than the comparison of 16S rDNA-sequences, 

since strains with almost identical 16S rDNA partly exhibited a different NP-production 

pattern. Thus this method could be used for strain dereplication and the selection of the most 

chemically diverse strains prior to high throughput screenings for bioactive compounds, 

which would probably result in the identification of a smaller degree of redundant 

compounds.
89

  

A critical step in the process of identifying novel bioactive NPs is the ascertainment of their 

novelty and the exclusion of already known compounds from further trials, a process called 

dereplication.
91

 Based on the fact that industrial drug discovery efforts have long been 

concentrating on microorganisms of the order Actinomycetales, rediscoveries of already 

known compounds are common and efficient ways to discriminate such compounds from time 

consuming purification and structure elucidation efforts as well as their exclusion from NP 

libraries for activity screenings are important. As members of the Streptomycetaceae are 

predicted to produce a wealth of additional bioactive NPs,
14,81

 the mass spectrometry based 

dereplication of crude extracts poses an efficient and sensitive means to identify already 

known NPs, if a comprehensive database of known NP-structures is available. In case of 

peptide NPs, Dorrestein, Pevzner, and coworkers used amino acid residue shift series obtained 

from MS
n
-experiments for de novo sequencing of peptide NPs and manually compared their 

results with structures of known compounds in databases such as NORINE, in order to 

identify identical compounds.
39,92

 Additionally, a comparative dereplication approach was 

described, that searches for nonidentical but similar compounds, which is very useful 

considering the large number of NP structure variants, that are even produced by single 

organisms.
39

 Unlike the aforementioned peptide dereplication approaches, the novel iSNAP 

database provides a set of hypothetical MS
n
 mass spectra of known peptide NPs and enables 

the automated comparison with the mass spectra of the peptide NPs of interest. iSNAP can be 

used as an automated MS-based dereplication platform which also facilitates the identification 

of structural variants of compounds in the database.
40

 However, the number of compounds 

represented in such databases is low, compared with the estimated number of naturally 

occurring metabolites.
93

  

Imaging mass spectrometry (iMS), e.g. facilitated by means of MALDI-MS or nano-

desorption electrospray ionization (nanoDESI)-MS, has been established to monitor the 

spatial distribution of compound-ions on biological surfaces.
41,42

 To prepare samples for 

imaging-MALDI-MS (iMALDI-MS), the biological surface of interest is covered with a layer 

of MALDI matrix, which allows the identification of compounds based on the common 

MALDI-MS principles. In case of nanoDESI-MS, a constant solvent stream is led through a 

capillary to the biological surface, where compounds are desorbed into the solvent and 

consecutively transported to the mass spectrometer by a dissipating capillary, which is closely 

aligned to the first capillary, creating a small liquid junction between both capillaries.
42
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iMALDI and nanoDESI allow the monitoring of a sample´s surface with resolutions of 50-

500 µM and 0.1-10 µM, respectively.
42

 iMS-techniques have been developed to determine the 

distribution and metabolism of pharmaceuticals in tissues and have also been employed to 

investigate the spatial distribution of NP-production in heterologous samples such as marine 

invertebrates or plants.
41

 Additionally, iMS has been used to investigate the NP-production of 

bacterial colonies growing on thin layer agar medium. Briefly, bacterial colonies of interest 

are grown on a thin layer agar medium on top of a MALDI-target. The target is subsequently 

covered with the MALDI-matrix, dried, and analyzed in the mass spectrometer. Modern mass 

spectrometers even allow the automatic scanning of the sample surface for NPs and the 

resulting data can be converted into qualitative and quantitative spatial distribution patterns, 

so called ion-images, by utilization of iMS-software.
41,42

 As iMS allows the determination of 

the spatial production pattern of NPs, it facilitates the understanding of the natural functions 

and chemical ecology of the produced NPs.
41

 In contrast to the iMALDI-technique, where the 

cultivation of the organism is interrupted at a defined time-point, DESI-IMS allows the 

continuous observation of bacterial cultures growing on agar plates and thus facilitates the 

generation of spatio-temporal distribution patterns of NPs of interest.
41

 Distribution patterns 

obtained from an iMS-analysis can be used to link the occurrence of an ion-species to a 

specific phenotype, like e.g. the occurrence of antibiotics in bacterial clearing zones.
42

 iMS 

has for example been used to investigate the interactions of Bacillus subtilis and Streptomyces 

coelicolor colonies on agar based medium,
94

 which revealed that surfactin is not only required 

for the formation of aerial structures in the Bacillus colony,
38

 it also silences the production of 

the defensive compound calcium-dependent-antibiotic by the Streptomyces strain. 

Furthermore, surfactin inhibits the development of aerial structures and sporulation in 

Streptomyces colonies due to suppression of SapB production.
42,94

 

As mentioned earlier, the cultivation of microorganisms under laboratory conditions does not 

adequately emulate the conditions present in the habitat, which might explain the repetitive 

finding of silent NP biosynthesis gene clusters under these artificial growth conditions. 

Microorganisms colonize their habitat under limited nutrient supply, in mixed cultures, as 

well as in biofilms. This natural lifestyle encompasses different nutrient-and oxygen-supply in 

different areas of the biofilm or the interaction of the outmost bacteria of biofilms with 

predators or food competitors, all of these factors can result in different gene expression and 

the existence of functionally differentiated cells.
95,96

 Thus it is only logical to imagine a 

metabolic specialization of biofilm associated microorganisms that results in spatially 

different NP-profiles which cannot be resolved or reproduced under standard cultivation 

methods for NP-production, which are liquid cultures.
95

 However, it is possible to observe the 

described metabolic diversification in biofilms, which could lead to the activation of 

otherwise silent biosynthesis gene clusters in biofilms, e.g. by monitoring the (competitive) 

growth of bacterial colonies on agar plates by means of iMS.
41,95
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The tandem MS and MS
n
-based structure elucidation of peptides and peptide NPs has 

replaced approaches based on Edman degradation due to advantages in speed, sensitivity, and 

the applicability to complex mixtures of peptides.
97,101

 Positive ion mode MS
n
 mass spectra 

are generally used for de novo sequencing. Here, fragmentations at the peptide backbone are 

induced by protonation of peptide bonds, which result in rearrangement reactions that cause 

the generation of fragments where the charge is retained at the N-terminal fragment (a-, b-, c-

ions) or the C-terminal fragment (x-, y-, z-ions) (Fig. 2.3.2.1.).
97-99

 Generally, the mobile 

proton model
100

 and pathway in competition model
88

 can explain the fragmentation of 

protonated peptides and facilitate the understanding and the analysis of partially complicated 

MS
n
 spectra of peptide NPs. As mentioned before, the analysis of peptide NPs is complicated 

by nonproteinogenic amino acids as well as post translational modification.
102

 An additional 

complication in the de novo analysis is the occurrence of cyclic peptides, where the initial ring 

cleavage results in the generation of n sequence variants, where n is the number of peptide 

bonds. Multistage MS-experiments (MS
2
, MS

3
, MS

4
,
 
…) have been shown to facilitate the 

structure elucidation of cyclic peptides, whose structure has been solved by NMR before. A 

software for the in silico analysis of multistage MS data of cyclic peptides has been 

developed, which has been successfully employed for several peptide classes.
103

 During the 

work with unknown peptide NPs, one of the initial questions is whether the peptide of interest 

is linear, cyclic or even branched-cyclic. This question should be answered initially since it 

influences the choice of the following structure elucidation strategies. Recently, a 

computational method that is capable to differentiate between linear, cyclic, and branched-

cyclic-peptides based on MS
n
-spectra has been developed.

104
 

 

 

 

 

 

 

 

 

 

 

Figure 2.3.2.1. A: Nomenclature for the assignment of peptide fragment-ions obtained by MS
2
- and 

MS
n
-experiments.

97-99
 B: Fragmentation scheme of a linear quadropeptide and the resulting N-terminal 

a-/b-/c-ions and C-terminal x-/y-/z-ions. Incompletely fragmented peptide-ions can be subjected to 

repeated fragmentation. Abbreviations: ASx = amino acidx. 
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Even today, the reliable structure elucidation of peptide NPs based on the analysis of MS
(n)

 

spectra is difficult, even though there are several tools available for sum formula predictions 

from highly accurate MS data and the prediction of structures based on the analysis of MS
n
-

spectra.
93

 Therefore structure elucidation of novel NPs still bases on NMR-spectroscopy, 

which is seen as the gold standard for structure elucidation of NPs. Today, high resolution 

cryo-NMR-apparatuses coupled to HPLC-systems are available, which allow the structure 

elucidation or identification of trace amounts of NPs in individual LC-MS-fractions.
35

 

Structure elucidation efforts as well as the interesting question about the biosynthetic origin of 

peptide NPs could be facilitated, if the information about the primary structure obtained from 

MS
n
-experiments would directly be used to identify the NRPS- or structural-gene. Such an 

MS-guided genome mining approach has been developed and successfully applied by 

Dorrestein and coworkers, who employed MALDI-TOF-MS
n
 analysis of peptide NPs to 

generate sequence tags of the respective peptide NPs, which were subsequently used to 

identify the corresponding structural genes or NRPS-enzymes with coinciding A-domain 

specificities.
105

 However, the presented approach was not automated and thus not suitable for 

high throughput approaches. One fundamental complication occurring during the deduction of 

the sequence tags in the method described by Dorrestein et al. is the consideration of 

posttranslational modifications in peptide-NPs, as e.g. in lantibiotics, non-proteinogenic 

amino acids, and methylations in non ribosomal peptide (NRP)-NPs. Furthermore, disulfide-

bridges might hamper the connection of “chemotype to genotype” and thus have to be 

removed prior to the MS
n
-analysis.

105
 Additional challenges arise from peptide NPs with 

multiple heterocycles and NRPS-PKS-hybrids, based on their difficultly interpretable 

fragmentation patterns.
105

 

Summing up the abovementioned considerations, there are no specific tools that automatically 

connect the MS
n
 data acquired from nonribosomal NPs to their corresponding NRPS. 

Additionally, proteomic tools, such as MASCOT or InsPecT, fail to identify the structural 

genes of ribosomal peptide NPs due to their incompatibility with the wealth of 

posttranslational modifications in ribosomal NPs.
105

  

2.3.3. Mass spectrometric principles of peptide fragmentation 

Understanding the underlying principles of gas phase fragmentations in mass spectrometers is 

the prerequisite for the correct interpretation of MS
n
 data and therefore also for the de novo 

structure elucidation of peptide NPs.
100

 In all studies of this work, the linear ion trap as well as 

the higher-energy collisional dissociation (HCD)-cell of a MALDI-LTQ Orbitrap XL mass 

spectrometer (Thermo Fischer Scientific) were used for compound fragmentation. While the 

ion trap allows multiple stages of precursor fragmentation (MS
2→n

) under collision induced 

dissociation (CID) conditions in a limited mass range depended on the precursor mass, HCD 

fragmentation only allows MS
2
-fragmentation but generates fragment-ions from higher 

energetic activation states and thus allows the generation of fragment-ions via additional 

fragmentation pathways. These fragmentation pathways can provide additional structural 

information. Unlike the fragmentation under CID-conditions, HCD-fragmentation is not 

limited in its detection range.  
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Several publications describe the underlying principles of peptide fragmentation under low 

energy fragmentation conditions, as applied in this work, which were summarized in the 

“mobile proton model”.
88,100

 The collision energy generated in tandem mass spectrometers 

mobilizes protons from their initial locations in the selected ion-population, which are basic 

amino acid side chains or the amino-terminus, and results in protonation at various amide 

bonds throughout the ion-population. The protonation at amide-oxygens finally induces the 

charge induced fragmentation,
100

 since the N-terminal amide bond oxygen undergoes a 

nucleophilic attack at the protonated amide bond´s carbon. The resulting rearrangement 

reaction either causes the formation of a charged oxazolone b-ion or the complementary 

charged y-ion via proton transfer by an ion-molecule complex.
100

 The higher the gas phase 

basicity of the protonated amino acid residues (Arg > Lys > others),
106

 the more energy is 

required and protons can even be sequestered at amino acid side chains.
100

 However, other 

amino acid residue side chains can influence the fragmentation behavior of peptides as well. 

Acidic amino acid residues (Asp, Glu) and protonated histidine residues can e.g. result in 

promoted cleavage at neighboring peptide bonds, which prevents the complete sequencing of 

peptides and therefore their de novo sequencing.
100

 This is not decisive for the identification 

of already known proteins by peptide mass fingerprint, but a serious problem during the 

structure elucidation of unknown peptide NPs.
100

 The “pathways in competition model” 

extends the “mobile proton model” by considering parameters which decide which of the 

resulting fragments ends up carrying the charge (b- or y-ion). This is decided by the proton 

affinities of the dissociating fragments, resulting in either a charged oxazolone b-ion or a 

charged y-ion.
88

 The most probable localization of protons, side chain initiated backbone 

cleavages, as well as the question about which of the dissociating fragments retains the charge 

have to be considered if one desires to predict or interpret MS
n
-spectra correctly, both 

qualitatively and quantitatively.
88

 As mentioned above, there is a generally accepted 

nomenclature for peptide-fragments obtained from peptide bond cleavage, which has been 

proposed by Roepstorf and Fohlmann
98

 and was later on modified by Biemann
99

 

(Fig. 2.3.2.1.). 

2.3.4. Additional strategies for the production of bioactive natural products 

Combinatorial biosynthesis of potent PKs or NRPs could be used for the production of 

rationally designed NPs. The heterologous expression of the modified epothilone biosynthesis 

gene cluster from Sorangium cellulosum in Myxococcus xanthus resulted in the more efficient 

production of the most potent anti-cancer derivative epothilone D.
19,107

 

With the finding that libraries based on combinatorial chemistry have not been successful in 

the identification of bioactive agents,
17

 “privileged structures”, which are “scaffolds of natural 

origin that have undergone evolutionary selection over time”,
16

 have been used as the basis 

for the synthesis of more promising NP-like compound libraries based on combinatorial 

chemistry.
16,19

 

The investigation of the interaction of already known drugs with their molecular target might 

lead to the optimization of their activity after selective modifications.
35
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2.4. Biosynthesis of natural products 

The aforementioned group of structurally diverse of NPs, which comprises NRPs, PKs, and 

hybrids thereof, merely represents a small excerpt of the actual diversity of NPs found in 

nature. The term natural product additionally encompasses fatty acids (FAs), NRP-FA-

hybrids, isoprenoids, phospholipids, carbohydrates, and nucleic acids.
108

 A common principle 

among most of these classes is the oligomerization of activated monomers according to the 

specifity and arrangement of the catalyzing enzymes or according to the definition of a 

template which is converted into a specific arrangement of monomers by the polymerizing 

enzymes. Those monomers, even though structurally different among the versatile NP-classes, 

are diverted from the primary or “basic integrated” metabolism, assuring a constant supply of 

the necessary building blocks.
23,109

 Even though these principles are shared, the biosynthetic 

machineries catalyzing these reactions are diverse and even NPs that exhibit identical 

structural backbones can be biosynthesized by different enzyme machineries, namely 

peptides.
110

 The following sections will introduce the principles of the biosynthesis of 

peptides, polyketides, and fatty acids and will explain how the biosynthetic machineries can 

convert a relatively small number of building blocks into the almost infinite structural 

diversity observed in NP structures. 

An intriguing feature of NP biosynthesis machineries in fungi and prokaryotic organisms, the 

latter will be primarily handled in here, is the organization of the corresponding genes in 

operons, comprising the promoter, operators, as well as the corresponding structural genes. 

These so called biosynthetic gene clusters allow a concerted production of most if not all 

necessary enzymes for the biosynthesis of a particular NP and sometimes even comprise 

genes encoding enzymes that provide precursors that are otherwise not available in the 

organism.
111

 The described clustering of biosynthetic genes for particular NPs entails the 

possibility for facilitated transfer of these entire genetic loci between different 

microorganisms. This might be one among several other explanations for the wide distribution 

of such NP biosynthesis machineries in microbial genomes.
111

 As each of the NP-classes have 

defined biosynthetic principles which have been elucidated during the last decades,
111-113

 

researchers are endowed with the possibility to predict NP structures based on mere gene 

sequences.
68

 

2.4.1. Peptide biosynthesis 

Nature has evolved at least two analogous biochemical routes for the directed polymerization 

of amino acids into polypeptides under formation of peptide-bonds, which are ribosomal and 

non-ribosomal peptide biosynthesis. Both routes employ fundamentally different enzyme 

machineries to convert the genetically encoded primary structure into the respective 

polypeptide. Ribosomal peptide biosynthesis utilizes the multivariable ribosomes to convert 

the gene-encoded sequence information into polypeptides´ primary structures. For this 

purpose, highly specific aminoacyl-tRNA-synthetases activate specific amino acids under 

utilization of adenosine triphosphate (ATP) and link them to the 2´- or 3´-hydroxyl group of 

tRNAs with mandatory anticodon-sequences.
114

 Once the resulting aminoacyl-tRNAs 

approach the mRNA-ribosome-complex, the attached amino acids are condensed to the C-
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terminus of the nascent polypeptide, if the tRNA-anticodon fits to the particular mRNA-codon 

in the ribosomal acceptor site. This elongation step involves the activity of the elongation 

factor (EF)-Tu, which catalyzes GTP hydrolysis once a correct aminoacyl-tRNA has entered 

the active site.
114

 Hence the codon-sequence of a particular mRNA can be seen as the 

template for the associated oligo- or poly-peptide. Ribosomal peptide biosynthesis generally 

uses the 20 proteinogenic amino acids.
111

 However, structural diversity goes beyond possible 

amino acid combinations as posttranslational modifications are common to ribosomal NPs.
115

 

One example are lantibiotics, which undergo enzymatic dehydration of serine and threonine 

residues as well as the formation of intramolecular thioether-bridges, so called lanthionines 

and methyllanthionines, as a result of a Michael-addition of the cystein thiolate moiety and 

the dehydrated serine- and threonine residues.
115

 Another intriguing example are the bacterial 

polytheonamides, which exhibit a posttranslational reversion of the absolute configuration of 

specific amino acid residues, that is the conversion of regularly incorporated L-amino acid-

residues into their D-amino acid-residue stereoisomers, as well as posttranslational 

methylations.
116

  

NRPs are produced by so called non ribosomal peptide synthetases, which do not utilize 

mRNA-templates to produce polypeptides with desired primary structures. Instead, the 

primary structure of NRPs is encoded in the sequence and specificity of the enzymatically 

active modules in the corresponding NRPS. Each module possesses the enzymatic capability 

to select, activate, and transfer a single amino acid onto specialized carrier domains, as well as 

to form a peptide bond between this amino acid and the C-terminus of the peptide chain that 

has been elongated by the previous modules. These activities are carried out be specialized 

domains in each module. While the mRNA serves as the template for the primary structure 

ribosomal peptides, the succession of modules involved in NRP-biosynthesis encodes the 

primary structure of NRPs.
111

 Because of their modular enzymology, NRPS have been 

described as assembly line-like enzymes.
111

 NRP-biosynthesis uses the 20 proteinogenic 

amino acids as well as a wealth of nonproteinogenic amino and carboxylic acids as building 

blocks for the generation of structural diversity.
111

  

Adenylation domains (A-domains) constitute an essential part of the described NRPS-

modules, as they select amino acids according to their binding pocket specificity and activate 

them under utilization of ATP. By transferring the amino acid residue from the resulting 

mixed anhydride aminoacyl-adenosine monophosphate (AMP) onto the thiol group of the 

phosphopantetheinyl-arm of the peptidyl carrier protein (PCP-)domain  of the respective 

module, the thermodynamic activation is conserved in the resulting thioester-bond.
111

 The 

activation can later on be converted into the driving force for the condensation with the 

nascent peptide chain, which results in the formation of a peptide bond. That is because the 

conversion of the peptidyl-thioester into a peptide bond is thermodynamically favored.
111

 

Single NRPS-proteins can reach up to 1.6 mDa (cyclosporine A NRPS in Tolypocladium 

niveum) in fungi
114

 and 1.8 mDa in bacteria (Kolossin NRPS from P. luminescens TTO1), 

which is more than half of the size of a bacterial ribosome (2.8 mDa).
117

 Surprisingly, there 

are also a few examples of NRPS-like enzymes in mammalian organisms. The amino adipic 

acid semialdehyde dehydrogenase U26 from mice is involved in the lysine catabolism and 

harbors a A-domain as well as a PCP-domain.
114,118
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The following sections will describe the four essential as well as several facultative domains 

and their enzymatic or supportive functions, which constitute the modules of a NRPSs. 

Functionally analogue domains generally harbor shared core-motives and even though 

excised from the original protein sequence, they can retain their catalytic activity, which is 

why NRPS have also been compared to “beads on a string”.
111,114

  

Adenylation domains 

A-domains (~ 50 kDa) determine the nature of the amino acid residues incorporated by 

individual NRPS-modules. As mentioned before, their specificities surmount the set of 

proteinogenic amino acids, as more than 300 different A-domain substrates have been 

described.
119

 The crystal structures of A-domains from the gramicidin S-synthetase of 

Bacillus brevis and the 2´,3´-dihydroxy benzoic acid (DHB) activating A-domain from a 

siderophore NRPS of Bacillus subtilis revealed the amino acid residues determining the 

specificity of A-domains for particular substrates.
114,120,121

 In consequence, a “specifity-

conferring code” of A-domains was deduced by Stachelhaus, Mootz, and Marahiel,
112

 which 

allows the prediction of A-domain specificities according to ten variable key amino acid 

residues in the amino acid binding pocket of A-domains. A particular code does not 

necessarily confer specificity to a single amino acid, as physicochemically similar amino 

acids can be activated by a single A-domain (own observations).
122,123

 Furthermore, the code 

seems to be degenerated, as specific amino acid residues can be incorporated by A-domains 

with differing codes.
112

 A phylogenetic tree based on these ten amino acid residues allowed a 

correct branching of bacterial and fungal A-domains according to their substrate 

specificities.
112

 Additionally, conserved motives found in all A-domains are involved in the 

binding of ATP and the catalysis of the aminoacyl-adenylate formation.
112

 Interestingly, there 

are different information regarding the enantioselectivity of A-domains. Stachelhaus et al. 

reported that the A-domain of PheA, a part of the gramicidin S-NRPS, does not discriminate 

between the enantiomers of its cognate amino acid phenylalanine.
112,124

 In case of the 

athrofactin-NRPS, A-domains specific for leucine, asparagine, and threonine exhibited an up 

to 1030-fold higher specificity for the L-enantiomer of their compulsory amino acid. This is 

especially interesting, as the incorporated L-amino acids will be converted into their D-

enantiomers in later stages of the athrofactin-biosynthesis.
125

 However, D-amino acid 

precursors are not generally present in the bacterial metabolism, and might thus not be 

incorporated in general, even though A-domains might activate both enantiomers. Still, there 

are exceptions of A-domains which selectively activate and transfer D-amino acid onto PCP-

domains. The A-domain in the starting module of the leinamycin-biosynthesis NRPS-PKS-

hybrid in Streptomyces atroolivaceus has been shown to be specific for the activation of D-

alanine.
126

 One other example is the D-alanine specific A-domain found in the NRPS 

responsible for the cyclosporine biosynthesis in the fungus Tolypocladium niveum.
127

 In both 

cases, D-alanine is provided by an external alanine racemase.
128

 

Once a particular amino acid residue and ATP are located in the A-domain-binding pocket, an 

aminoacyl-adenylate mixed anhydride is formed between the 5´-phosphate of AMP and the 

carboxylic acid group of the amino acid (Fig. 2.4.1 A-a). Consecutively, the amino acid 
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residue is transferred onto the thiol group of the 4´-phosphopantetheine-arm of the PCP-

domain in the same module, resulting in the formation of a thioester-bond (Fig. 2.4.1 A-b). 

Figure 2.4.1. A: A-domain catalyzed generation of aminoacyl adenylate mixed anhydrides from ATP 

(not depicted: in complex with Mg
2+

) and the amino acid recognized by the A-domain (a). Under 

generation of a thioester bond, the transferase activity of the A-domain subsequently transfers the 

amino acid residue onto the 4´-phosphopantetheinyl-arm of the adjacent PCP-domain (b). B: 

Schematic depiction of the catalytic activities catalyzed by C-domains.
114

 The C-domain harbors the 

binding pockets for the electrophilic nascent chain (e) and the nucleophilic amino acid residue (n), 

which will be incorporated. The 4´-phosphopantetheinyl-arm is represented by a curved line and the C, 

A, and T represent condensation, adenylation, and PCP-domains, respectively. 

Peptidyl carrier protein domains 

Prior to their involvement in the catalytic activities, a conserved serine-residue in apo-PCP 

domains (8- 10 kDa) as well as the apo-acyl carrier proteins (ACPs) from polyketide and fatty 

acid biosynthesis has to be equipped with a 4´-phosphopantetheinyl (4´-Ppan)-arm. This 

reaction is catalyzed by the activity of 4´-Ppan-transferases, which require coenzyme A and 

ATP as substrates.
114

 PCP-domains serve as flexible attachment sites for the nascent 

polypeptide as well as for the initial binding of the activated amino acids. Except for the 4´-

Ppan-arm binding motive, PCP- and acyl carrier protein (ACP-)domains from polyketide 

synthases do not share sequence similarities but exhibit similar three dimensional structures. 

Interestingly, PCP-domains exhibit an isoelectric point (pI) of ~6.5 while ACP-domains have 
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a more acidic pI of ~ 4. Generally, PCP- and ACP-domains were described as flexible 

proteins, which can “adjust to different proteins and substrates”.
114

 

Condensation domains 

Condensation (C-) domains (~ 50 kDa) catalyze the peptide bond formation between the C-

terminus of the downstream (relative to the C-domain) PCPn-1-bound peptidyl chain (or single 

amino acid-residue in case of some initiation modules) and the amino group of the upstream 

PCPn-bound amino acid-residue, which has been activated by the A-domain of the same 

module.
111

 The C-domain catalyzes the nucleophilic attack of the free amino (imino, 

hydroxy)-group of the activated aminoacyl-monomer (PCPn) at the C-terminal thioester-bond 

of the downstream PCPn-1-peptidyl-chain.
111

 For this purpose, C-domains exhibit acceptor-

sites for both the downstream PCPn-1-bound electrophile and the upstream PCPn-bound 

nucleophile, while the product of the catalyzed condensation reaction is transferred to PCPn 

(Fig. 2.4.1 B).
114

 The crystal structure of the C-domain-like protein VibH from Vibrio 

cholerae revealed that C-domains might exhibit a pseudo-dimeric structure with one entry 

sites for the downstream peptidyl-PCPn-1-electrophile (acceptor site) and one entry site for the 

upstream aminoacyl-PCPn-bound nucleophile (donor site).
129

 To assure an unidirectional and 

consecutive biosynthesis of NRPs, the binding pocket for the aminoacyl-monomer (donor 

site) is specific for the side-chain of the aminoacyl-residues that are compulsory activated by 

A-domain in the same module.
130

 The binding pocket specificity for the side chain of the C-

terminal amino acid residue of the nascent peptide chain was shown to be less specific, 

whereas the absolute configuration of the C-terminal residue is important.
130-133

 Hence C-

domains upstream of modules with an epimerization domain (E-domain), which catalyze the 

epimerization of the C-terminal residue of a nascent peptide chain, confer the important 

function of selecting the peptide chains with the compulsory C-terminal D-configuration for 

further elongation. 

A phylogenetic analysis of C-domains revealed a branching of C-domains according to their 

catalytic activities. C-domains that catalyzed the condensation between an L-amino acid 

monomer (nucleophile) and a peptidyl chain with a C-terminal L-amino acid residue 

(electrophile) 
L
CL (

electrophile
Cnucleophile) were separated from 

D
CL C-domains, which are located 

in modules upstream of E-domain containing modules.
134

 As expected from the finding that 

modules do not incorporate D-amino acid precursors in general, no 
L/D

CD C-domains were 

identified.
134

 Additional C-domain classes were the C-domains found in starter-modules. 

Starter modules generally do not contain C-domains, as they do not have to catalyze the 

formation of a peptide bond. However, starter-module C-domains found in NRPS are 

involved in the biosynthesis of lipopeptides and catalyze the acylation of the initial amino 

acid residue.
134

 For this purpose, the C-domains might obtain β-hydroxy-fatty acid residues 

from an acyltransferase and consecutively catalyze the formation of a peptide bond between 

the amino acid and the carboxylic acid of the fatty acid.
135

 Cyclization domains (Cyc-

domains) were shown to be structurally and phylogenetically related to C-domains, as were 

the epimerization domains (E-domains).
134
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Epimerization domains 

NRPs are frequently found to contain L- as well as D-amino acid residues at distinct 

positions. These findings indicate that the incorporation of L- and D-amino acids into NRPs is 

not a random event but has to be specified by the NRPS megasynthetases. In various NRPSs, 

epimerization domains (E domains) are facultatively located C-terminal to the PCP-domain of 

a module. When the incorporation of a D-amino acid residue is required, an E-domain 

epimerizes the C-terminal residue of a growing peptide chain, which has been incorporated by 

the domains of the same module.
133

 To assure the selective processing of the peptide-epimer 

with the compulsory C-terminal D-amino acid residue, the C-domain of the next module is 

enantioselective for the formation of a peptide bond between the newly activated L-amino 

acid building block and the D-epimer of the growing peptide chain.
113,134

 Hence the 

incorporation of D-amino acid-residues into NRPs is an interplay between the activity of an 

E-domain and the 
D
CL-selectivity of the C-domain in the following module. 

An additional class of C-domains, the so called dual condensation/epimerization domains 

(C/E-domains), where shown to catalyze the simultaneous epimerization of the amino acid 

residue incorporated by the predecessing module as well as the condensation of the resulting 

D-epimer of the nascent peptide chain with the L-amino acid building block activated by the 

A-domain in the module of the C/E-domain.
125

 Thus C/E-domains exhibit 
D
CL-

specificity.
125,134

 When the conserved motives of C- and C/E-domains are compared, both 

share the catalytic triad (Arg, His, Asp) but C/E-domains exhibit an extension of a conserved 

motive at the N-terminus, which can be used to differentiate between C- and C/E-domains by 

means of in silico analysis.
125

 There is yet another domain capable of the epimerization of 

amino acid residues in NRPs, which is an A-domain with an inserted E-domain found in the 

NRPS responsible for of pyochelin- and yersiniabactin-biosynthesis.
136

 

Thioesterase domains and other chain release mechanisms 

NRPS starter modules minimally comprise (
starter

C-)A-PCP-domains and elongation modules 

minimally comprise C-A-PCP-domains. The terminating modules contain one additional 

domain (C-A-PCP-x), as they have to catalyze the release of the full-length peptide chain 

from the module´s PCP-domain. This function is fulfilled by thioesterase domains (TE-

domains, ~28 kDa),
137

 which can catalyze the release of a linear peptide chain as well as the 

release of a cyclized peptide, whereas cyclization can occur via a peptide bond formation or 

lactonization.
114

 For this purpose, the thioester that connects the peptide chain to the PCP´s 

4´-Ppan-arm is transferred onto a nucleophilic serine-moiety in the active center of the TE-

domain under formation of an oxo-ester bond.
138,139

 This oxo-ester is subsequently attacked 

by water, resulting in the release of a linear peptide like e.g. during the vancomycin- or 

penicillin-biosynthesis, or by an intramolecular nucleophile.
114

 Presuming that a side chain 

amino group constitutes this intramolecular nucleophile,
114,140

 a peptide bond mediated 

cyclization is obtained, resulting in the generation of branched/cyclic peptides, like 

bacitracin.
119

 If the thioester bond is attacked by the nucleophilic N-terminal amino-function, 

cyclic peptides like tyrocidine are released.
140

 If the nucleophile is the hydroxyl-group of an 

amino acid residue or a β-hydroxy fatty acid, as in case of surfactin, cyclization is obtained 
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via formation of cyclic depsipeptides, which results in the generation of a so called 

macrolactone.
138

 Additionally, TE-domains can catalyze cyclization via formation of a 

thiolactone, as shown for the NRP thiocoraline.
141

 The catalytical versatility of TE-domains is 

even expanded by their capability to oligomerize substrates, as demonstrated by the TE-

domains in the enterobactin or gramicidine S biosynthesis.
137

 In case of the siderophore 

enterobactin, the TE-domain not only catalyses the trimerization of the N-(2,3-

dihydroxybenzoyl)serine-monomer, but also the lactonization, resulting in the cyclic 

trilactone.
142

 The capabilities of TE-domains even comprise chain release via the formation of 

carbon-carbon bonds by means of intramolecular Claisen condensations. During the 

biosynthesis of terrequinone A, the TE-domain is responsible for the catalysis of two 

intramolecular Claisen condensations which result in the formation of a 

dihydroxybenzoquinone moiety. The entire terrequinone NRPS encompasses three domains 

(A-PCP-TE) and does not require the catalytic activity of a C-domain for oxidative 

connection of the indole pyruvic acid monomers, which is instead catalyzed by the non-

oxidative TE-domain.
143

 

The crystal structure of the TE-domain of the surfactin NRPS from B. subtilis revealed that 

the TE´s binding pocket can adopt an open and a closed conformation, which can be closed by 

a lid once the substrate is bound. The bowl-shaped binding pocket allows the formation of the 

cyclic surfactin-structure and prevents the nucleophilic attack of water molecules, which 

would result in the hydrolytic release of a linear peptide.
114,139

 Like lipases, proteases, and 

esterases, TE-domains belong to the α/ -hydrolase superfamily and exhibit a conserved 

catalytic triad, Ser-His-Asp, where the serine-residue acts as the nucleophile for the formation 

of the TE-peptidyl-oxo-ester.
137

 

However, the chain release from NRPSs does not necessitate a TE-domain. During the 

biosynthesis of saframycin A, a reductive chain release catalyzed by a reductase domain (R 

domain) is observed, which results in the formation of an aldehyd.
137

 There are other 

examples of TE- and R-domains that are capable for chain-release via Dieckmann 

condensation, that is an intramolecular Claisen condensation of dicarboxylic acids leading to 

the formation of cyclic β-keto-esters, as it has been shown for the biosynthesis of tenellin in 

the fungus Beaveria bassiana,
137,144

 and the heat-stable antifungal factor (HSAF) in 

Lysobacter enzymogenes.
137,145

 

Another class of thioester hydrolyzing enzymes are the type II thioesterases (TE II) found in 

numerous NRPS (and PKS) gene clusters. TE II act in trans and exhibit a repair function, as 

they hydrolyze miss-loaded PCP-domains, which would otherwise stall the entire biosynthetic 

machinery. The term in trans refers to the fact that the enzymes are not a part of the modular 

NRPS megasynthetases but discrete proteins, approaching the PCP domains when 

necessary.
137

 Miss-loading might by caused by the accidental loading of acetyl-(coenzyme A) 

CoA and other CoA-thioesters onto apo-PCP-domains by the Ppan-transferases, which have 

been shown to accept various CoA-derivatives, thus rendering initially inactive holo-PCP-

domains.
114
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Additional domains 

With the exception of E-domains, all abovementioned domains, namely A-, C-, PCP-, and 

TE-domains, are minimally required for the biosynthesis of NRPs. However, even though the 

utilization of more than 300 building blocks, the variation of the stereochemistry of residues, 

and different modes of chain release already explain a wealth of the structural diversity found 

in NRPs, additional tailoring enzymes can contribute to NR-versatility. Cyclization domains 

(Cy-domains) can be part of NRPS modules and catalyze peptide bond formation, in a C-

domain like manner, as well as the heterocyclization and dehydration of the incorporated 

cysteine, serine, or threonine residues. This results in the formation of thiazoline and 

oxazoline rings which are for example observed in yersiniabactin, vibriobactin, and 

bleomycin A2.
111,114

 N-methyltransferase domains have been shown to catalyze the N-

methylation of peptide bonds in NRPS, as e.g. in pyochelin and thaxtomin A. N-

methyltransferase domains have been found as in cis acting methyltransferases inserted into 

A-domains or as in trans acting enzymes.
114

 Both use S-adenosylmethionine (SAM) as the 

methyl group donor.
111

 Another possibility for structural diversification of NRPs is 

glycosylation, as it is present in the mixed NRP/PK bleomycin A2 and the NRP vancomycin, 

where the glycosylation is essential for activity.
114

 

Collinearity and exceptions 

The primary structure of NRPs is defined by the succession, specificity, and number of 

modules involved in the assembly line-like biosynthesis.
111

 The template-directed character of 

NRP-biosynthesis is emphasized by the fact that the N- to C-terminal succession of modules 

in many NRPS megasynthetases is collinearly represented in the primary structure of the 

associated NRPs. This allows for the prediction of NRP structures based on protein and gene 

sequences, if the biosynthesis follows the collinearity rule. Once the biosynthetic route to a 

particular NRP encompasses several individual NRPS proteins, so called communication 

mediating domains (COM-domains) are responsible for the correct interaction and transfer of 

intermediates from one protein to the next.
146

 COM-domains are located at the N- and C-

terminus of two interacting NRPS proteins and comprise 15-30 terminal amino acid 

residues.
146

 However, the collinearity rule is not generally applicable for the NRP biosynthetic 

pathways. During the biosynthesis of gramicidin S, two identical pentapeptides are iteratively 

(repeatedly) synthesized by the same NRPS machinery and are linked to each other by a 

thioesterase. Hence, even though both pentapeptides are assembled collinearly to the domain-

architecture, the final product cannot be predicted by interpretation of the domain-

architecture. An example for the semi-iterative (semi-repeated) activity of a NRPS module is 

found during the biosynthesis of saframycin A in Streptomyces lavendulae NRRL 11002, 

where the tetrapeptide backbone arises from the activity of three modules, whereas one 

module incorporates two 3-hydroxy-5-methy-O-methyltyrosine-residues.
147

 Deviations from 

the collinearity rule are not restricted to the repetitive utilization of domains or entire NRPS. 

The bleomycin biosynthesis NRPS/PKS biosynthetic machinery contains a non functional A-

domain in BlmIII, whose activity was shown to be replaced by the in trans-activity of an A-

domain in the adjacent NRPS protein BlmIV.
148
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Three dimensional studies of NRPS 

The biosynthetic capabilities of NRPS assembly lines involve at least three “discrete covalent 

chemical” reactions per module.
149

 The conformational changes of the NRPS 

megasynthetases that are necessary to catalyze these reactions have only been begun to be 

understood. High resolution NMR studies of a part of the tyrocidine biosynthesis NRPS in 

Brevibacillus parabrevis revealed, that the PCP-domain can undergo distinct conformational 

rearrangements, a so called helix/loop-switch. This flexibility was postulated as the key 

mechanism to present the 4´-Ppan-arm at different surface-areas of the PCP-domain and thus 

allow its interaction with differently located A-, C-, and TE-domains.
149

 By means of the 

helix/loop-switch, the thiol-group of the 4´-Ppan-arm can be moved over 100°, resulting in a 

delocalization of the 4´-Ppan thiol-group of about 30-35 Å.
150

 It would not be possible to 

bridge this gap by a change of the angle of the 4´-Ppan-cofactor, as it only spans 18 Å. The 

4´-Ppan-cofactor is generally not depicted in NMR- as well as in crystal-structures due to the 

structural flexibility the holo-PCP would have.
149

 NMR-studies of the PCP-TE-module in the 

enterobactin NRPS revealed a close interaction of both modules which could be spanned by 

means of a 4´-Ppan-arm. Addition of the associated C-domain revealed that the interaction of 

the PCP- and C-domain takes place at a different surface area of the PCP-domain as compared 

to the PCP-TE-domain interaction. Hence the PCP-domain would be required to undergo 

conformational changes to allow the interaction of the substrate with the active sites of the C-

and TE-domain.
149

 The crystal structure of the C-A-PCP-TE termination module of the 

surfactin A NRPS from Bacillus subtilis revealed that both the A- and C-domain constitute a 

“rigid platform”, while the other domains were proposed to be flexibly approaching the rigid 

A- and C-domain.
149,151

 Unlike type I PKSs and type I FASs, which will be explained later, 

NRPSs do generally not dimerize,
152

 even though the vibriobactin synthetases from Vibrio 

cholera has been shown to exhibit dimeric organization.
153

 

2.4.2. Polyketide and fatty acid biosynthesis 

The previous section illustrated how microorganisms generate a plethora of structural 

diversity based on the oligomerization of a large number of amino acid building blocks, which 

are furthermore subjected to different types of modifications. However, microorganisms are 

not restricted to peptide-like structures for the generation of bioactive NPs. Polyketides (PKs) 

constitute yet another class of oligomerized NPs that encompass a wealth of structural 

diversity and exhibit potent biological activities. Basically, PKs are termed according to the 

frequent observation of keto-groups in their structures. The keto-groups, even if not observed 

in mature PK-structures, have at least been transiently present during their polymerization. 

Unlike in case of NRPSs, which use more than 300 building blocks for oligomerization,
119

 the 

structural diversity of PKs arises from the oligomerization of a considerably smaller number 

of carboxylic acid extender units. By means of decarboxylative Claisen thioester 

condensation, the thermodynamically activated building blocks are oligomerized and later 

subjected to additional modifications.
154

 Comparable with the biosynthesis of NRPs,
114

 each 

oligomerization cycle during PK-biosynthesis encompasses the selection of 

thermodynamically activated building blocks, their energy-conserving transfer to a 4´-

phosphopantetheinylated carrier protein, and a condensation with the carrier protein-bound 
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nascent chain or starter unit.
111

 Unlike the condensation reactions during NRP-biosynthesis, 

which result in the formation of C-N-bonds, the Claisen condensation of the PK-biosynthesis 

generates C-C-bonds.
111

 While NRPSs autocatalytically generate activated aminoacyl-AMPs, 

PKS require the supply of activated building blocks, which are malonyl-CoA thioester 

derivatives. Those building blocks are either intermediates of the primary metabolism, like 

malonyl-, methylmalonyl-CoA (Fig. 2.4.2 a and b),
155,156

 or produced by specialized enzymes 

encoded in the particular biosynthetic gene cluster, as for example hydroxyl- and amino-

malonyl-CoA in the zwittermicin biosynthesis gene cluster in Bacillus cereus (Fig. 2.4.2 c 

and f).
157

 

 
Figure 2.4.2 Extender units used for PK-biosynthesis, which are connected to a Coenzyme A moiety 

(R
1
). Depicted are malonyl-CoA (a), methylmalonyl-CoA (b), hydroxymalonyl-CoA (c), 

ethylmalonyl-CoA (d), methoxymalonyl-CoA (e), aminomalonyl-CoA (f), and other possible malonyl-

CoA-derivatives (g), which are derived from α,β-unsaturated FA-intermediates with different chain 

lengths (R
2
) and consecutively carboxylated by crotonyl-CoA carboxylase/reductase homologues.

158
 

Coenzyme A (h) is tethered to the starting and extender units via a thioester bond. 

PK- and FA-biosynthesis share their biosynthetic paradigm, which are repetitive cycles of 

decarboxylative Claisen-thioester condensation of activated malonyl-CoA-like extender units. 

Briefly, a substrate specific acyltransferase (AT) selects the desired extender unit and 

transfers it to the 4´-Ppan-arm of an acyl carrier protein (ACP). Consecutively, a β-ketoacyl-

ACP-synthase (KS) catalyzes the decarboxylation of the extender unit, thus creating a 

nucleophilic thioester enolate.
111

 The latter can subsequently attack the electrophilic carbonyl-

carbon of the thioester in the nascent chain or starter-unit, which was transferred to the thiol-

group of a cysteine-residue in the active center of the KS. The decarboxylation, which results 

in the formation of the nucleophile, is the thermodynamic force that benefits the Claisen 

condensation between the extender unit and the nascent chain.
111

 As a result, a two carbon 

extended β-keto-acyl-thioester-backbone is located at the ACP (Fig. 2.4.3. top).
154

 In 

principal, both biosynthetic pathways can additionally process these β-keto-functionalities by 

successive ketoreduction, dehydration, and enoyl-reduction, generating a completely saturated 

moiety (Fig. 2.4.3. bottom). However, unlike most FAs, many PKs are characterized by 
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incomplete reductive cycles during chain elongation, eventually resulting in the presence of 

keto-, hydroxy-, and enoyl-functions in matured PKs.
154

 Starting from every intermediate of 

the elongation/reductive cycle during PK-biosynthesis, additional cycles can be initiated. 

Further differences are the utilization of a larger variety of starter- and extender-units and a 

greater versatility of chain lengths during the PK-biosynthesis.
154

 As it has already been 

described for NRPSs, type I PKSs are assembly line-like enzymes machineries, where the 

nature, number and degree of modification of incorporated building blocks is conserved in the 

module architecture of the PKS, even though there are exceptions to this.
159

 As in case of 

NRPS, every module which comprises several domains with individual catalytic or supportive 

functions, is responsible for the incorporation of a single starter or extender unit.
111

 However, 

there are different types of PKSs which are differentiated by the in cis (type I PKS) or in trans 

(type II PKS) interaction of the domains of each module.
111

 Within the following sections, 

attention will be paid to the individual modules involved in the biosynthesis of PKs as well as 

to the architecture of the three different PKS-classes. 

 
Figure 2.4.3. Decarboxylative Claisen ester condensation of a KS-bound PK-intermediate and an 

ACP-bound methylmalonyl-moiety, resulting in the elongation of the nascent chain and its transfer to 

the ACP.
154,158

 The resulting β-keto-group is facultatively converted into a β-hydroxy-, α,β-

unsaturated-, or saturated moiety, which is catalyzed by a ketoreductase (KR), dehydratase (DH), and 

enoylreductase (ER), respectively. Both reductive steps during PK- and FA-biosynthesis use NADPH 

as hydride donor.
159

 The elongated PK-chains can be subjected to additional elongation cycles.  

Architectural organization of PKS and FAS 

Both PKSs and fatty acid synthases (FASs) are subdivided in different classes according to 

the architectural organization of the catalytically active domains. In type I PKSs and type I 

FASs, the catalytic domains mentioned below are subcomponents of multifunctional proteins. 

In type I PKSs, like in NRPS, each module is entrusted with the capabilities to introduce and 

modify a single extender unit, and the sequence of modules in the type I PKS specifies the 

initial structural properties of the produced PK in an assembly line-like manner.
154

 In type I 

FAS, on the other hand, a single module iteratively introduces all extender units required for 

the complete chain elongation. Type I PKS are used by bacteria, fungi, marine animals and 

plants, while type I FAS are found in the cytosol of animals.
154

 In type II PKSs and type II 
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FASs the domains are monofunctional proteins, which join each other in trans for the 

biosynthesis of PKs or FAs. In both cases, modules are used in an iterative manner. Type II 

PKSs are present in prokaryotes and type II FASs are utilized by bacteria as well as in 

mitochondria and chloroplasts.
154

 Type II PKSs necessarily comprise a “minimal PKS”, 

which encompasses a KS, a chain length factor (CLF), and an ACP. Additionally necessary is 

the activity of a malonyl-CoA:ACP transacylase (MAT) which, in most of the cases, is 

provided by the enzyme of the bacterial type II FAS. Generally, type II PKSs generate poly-β-

ketoacyl-chains, which are subsequently subjected to cyclization and aromatization, yielding 

aromatic PKs. By forming a heterodimer with the catalytically active KSα, the catalytically 

inactive CLF (KSβ) has been found to determine the chain length of the PK produced by a 

particular type II PKS.
160

 An additional group, the type III PKSs, is distinguished from type I 

and type II PKSs by the use of malonyl-CoA-intermediates as nucleophiles during the Claisen 

condensation-mediated C-C bond formation, in contrast to the ACP-bound intermediates in 

the two other types.
111

 However, even though there seems to be a strict subdivision into the 

three distinct subtypes, some data indicate that there is a great diversity of PK-biosynthesis 

mechanisms, which go “beyond the type I, II, and III PKS paradigms”.
161

  

Acyltransferases 

Even though modular PKSs and animal FASs share their biosynthetic logic and domain 

architecture, the substrate specificities of the acyltransferase-domains, which select an acyl-

CoA derivative and catalyze its transthiolation onto the 4´-Ppan-arm of the ACP-domain, are 

different. This is due to the fact that during FA-biosynthesis the monomodular FAS has to 

catalyze both, the loading of an acetyl-moiety starting unit as well as the elongation of the 

FA-chain which necessitates the loading of malonyl-moieties. In case of type I and type II 

PKSs, a loading module is responsible for the selection of starting units and the following 

module(s) select and incorporate elongation units. Hence the AT-domain of FASs is specific 

for both acyl- and malonyl-CoA. The responsible ping-pong bi-bi catalytic mechanisms 

involves a catalytic Ser-His-dyad. The His-residue deprotonates the serine-side chain thus 

enabling its nucleophilic attack at the thioester-carbonyl of the acyl-CoA derivative, which 

results in the formation of a tetrahedral intermediate. The histidine residue subsequently 

protonates the leaving CoA-moiety which is replaced by an ACP´s 4´-Ppan-arm. After 

deprotonation of the 4´-Ppan-arms´s thiol group and nucleophilic attack at the enzyme-acyl-

thioester, the acylated ACP leaves the catalytic center and the Ser-residue is subjected to 

protonation again.
159,162,163

 Interestingly, the in vitro substrate specificity of the animal FAS 

allows the effective transfer of several acyl-derivatives, including propionyl-, butyryl-, 

acetoacetyl-, β-hydroxybutyryl- and crotonyl-CoA, even though in vivo acyl- and malonyl 

CoA are used as starting and extender units in most of the cases.
159

 However, this restriction 

is dependent of the availability of the substrates in the producing tissues as is the production 

of odd-numbered FAs, which require propionyl-CoA as starting unit, since the reaction is 

catalyzed by the identical enzyme.
159

 In case of the PK-biosynthesis, the AT-domains in the 

starting modules can exhibit loose substrate specificities, whereas AT-domains in the 

following modules display strict specificities regarding structure and stereochemistry of the 

extender units. Based on the crystal structure of the AT5 domain from the 6-
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deoxyerythronolide B synthase (DEBS) and the analysis of amino acid residue replacement 

mutants, the structural motives responsible for structure and stereo-specificity of AT-domains 

have been identified.
164-166,172

 

β-ketoacyl-ACP-synthases 

As mentioned before, KS-domains catalyze the formation of C-C-bonds during PK and FA-

biosynthesis by means of decarboxylative Claisen condensation. Crystal structures of KS-

domains from the DEBS-PKS and the porcine FAS indicated that KSs are members of the 

thiolase superfamily, which all catalyze the formation of C-C-bonds and are characterized by 

two identical subdomains, each harboring an identical thiolase fold (βαβαβαββ).
166,167

 

Catalytically active KSs and all other members of the thiolase superfamily generally form 

dimers, which is mediated by hydrogen bonds formed between antiparallel β-strands of the 

two individual proteins. The dimerization of the KSs is essential for the dimerization of both 

FAS- and PKS-megasynthases, which is an intrinsic structural property of both enzyme 

machineries and will be explained in detail later. In contrast to the KSs found in FASs, the 

KSs of the PKSs exhibit an additional N-terminal coiled-coile structure, which is also 

involved in the dimerization.
159,167

 

KSs are characterized by a (Cys)-(His or Asn)-(His or Asn) catalytical triad and catalyze three 

distinctive reactions steps, which are the acyl transfer of the nascent chain onto the Cys- 

residue (1.), the decarboxylation (2.), and the Claisen condensation (3.) (Fig. 2.4.4.).
167-169

 

Due to the acyltransferase activity of KS-domains, the nucleophilic side chain of a cysteine 

residue in the active center attacks the thioester carbonyl connecting the nascent chain to the 

ACP (of the previous module), which results in the transfer of the nascent chain onto the KS´s 

active center (Fig. 2.4.4. a). This transfer proceeds via formation of a tetrahedral intermediate, 

where the negatively charged carbonyl-oxygen is stabilized in an oxyanion hole in the active 

center. After the 4´-Ppan-arm of the unloaded ACP has left the active center, the ACP 

carrying the extender unit enters. One of the histidine residues in catalytic triad deprotonates a 

water molecule, thus enabling the nucleophilic attack of the resulting hydroxide-ion at the 

carbonyl-carbon of the extender units’ β-carboxyl-function (Fig. 2.4.4. b). The resulting 

rearrangements lead to the elimination of hydrogen carbonate and the formation of an ACP-

bound enolate intermediate, whose negative charge is stabilized by hydrogen bonds with the 

histidine/asparagines-residues in the active center. The subsequent condensation results from 

the nucleophilic attack of the ACP-bound enolate at the carbonyl function of the enzyme-

bound nascent chain, which, via formation of a tetrahedral complex, results in the 

condensation of extender unit and nascent chain and the transfer of the elongated chain onto 

the ACP (Fig. 2.4.4. c).
159
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Figure 2.4.4. Proposed biochemical mechanism for the ketosynthase-catalyzed decarboxylative 

Claisen condensation, which results in the generation of C2-elongated intermediates during the FA- 

and PK-biosynthesis. Figure adapted from the review of Smith and Tsai.
159

 

In case of the animal FAS, the KS-domain exhibits a limited substrate-tolerance, allowing 

only fully saturated intermediates for further elongation cycles. Additionally, FAS-KSs limit 

the length of FA by an ineffective processing of FA-chains longer than C16.
170

 The control of 

the nature of the matured fatty acids is supported by a limited substrate specificity of the 

terminating TE, which does not hydrolyze short chain FAs.
159,171

 This is in contrast to the 

regulation of the chain length in type I PKS, where the number of incorporated extender units 

is dependent of the number of modules in the assembly line like-megasynthases. PKS-KS-

domains can accept acyl-chains with variable reductive states of the β-carbon. However, KS-

domains in PKSs differentiate between different reductive states and discriminate false 
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substrates.
159

 This has been demonstrated for the second KS-domain of the DEBS, which does 

not accept 3-deoxy-diketide-acyl chains. This discrimination might also be explained by 

different amino acid residues found in the binding channel for the nascent chain.
159

 It has been 

shown that dimerization also contributes to the substrate specificities of ketosynthases, as one 

side chain of the other subunit reaches into the active center of the other subunit, thereby 

contributing to the substrate specificity.
167,173

 

The KS-domains involved in the biosynthesis type I PKs were shown to exhibit a broad 

substrate specificity regarding the chain length of the incorporated substrates. As for example, 

the KS-domains of the DEBS accept substrates with variable chain lengths, ranging from 

diketide to decaketide.
159

 The animal FAS KS-domain accepts a set of different extender units 

which include methylmalonyl-derived extender units and phenylacetyl starting units.
159,174

 

The broad spectrum of tolerated substrates of PKS-associated KS-domains can be explained 

by a larger binding pocket for substrates in comparison to the animal FAS´s KS-domain.
159

 

An unusual type of KS, termed KS
Q
, has been identified in several PKSs. Interestingly, the 

active site cysteine residue is replaced by a glutamine residue rendering an inactive KS, in 

terms of catalyzing the Claisen condensation. However, it has been shown that these 

conserved KSs exhibit an accelerated decarboxylation activity and improve the availability of 

acetyl- and propionyl-starting units for the biosynthesis of the respective polyketides, as they 

decarboxylated malonyl- and methylmalonyl-moieties for subsequent incorporation.
175,176

  

Generally, five different KS-families can be differentiated, which are termed KS1-KS5 

(Table 2.4.1.).
177

 Members of the KS1-family, which are the 3-ketoacyl-ACP synthases III 

(KAS III or FabH), are found in type II PKSs and type II FASs, and are responsible for the 

condensation of the first extender unit with the starter unit. Hence they are also termed 

“loading ketosynthases”. Members of another KS-family, the KS3-family, are found in type I 

FAS and modular type I PKS and comprise 3-ketoacyl-ACP synthase I and II (KAS I (FabB) 

and KAS II (FabF)). The KS4 family comprises type III PKSs, like the chalcone and stilbene 

synthases. 
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Table 2.4.1. Overview about different ketoacyl-ACP synthase families and some characteristics. Table 

was adapted from the review of Chen et al.
177

 Abbreviations: VLC FA: very long chain fatty acid. 

Family Dominant enzyme names Producing organisms 

KS1 3-ketoacyl-ACP synthase III archaea, bacteria, eukaryota 

KS2 3-ketoacyl-CoA synthase, fatty 

acid elongase, very long chain  

FA condensing enzyme 

eukaryota 

KS3 3-ketoacyl-ACP synthase I and 

II, KS domains of type I FAS 

and type I PKS 

archaea, bacteria, eukaryota 

KS4 type III PKS: chalcone synthase, 

stilbene synthase 
 bacteria, eukaryota 

KS5 VLC FA elongation protein, 

fatty acid elongase 
eukaryota 

 

Three different groups of KSs involved in the type II FA-biosynthesis in bacteria have been 

identified. KS I (FabB) and KS II (FabF) catalyze the elongation of the nascent acyl-ACP 

chain with malonyl-extender units to form β-ketoacyl-intermediates, which undergo further 

reduction and dehydration. KS I (FabH) catalyze the initial condensation of starter units with 

a malonyl-extender unit. The substrate specificity of FabH-homologues differs between 

different organisms and defines whether straight- or branched-chain as well as even- or od-

numbered FAs are produced. To investigate the structural determinants of FabH´s substrate 

specificity, several crystal structures of FabH-homologues from different bacteria have been 

generated and showed the dependence of the specificity from the size of the substrate binding 

pocket.
178

 

Acyl carrier proteins 

ACP-domains from type I PKSs as well as the distinct ACP-proteins from type II PKS are 

both characterized by a four helix bundle which is stabilized by intramolecular hydrophobic 

interactions. The conserved serine residue, which is subjected to posttranslational 4´-

phosphopantetheinylation by 4´-Ppan-transferases, is located at the N-terminal end of the 

second helix.
159

 Chrystal structures of ACPs from type II FASs revealed that the saturated 

acyl chain is located within the hydrophobic cavity formed by the four helix bundle and that 

this cavity can expand in response to elongation of the acyl-chain. It was furthermore 

proposed that modifications at the β-keto-moiety do not necessitate the complete removal of 

the chain out of the four helix bundle cavity. However, this is necessary prior to the transfer of 

the nascent chain onto the active center of the KS.
159

 Specific docking areas of ACP-domains 

guarantee that the already elongated chain is not repeatedly transferred onto the active site of 

the KS-domain in the same module, hence guaranteeing that the module is not used 

iteratively, which assures collinearity of the type I PKS machinery.
179

 A closer look at the 

crystal structure of the fifth module of the DEBS reveals that the distance between the active 

centers of the KS- and AT-domain (80 Å) cannot be bridged by the 4´-Ppan-arm (20 Å). 

Therefore it was proposed that the ACP-domain must exhibit a certain degree of internal 
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flexibility, which would allow the interaction of the 4´-Ppan-arm with differently located 

active centers.
159

 

Thioesterases 

After the completion of the chain elongation reaction catalyzed by FASs and PKSs, the full-

length chain remains connected to the 4´-Ppan-arm of the module that catalyzed the 

incorporation of the final building block. Hence the thioester bond has to be cleaved to 

generate a free diffusing PK. Both, FASs and PKSs exhibit TE-domains/proteins which 

catalyze the nucleophilic attack at the thioester-carbonyl. As it has been described for TE-

domains in case of NRPS, the electrophile participating in this reaction can be a water 

molecule or an intramolecular moiety. While the TE-domains of PKSs appear as dimers, the 

TE-domains of FASs do not dimerize.
159

 FAS-TE-domains prefer the thioester hydrolysis of 

C16-FA-chains, thus ensuring that synthesized FAs mostly exhibit 16 carbons, since shorter 

FAs are cleaved less effectively.
159

 However, some examples for the desired production of 

shorter FAs exist, e.g. triglycerides in mammalian milk fat and the oil aquatic birds use to 

waterproof their feathers.
159

 In these cases, tissue specific type II TEs acting in trans are 

responsible for the hydrolytic release of short chain fatty acids (C6-C14) from the normal 

fatty acid biosynthesis machinery.
159

 In case of PKSs, comparable to their function in NRPSs, 

type II TEs exhibit a broad substrate specificity and were proposed to be responsible for the 

proof reading of the PKS-machinery. Thus they can release accidently decarboxylated 

extender units from ACPs and restore their functionality by enabling the loading of 

compulsory extender units.
159

 As stated previously in case of NRPSs, chain release is not 

necessarily catalyzed by TE-domains. PKs can be released by reduction of the carboxy-

terminus, which is catalyzed by reductase-domains. Furthermore, a Dieckmann condensation 

and a Baeyer-Villiger oxidative chain release have been reported for polyketides.
137

 

Tailoring enzymes 

Variable starting and extender units, different reductive states of β-carbon-functionalities as 

well as the TE-domain catalyzed chain release constitute the basis for the structural diversity 

of PKs observed in nature. However, the degree of diversity is even multiplied by tailoring 

enzymes, which introduce an additional set of modifications. The number of described 

tailoring enzymes is beyond the scope of this introduction, thus only some examples will be 

briefly mentioned in here. Tailoring enzymes can be divided into enzymes acting in trans and 

in cis. One example for tailoring enzymes acting in cis are methyltransferase (MT-) domains, 

which introduce methyl groups into the β-position of nascent PK chains, as e.g. during the 

leinamycin biosynthesis. MT-domains use SAM as methyl group donor.
180

 Yet another 

example for in trans acting tailoring enzymes can be found during leinamycin biosynthesis, 

where an alkylation at the β-carbon of the ACP-bound nascent PK is introduced by a set of in 

trans acting enzymes.
181
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Type I PKS/FAS 

Type I PKS comprise modular PKS, which generally do not use modules in an iterative 

manner.
161

 An example for a type I PKS is the DEBS in Saccharopolyspora erythraea 

(Fig. 2.4.4.).
182

 Unlike type I PKS, type I FAS exhibit an iterative module utilization. 

However, both enzyme machineries share significant similarities, which will be briefly 

described in the following. Type I FAS have been found to be naturally occurring as “head-to-

head” homodimers, which has been proven by the crystal structure of a mammalian type I 

FAS.
183

 It has been shown that the ACP-domain of one polypeptide-subunit can interact with 

the KS- and MAT-domains of both polypeptides, thus increasing the catalytical effectiveness 

(for more detail see the review of Smith and Chai).
159

 Interestingly, the KS-domains in type I 

FASs have been shown to dimerize and to be essential for the dimerization of the entire 

protein. DH-, and ER-domains additionally exhibit a dimeric organization, which is identical 

in bacterial type II FAS.
184

 On the other hand, interactions of the ACP-domain with the 

domains responsible for the reductive cycle are only possible within the individual 

subunits.
159

 In the same manner as type I FAS, the modular type I PKS also form “head-to-

head” homodimers. However, unlike in type I FAS, the condensation reaction in type I PKS is 

catalyzed by the KS- and ACP-domain belonging to complementary modules in both 

polypeptides. The transfer of the nascent chain from the ACP-domain of one module onto the 

KS-domain in the next module is restricted to domains of the same polypeptide.
161

 The 

activity of AT-domains is not restricted to one of the polypeptides and catalyzes the acyl-

transfer to the ACP-domains of both complementary domains. The partial crystal structures of 

a homodimeric module of the DEBS-type I PKS
166

 revealed striking similarities in the 

architecture and functionality in comparison to the crystal structure of the mammalian type I 

FAS, including head-to-head-organization based on the dimeric KS-domains, as well as the 

finding of monomeric AT-domains.
159
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Figure 2.4.4. Type I PKS responsible for the biosynthesis of the erythromycin-precursor 6-

deoxyerythronolide B (DEB) in Saccharopolyspora erythraea.
182

 Due to the biosynthesis of the 

primary product DEB, the responsible type I PKS is termed DEB-synthetase (DEBS).
182

 The transfer 

of intermediates between individual polypeptides of the DEBS is assured by specific communication 

mediating domains at the C- and N-terminus of interacting subunits.
185

 

Type II PKS 

Type II PKSs are characterized by a so called minimal PKS, which comprises a KSα/KSβ-

heterodimer and an ACP. The KS-dimer and ACP are distinct proteins which iteratively 

catalyze the formation of poly-β-keto-PKs in trans. Acetyl-CoA starter units and malonyl-

CoA extender units are loaded by means of a CoA:ACP-transacylase from the primary 

metabolism. Some type II PKS are characterized by a specialized starting module, which 

exhibits an AT-domain with an altered specificity and a 3-ketoacyl-ACP synthase III, which 

enables the utilization of short FAs or type I PKs as starter units.
154

 Other examples for the 

generation of starting units during type II PK-biosynthesis require the activity of a specialized 

ligase, which transfers free acids onto a CoA-moiety and consecutively transfers them onto 

the ACP.
154

 The KSα/KSβ-heterodimer catalyzes the decarboxylative Claisen condensation, 

whereas the catalytically inactive KSβ (CLF) determines the length of the produced poly-β-

keto-chain, which is generally not subjected to reductive processing. The resulting chains are 

subjected to subsequent tailoring steps such as the site-specific reduction, cyclization and 
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aromatization catalyzed by ketoreductases, cyclases, and aromatases, respectively. To 

introduce further structural diversity, the compounds can be modified by monooxygenases, 

methyltransferases, and glycosyltransferases, yielding diversified phenolic aromatic 

compounds like actinorhodin (Fig. 2.4.5.).
182,186

  

Figure 2.4.5. Biosynthesis of actinorhodin requires a type II PKS with iterative in trans activity of the 

participating enzymes.
182

 The first cyclization step was described to take place while the intermediate 

is still attached to the minimal PKS.  

In trans acting cyclization (CYC-) and aromatization (ARO-) domains convert the polyketides 

into polyaromatic ringstructures such as actinorhodin and anthraquinones.
182,187

 CYC- and 

ARO-domains are both subdivided into different subfamilies with different specificities for 

the position of the introduced cyclization or aromatization.
186

 However, in case of the 

biosynthesis of the type II PK tetracenomycin it was shown that the minimal PKS alone does 

not efficiently synthesize a poly-β-keto-chain with the required length. Instead, an aromatase 

seems to form a complex with the minimal PKS, which results in the production of the chain 

with correct length and folding.
182

 

Type III PKS 

A characteristic feature of the biosynthesis of type III PKs in bacteria, fungi, and plants is the 

multi-functionality of the catalytic machinery and the absence of ACP-domains and cyclases, 

which can both be found in type II PKSs. Instead, the homodimeric type III PKSs select the 

starter- and extender-units, catalyze condensation and site-specific cyclization, which results 

in the biosynthesis of chalcone- or stilbene-like compounds.
154,188

 The biosynthesis of the 

stilbene-scaffold in plants is well-investigated and known to be catalyzed by a 4-coumaroyl-

CoA-ligase (4CL) and a type III-polyketide synthase (type III-PKS)-like stilbene-synthase 

(STS) (Fig. 2.4.6. A).
33

 The STS extends the 4-coumaroyl-CoA-starter unit with three acetate 

units and the resulting tetraketide intermediate is finally converted into the stilbene-scaffold 

by intramolecular cyclization. Both, chain elongation and cyclization are catalyzed within the 
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same active site.
189

 A similar type III PKS, the chalcone synthase (CHS), is responsible for 

the biosyntheses of chalcone-moieties in plants (Fig. 2.4.6. A). The formation of chalcone-

moieties proceeds via the same tetraketide intermediate but utilizes a different cyclization 

mechanism (Fig. 2.4.6. A).
189

 In contrast to CHS, the cyclization mechanism catalyzed by 

STS requires a thioesterase activity, which is elusive in case of CHS, since the thioester is 

readily cleaved during the Claisen condensation. The thioesterase activity in STS is provided 

by the hydrogen bond mediated localization of a water molecule at the active site cysteine and 

the subsequent generation of a reactive hydroxide anion that hydrolyses the thioester.
189

 STSs 

have developed via duplication and diversification of CHS-genes and still exhibit 75-90 % 

sequence identity to CHSs.
190

 The biosynthesis of phenolic lipids (Fig.2.4.7. A) from 

Azotobacter vinelandii which, like stilbenes and chalcones, also contain a 

monoalkylresorcinol-residue is catalyzed by a type III-PKS (ArsB) that uses long chain fatty 

acid acyl-CoA-thioesters as starter units that are provided by a type I FAS (ArsA).
188,191

 In 

contrast to the biosynthesis of the monoalkylresorcinol-moiety by STSs and CHSs, 

investigations of the biosynthesis of the DAR-moiety in the bacterial NPs 2-hexyl-5-

propylresorcinol (HPR) (Fig. 2.4.7. B) from P. chlororaphis subsp. aurantiaca and IPS from 

P. luminescens led to the proposal of a differing biosynthesis,
11,12

 which was also predicted 

for the biosynthesis of the flexirubins
11 

and dihydrostilbene (Fig. 2.4.7. C and D).
192

 This 

proposal included a “head-to-head condensation” of two β-keto-ACP-thioesters. The Claisen-

condensations was proposed to be catalyzed by homologue cyclases, termed DarA and StlC in 

P. chlororaphis subsp. aurantiaca (former P. aurantiaca) and P. luminescens, respectively 

(for the proposed IPS-biosynthesis see Fig. 2.4.6. B).
11,12
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Figure 2.4.6. A: Chalcone synthases (CHSs) and stilbene synthases (STSs), both type III PKSs, independently catalyze monomer-activation, chain elongation, 

and cyclization of chalcone- and stilbene-like NPs. CHSs catalyze an intramolecular C6→C1 Claisen condensation, whereas STSs catalyze an intramolecular 

C2→C7 decarboxylative aldol condensation. The primary product of the CTSs is the instable chalcone that can isomerize to the flavonoid naringenin.
189

 Austin et 

al. proposed two possible reaction pathways for STSs, each starting from one of the tautomers that result from the thioester hydrolysis. The first one undergoes 

subsequent decarboxylation and dehydration and the second coupled decarboxylation and dehydration.
189

 Pyrones were described as “derailment products” 

occurring during stilbene biosynthesis by STSs, which result from only two condensation reactions and subsequent thioester hydrolysis and 

macrolactonization.
193

 Figures adapted from Austin et al. as well as Hammerbacher et al.
189,193

 B: Proposed biosynthesis of IPS in P. luminescens TTO1, which 

was proposed to involve a “head-to-head-condensation” of two β-keto-CoA-intermediates.
12

 The biosynthesis of the DAR-moiety in HPR from P. chlororaphis 

subsp. aurantiaca was proposed to proceed via an identical reaction mechanism.
11 

 
Figure 2.4.7. A: Phenolic lipids from A. vinelandii as well as the DAR-moiety containing NPs HPR from P. chlororaphis subsp. aurantiaca (B) and 

representatives of the flexirubin-class (C) from Flexibacter elegans (Hal = halogen, Me = methyl).
194,195

 D: Additional stilbenes identified in Photorhabdus 

strains, among them 2,5-dihydrostilbene.
56,192

 



2. Introduction- 2.4. Biosynthesis of natural products 

 

51 

Collinearity and exceptions/Beyond the type I, II, III stereotypes 

Even though the modular type I PKSs generally work in an assembly line-like manner, where 

one module is responsible for the incorporation of a defined extender unit, deviations of the 

collinearity between module organization and PK-structure have been described. The iterative 

activity of single modules has been observed in case of the biosynthesis of the polyketide 

stigmatellin in Stigmatella aurantiaca, as well as of the PK-NRP-hybrid leinamycin in 

Streptomyces atroolivaceus.
159,196

 Based on these repetitive findings, this process was no 

longer referred to as accidental stuttering but described as programmed iteration.
159

 The 

iterative activity of PKS-modules had repeatedly been described for modules at the C-

terminus of individual PKS-polypeptides. As an explanation for this, it was proposed that the 

transfer of intermediates from the ACP- to the KS-domain in the same module is preferred 

over the transfer to the KS-domain in the subsequently following module which is not 

covalently connected.
159,197

 However, it has been shown that this is not to the correct 

explanation for this phenomenon, as several PKSs have been described, where iteration does 

not occur at the last module of an individual PKS-polypeptide, e.g. during the biosynthesis of 

aureothin.
159

 Generally, unidirectionality during type I PK-biosynthesis is maintained by the 

preferred interaction of the ACP-domain of one module with the KS-domain of the next 

module, which guarantees translocation, thus preventing transfer of the already elongated PK-

intermediate onto the ACP-domain in the same module. This is assured by a specialized helix 

I docking motive in ACP-domains which is not recognized by the KS-domain of the same 

module, but has to be recognized for chain translocation onto the active center of KS-

domains. The interaction of the ACP- and KS-domains of one and the same module during 

the chain elongation reaction, on the other hand, is mediated by specific interactions between 

the KS-domain and the ACP-domain´s loop I. By exchange of the specific helix I docking 

motive in the ACP-domain of module 3 in the DEBS with the motive of the ACP-domain of 

module 2, Kapur et al. successfully reprogrammed module 3 for iterative chain elongation.
179

 

However, only one iteration was observed, which was proposed to be due to a maximal length 

of the chain accepted by the following KS-domain for elongation. 

The biosynthesis of aromatic PKs such as actinorhodin or anthraquinones is not restricted to 

iterative type II PKSs. Both bacteria and fungi can harbor iterative type I PKSs capable for the 

biosynthesis of aromatic PKs. Examples are the enediyne NPs calicheamicin from 

Micromonospora echinospora subsp. calichenis and neocarzinostatin from Streptomyces 

carzinostaticus subsp. neocarzinostaticus ATCC 15944. In both cases, type I PKS derived 

tetra- or hexaketides undergo intramolecular cyclization and subsequent dehydration to yield 

the cyclic aromatic moieties of those NPs.
161,198

 Another unusual class of type I PKS displays 

a deviation from the commonly observed module architecture, which normally comprises at 

least one KS-, AT-, and ACP-domain. No AT-domains are found in the modules of trans-AT 

type I PKSs. Instead, the AT-activity is replaced by a discrete AT-protein which iteratively 

catalyzes the transfer of elongation units in every module in trans. One example is the 

leinamycin biosynthesis NRPS-PKS-hybrid, where one discrete AT enzyme is responsible for 

the loading of malonyl-extender units onto 6 modules.
161

 Other examples are the PK-NRP-

hybrid pederin from bacterial symbionts of Paederus beetles
79,199

 and bacillaene from 
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Bacillus subtilis.
180

 Interestingly, type I PKSs and trans-AT PKSs were shown to have 

evolved independently from the same phylogenetic origin, simple FASs.
180

 While type I PKS-

genes have evolved by means of gene duplications, trans-AT PKS-genes have been described 

as a “mosaic” of gene fragments that resulted from horizontal gene transfer.
180

 Piel proposed 

that the resulting “multimodularity” would facilitate the biosynthetic effectiveness due to 

minimized diffusion times and would enhance the chance for the generation of novel 

derivatives of the compound as a consequence of the “recombinatorial processes”.
180

 While 

only eight different domain combinations in cis-AT type I PKSs have been described, the 

versatility of domains in modules of trans-AT type I PKSs is higher, as more than fifty 

combinations have been described. As a consequence, a trans-AT type I PKS-specific set of 

biosynthetic rules had to be deduced, which allows the prediction of PK-structures based on 

the domain architecture of trans-AT type I PKSs.
180

 Furthermore, trans-AT type I PKSs seem 

to be more prominent in symbiotically associated microorganisms, as several of the identified 

trans-AT type I PK-producers are symbiotic bacteria.
180

 

Mixed NRPS-PKS 

As it has been mentioned above, NRPSs and type I PKSs both employ an assembly line-like 

enzymatic machinery for the polymerization of building blocks, where the arrangement of 

modules in the enzyme machineries and the incorporation of building blocks into the 

respective NPs are generally collinear to each other. Furthermore, NRPSs as well as PKSs use 

thioester bonds to connect the carboxy terminus of the nascent chain onto carrier domains, 

which are equipped with a 4´-Ppan-arm. In both cases, a nucleophilic attack of a moiety from 

the next extender unit onto the nascent chain, results in chain elongation and transfer of the 

nascent chain onto the carrier domain of the module. Given these concordant biosynthetic 

principles, evolution gave rise to hybrid NRPS-PKS-machineries, which multiply the 

possibilities for the generation of structural diversity. One example is the leinamycin 

biosynthesis NRPS-PKS-hybrid mentioned above.
180

 

2.5. Aims of this work 

Inspired by the idea of identifying novel bioactive NPs in alternative bacterial phyla, the Bode 

group and others launched the “Genomic approaches to metabolite exploitation from 

Xenorhabdus/Photorhabdus” (GameXP) consortium, which was funded by the European 

union. GameXP focused on the identification of novel bioactive NPs from members of the 

genera Xenorhabdus and Photorhabdus. As a result of this collaboration, a strain collection 

comprising approximately 350 wild type Xenorhabdus and Photorhabdus strains was 

compiled (an excerpt of these bacteria was published by Thanwisai et al.).
200

 As a general 

means to screen this multitude of bacteria for production of novel NPs, a LC-ESI-MS-based 

strategy was chosen, in which Amberlite® XAD16-extracts of the bacteria cultivated in LB-

medium were analyzed and compared with each other. To complement the deficiencies of this 

initial approach, a MALDI-MS-based screening strategy has been elaborated during this 

work. MALDI-MS was used for the screening of cell free culture supernatants, which did not 

require the initial enrichment of NPs with the absorber resin Amberlite® XAD16. Thus the 
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drawbacks of the analysis of Amberlite® XAD16 extracts by means of LC-ESI-MS could be 

circumvented. The main problem is the discrimination of hydrophilic NPs, as Amberlite® 

XAD16 is designed to bind hydrophobic and polyaromatic compounds with up to 40 kDa 

(product information sheet Sigma Aldrich, Rohm and Haas). As the supernatants of more than 

50 strains were screened for the production of novel NPs during this work and MALDI-MS
2
 

spectra of all signals present in their supernatants were generated, an automated analysis tool 

had to be developed, which was sought to aid the identification of novel NPs.  

The MALDI-MS based screening resulted in the identification of unprecedented NPs with 

interesting structure and potent bioactivity. Accompaigning the NMR- and MS-based 

structure elucidation of these NPs, their biosynthetic origins were supposed to be identified 

during this work. Hence the unknown genomes of the corresponding organisms were 

sequenced and putative NP biosynthesis gene clusters subjected to in silico analysis and 

heterologous expression.  

Since the group of Helge Bode and others have successfully identified NPs from 

entomopathogenic bacteria, members of the entomopathogenic species Paenibacillus larvae 

were sought to be investigated for the biosynthesis of bioactive NPs as well. Due to a 

collaboration with the “Institut für Bienenkunde” of the “Polytechnische Gesellschaft”, the in 

vitro toxicities of NP-extracts from P. larvae could be tested against Apis mellifera larvae. 

The golden standard for the structure elucidation of NPs is the utilization of NMR-

spectroscopy. However, MS- and MS
2
-based techniques facilitate the identification of already 

known compounds (dereplication) and can be used to identify derivatives of such NPs, whose 

structures have already been elucidated. Due to the challenges of identifying a multitude of 

NPs, which are partially produced in minute amounts and can therefore not be isolated 

properly, MS- and MS
2
-based structure elucidation strategies had to be developed and applied 

during this work. Furthermore, MS in combination with the utilization of stable isotope 

labeled amino acid building blocks was intended to aid the differentiation between isobaric 

leucine- and isoleucine-residues, which are, due to similar physicochemical properties, often 

used in substitution of each other during NRP-biosynthesis. This is an especially striking task, 

as members of the genera Photorhabdus and Xenorhabdus generate a wealth of peptide NPs 

containing both hydrophobic amino acid residues.  

Another objective of this work concerned the elucidation of the biosynthesis of bacterial 

DARs, which are exemplified by IPS from P. luminescens TTO1 and HPR from P. 

chlororaphis subsp. aurantiaca.
11,12

 Another example are the bacterial pigments of the 

flexirubin-class, which are produced by gliding bacteria of the genera Cytophaga, 

Flexibacter, and Flavobacterium.
201

 Flexirubins are composed of a DAR-residue esterified 

with a facultatively chlorinated and methylated ω-phenyl-octaenoic(heptaenoic) acid.
201,202

 

Previous publications postulated that the DAR-residue in IPS, HPR, and the flexirubins would 

result from the dual Claisen/aldol-condensation of two β-keto-acyl-thioester precursors and 

would be catalyzed by a cyclase (StlC/DarA) (Fig. 2.4.6. B). The β-keto-acyl-substrates for 

the cyclization reaction were proposed to be synthesized by a ketosynthase (StlD/DarB).
11,12

 

However, an investigation of the NP metabolome of members of the genus Photorhabdus 

indicated that these strains produce cyclohexane-1,3-dione (CHD)-derivatives of their 
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stilbenes (e.g. IPS) (Fig. 2.5.1. A). The presence of these compounds, if they would be 

precursors of the stilbenes, does not conform with the previously postulated biosynthetic 

routes of DAR-residues but could be explained by the dual Claisen condensation and Michael 

addition of one β-keto-acyl- and one α,β-unsaturated acyl moiety. The only hitherto described 

natural CHD has been chiloglottone 1 from orchids of the genus Chiloglottis (Fig. 2.5.1. 

B).
203,204

 To clarify whether the CHDs are indeed intermediates of the bacterial DAR-

biosynthesis, enzymes that had been identified to catalyze DAR-formation were strived to be 

subjected to individual in vivo and in vitro experiments. This was thought to enable the 

specification of the entire biosynthesis of bacterial DAR- and CHD-residues. As more and 

more bacterial genomes had been sequenced during the time of this thesis, an increasing 

number of gene clusters encoding the conserved StlC/DarA- and StlD/DarB-pair had been 

identified. This has allowed the in silico prediction of several new DAR-residue containing 

NPs as well as the prediction of their structures. 

Figure 2.5.1. Putative biosynthesis of IPS in Photorhabdus strains via the corresponding CHD-

precursor (A). The hitherto only naturally occurring CHD, chiloglottone 1 from orchids of the genus 

Chiloglottis (B).
203,204
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4. Additional results 

4.1. Natural products of Paenibacillus larvae as potential American foulbrood 

virulence factors  

Paenibacillus larvae (Firmicutes) is the causative agent of the fatal epizootic American 

foulbrood (AFB), which occurs worldwide and kills larval stages of the honey bee Apis 

mellifera. As A. mellifera is a globally important pollinator, outbreaks of the AFB might also 

endanger agricultural ecosystems.
205

 Therefore the scientific interest for P. larvae has mainly 

concentrated on the identification of methods to antagonize the pathogen as well as to 

phylogenetically categorize different P. larvae strains obtained from infected bee hives. Four 

different genotypes of P. larvae can be differentiated by means of repetitive element PCR 

(ERIC I-IV), which differ with regard to their degree of virulence.
205

 On the other hand, only 

a few publications have described proteinaceous pathogenicity factors from P. larvae against 

Apis melifera larvae
206-209

 and no publications about bioactive NPs from P. larvae are present 

in the Pubmed database. The entomopathogenic lifestyle of P. larvae is comparable to the 

lifestyle of members of the genera Photorhabdus and Xenorhabdus, as all of them are capable 

to kill insect larvae. Bacteria of the genera Photorhabdus and Xenorhabdus have been shown 

to produce a plethora of bioactive NPs
59

 and other members of the genus Paenibacillus have 

also been shown to be producers of bioactive NPs, as for example paenibacterin and 

polymyxin.
210,211

 Due to these reasons, a survey for putative bioactive NPs from P. larvae has 

been initiated during this work. The search for putative NP biosynthetic gene clusters in the 

openly available genomes of P. larvae B-3650 and P. larvae BRL-220010 revealed the 

presence of NRPS (Fig. 4.1.1. A), NRPS-PKS-hybrid (Fig. 4.1.1. B), lantibiotic (Fig. 4.1.1. 

C), and bacteriocin biosynthesis gene clusters (Fig. 4.1.1. D). The protein equivalents thereof 

were subsequently characterized according to their specificities and domain architecture and 

compared to known NP biosynthesis machineries (Table 4.1.1. and Fig. 4.1.1.). One 

particular gene cluster for example (Fig. 4.1.1. B 4), exhibited strong similarities with the 

zwittermicin biosynthesis gene cluster from Bacillus cereus, which is a potent antibiotic 

against various bacteria, fungi and protists.
212

 The module organization of a siderophore 

biosynthesis gene cluster (Fig. 4.1.1. A 2) was similar to the paenibactin and bacillibactin 

gene clusters from Paenibacillus egli B69 and Bacillus subtilis, respectively.
213,214

 These 

findings implicated that P. larvae isolates might indeed produce bioactive NPs and thus 

initiated efforts to isolate and test NPs from P. larvae for bioactivity. 
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Figure 4.1.1. Putative NP biosynthesis gene clusters identified in the genome of Paenibacillus larvae 

B-3650. NRPS-clusters (A), NRPS/PKS-hybrid clusters (B), lantibiotic biosynthesis clusters (C), and 

bacteriocin biosynthesis clusters (D). Black arrows represent genes encoding NRPSs or NRPS/PKS 

hybrids or lantibiotic- or bacteriocin-propeptides. Dark grey arrows represent genes putatively 

involved in the biosynthesis and transport of the corresponding NP. Grey, light grey and white arrows 

represent genes encoding putative regulatory proteins, proteins probably not involved in the NP 

biosynthesis, and hypothetical proteins, respectively. P. larvae BRL-230010 exhibited an identical set 

of gene clusters. The genomes were analyzed by means of the BLAST, the NRPSpredictor2,
215,216

 and 

the PKS/NRPS analysis website.
217
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Table 4.1.1. Identified NP biosynthesis gene clusters in the genomes of Paenibacillus larvae B-3650 

and Paenibacillus larvae BRL-230010. Question marks indicate that no gene names/locus tags could 

be identified in the NCBI database. 

 Cluster B-3650 

Pfarl_ 

BRL-

230010 
 

NRPS 1 19907 5755 NRPS 

  19902 5750 NRPS 

  19892 5740 NRPS 

  19882 5730 NRPS 

  19877 5725 NRPS 

 2 3730 3180 coenzyme A disulfide reductase 

  6725 3185 2,3-dihydro-2,3-dihydroxybenzoate dehydrogenase 

  6720 3190 isochorismate synthase 

  6715 3195 2,3-dihydroxybenzoate-AMP ligase 

  6710 3200 Isochorismatase 

  6705 3205 NRPS: bacillibactin synthetase-like 

 3 23013 ? hypothetical protein 

  ? 3730 hypothetical protein 

  ? 8030 methyl accepting chemotaxis protein 

  23028 8035 NRPS 

NPRS/PKS 4 17533 7895 N-acetyl-transferase 

  17528 7900 LysR-like transcription regulator 

  17523 7905 Ankyrin 

  17513 7910 resistance acyltransferase 

  17508 7920 NRPS-PKS 

  ? 7920 PKS-NRPS 

  17503 ? NRPS 

  17498 ? NRPS 

  17493 ? NRPS 

  17488 ? PKS 

  17489 ? PKS-NRPS 

  17478 10782 NRPS 

  17473 10777 hypothetical protein 

  17468 10772 XcnG-like and transporter 

  17463 10767 ZmaG-like dehydrogenase 

  17458 10762 ACP 

  17453 10757 transcription antiterminator 

  17448 10752 NRPS 

  17443 10747 ZmaN-like 

  17433 10737 ZmaE-like; acyl-CoA dehydrogenase (NADP(+)) 

  17428 10732 ZmaU-like 

  17423 10727 ZmaV-like 

  17418 10722 ParB-like protein Nuclease 

  17413 10717 N-acyl-L-amino acid amidohydrolase (L-aminoacylase) 

  17408 10712 xylose isomerase domain-containing protein 

 5 11871 ? LysR-like transcription regulator 

  11866 11866 Glyoxalase/bleomycin resistance protein/dioxygenase 

  17133 11861 Malonyl CoA-acyl carrier protein transacylase 

  17128 11851 NRPS 

  17123 ? tranposase partial 

  ? ? DUF1256 like protein (sporulation protein YyaC) 

Lantibiotics 6 10803 17796 Putative copper homeostasis protein CutC 

  ? ? possible protease 

  10808 17801 prepropeptide 

  ? ? lantibiotic biosynthesis protein SpaB-like 

  ? 24193 lantibiotic biosynthesis protein LanC-like 

  10823 24188 lantibiotic biosynthesis protein LanC-like 

  10828 24183 proton/sodium-glutamate symport protein 

 7 22838 1488 phage integrase 

  22828 1478 lantibiotic transcription regulator protein 
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  22823 1473 subtilisin-type proteinase 

  22818 1468 ABC-transporter 

  22813 1463 ABC-transporter ATP-binding 

  22808 1458 prepropeptide 

  ? ? type 2 lantibiotic biosynthesis protein LanM 

  ? ? type 2 lantibiotic biosynthesis protein LanM 

  ?  transposase 

Bacteriocin 8 23728 2608 two-component response regulator 

  23723 2603 signal transduction histidine kinase 

  23718 ? bacteriocin propeptide, cyclical uberolysin-like 

  23713 20092 DUF 

  23708 20097 DUF 

  23703 20102 DUF 

  23698 20107 ABC-transporter partial 

 9 5685 21971 3-isopropylmalate dehydrogenase 

  5680 2053 hypothetical protein 

  5675 2048 bacteriocin propeptide, circular 

  5670 2043 hypothetical protein 

  5665 2038 ABC-transporter 

  5660 2033 membrane protein 

  5650 2023 2-isopropylmalate synthase 

 10 6025 24328 putative ABC-transporter permease 

  6020 ? transcription regulator MarR-like 

  6010 10297 circular bacteriocin proprotein 

  6005 10292 transmembrane protein, putative ABC-transporter 

  6000 10287 ABC-transporter, ATP-binding 

  5995 10282 Chitinase-like 

  5990 10277 DUF, internal membrane protein 

  5985 10272 hypothetical protein 

  5980 10267 permease, multidrug resistance protein 

  5975 10262 polysaccharide deacetylase 

 11 9896 ? Glyceraldehyde-3-phosphate dehydrogenase 

  ? ? sugar binding transcription regulator 

  9906 ? ATP-dependent Clp protease proteolytic subunit ClpP 

  9911 9065 circular bacteriocin proprotein 

  9916 9070 transmembrane protein 

  9921 9075 ABC transporter ATP-binding protein 

  9926 9080 DUF, transmembrane protein 

  9931 9085 putative LuxR-like transcriptional regulator 

 12 21187 7120 collagenase precursor 

  21182 ? hypothetical protein 

  21177 7115 circular bacteriocin proprotein, circularin A/uberolysin 

family 

  21172 7110 peptide antibiotic maturation/biosynthesis protein 

  21167 7105 peptide antibiotic maturation/biosynthesis protein 

transmembrane 

  21162 7100 ABC transporter related protein, ATP binding 

  21157 7095 integral membrane protein 

  21152 7090 oxidoreductase, aldo/keto reductase family protein 

  21127 17484 ABC transporter, ATP-binding/permease protein 

  21132 17479 ABC transporter ATP-binding protein/permease 

Entomotoxicity of Paenibacillus larvae natural products 

A cooperation with Hedwig Annabell Schild and Prof. Dr. Bernd Grünewald from the 

“Institut für Bienenkunde” of the “Polytechnische Gesellschaft” allowed the investigation of 

the toxicity of NPs from P. larvae against A. mellifera larvae. To test whether the standard 

method used for extraction of NPs from Photorhabdus and Xenorhabdus would also be 
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applicable for the extraction of entomotoxic NPs from P. larvae, the Amberlite® XAD16 

extracts of several P. larvae isolates were tested for toxicity against A. mellifera larvae. 

Briefly, different P. larvae strains were cultivated in J-medium at 34 °C for 3-5 days and the 

cultures were supplemented with 2 % Amberlite® XAD16 after 24 h of cultivation. After 

extraction of the Amberlite® XAD beads with methanol and evaporation to dryness, identical 

amounts of the sterile Amberlite® XAD16 extracts were mixed into the larvae diet and fed to 

in vitro reared A. mellifera larvae. Consecutively, the survival rates of the larvae were 

monitored against a control group over fifteen days (Fig. 4.1.2.).
218

 

Figure 4.1.2. Toxicity assays of Amberlite® XAD16 extracts from different P. larvae strains tested 

against in vitro reared A. mellifera larvae.
218

 Identical concentrations of the different extracts were 

added to the larvae´s diet. The tested extracts were obtained from the cultivation of P. larvae DSM 

16116 (5 days), P. larvae DSM 17237 (4 days), P. larvae DSM 16115 (4 days), P. larvae NRRL-

B41635 (3 days), and P. larvae NRRL-B4196 (3 days). Figure adapted from the diploma thesis of H. 

A. Schild (Personal communication).
218

 In brackets: the total cultivation time of each strain. 

The extracts of P. larvae DSM 16116 and DSM 16115 (both ERIC II genotype)
205

 exhibited 

the strongest activity against the A. mellifera larvae (Fig. 4.1.2.). This finding is in accordance 

with the observation that strains of the genotype ERIC II are the most virulent among the P. 

larvae ERIC genotypes, differing from the second virulent genotype ERIC I by the existence 

of the S-layer protein SlpA.
205,219

 It would thus be interesting to determine the ERIC 

genotypes of the remaining P. larvae strains, which produced less virulent Amberlite® 

XAD16 extracts. According to the observed differences in the virulence of the ERIC 

genotypes, it could be expected that these strains do not belong to genotype ERIC II. 

However, as these assays were performed with cell-free Amberlite® XAD16 extracts of the 

P. larvae strains, the stronger virulence of members of the ERIC II genotype (DSM 16116 

and DSM 16115) probably bases on factors other than SlpA. Therefore strain P. larvae DSM 

16116 was selected for an activity based isolation of entomotoxic compounds. For this 

purpose, the Amberlite® XAD16 extract of the strain was chromatographically separated by 
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means of C18E solid phase extraction (SPE) cartridges (Phenomenex, Aschaffenburg), using 

different acetonitrile (ACN)-water mixtures for the elution of compounds with increasing 

hydrophobicities (0, 10, (30), 50, 99.9 % ACN/ all with 0.1 % trifluoroacetic acid (TFA)). 

The resulting fractions were individually tested against A. mellifera larvae (Fig. 4.1.3.)
218

 and 

analyzed by means of MALDI-MS (Fig. 4.1.4.) and HPLC-ESI-MS (data not shown). In 

order to control the reliability of the data obtained from the in vitro toxicity assay of the SPE-

fractions against the A. mellifera larvae, the assay was repeated independently and different 

concentrations of the individual fractions and the full extract were subjected to the assay as 

well. Compared with the controls, a decrease of the average survival times of the bee larvae in 

dependence of the exposure to different fractions of the extract from P. larvae DSM 16116 

was observed (Fig. 4.1.3.). This finding might indicate that several toxic compounds with 

differing hydrophobicities are present in the Amberlite® XAD16 extract. In future 

experiments, the separation of the extracts by means of HPLC or even the isolation of single 

compounds will have to reveal whether isolated NPs exhibit entomotoxicity, whose structure 

would have to be elucidated subsequently.  
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Figure 4.1.3. Entomotoxicity assay of the Amberlite® XAD16 extract of a P. larvae DSM 16116 culture as well as fractions thereof, which were obtained by 

C18-SPE-chromatography. The strain was cultivated in J-medium for 3 days and the Amberlite® XAD16 beads were added after 24 h. Each sample was tested in 

up to 4 individual assays against in vitro reared A. mellifera larvae. The average survival time of each test group as well as the concentrations of the respective 

substances in the larvae diet are given. Abbreviations: A1-A4: four individual A. mellifera in vitro rearing assays; Assays A1-A4; Ex1, full Amberlite® XAD16 

extract obtained from the cultivation of P. larvae DSM 16116 in J-medium, which was also used for the SPE-separation; FT, SPE flowthrough; K, control; c, 

concentration of the tested P. larvae DSM 16116 extracts/fractions in the larvae diet; n, number of tested larvae in each test group. Figure adapted from the 

diploma thesis of H. A. Schild (personal communication).
218
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Figure 4.1.4. MALDI-Orbitrap Fourier transformation mass spectrometry (FTMS) mass spectra of 

C18E-SPE-fractions of the Amberlite®XAD16 extract from P. larvae DSM 16116. The mass spectra 

correspond to the following fractions: a) flowthrough, b) 10 % ACN/0.1 % TFA, c) 50 % ACN/0.1 % 

TFA, d) 99.9 % ACN/0.1 % TFA, and e) the Amberlite®XAD16 extract. The fractions were also used 

for the in vitro toxicity assays against A. mellifera larvae (Fig. 4.1.3. Assays A1, A2, and A4). 

Amberlite® XAD16 extracts of all tested P. larvae strains (DSM 16116, DSM 16115, DSM 

17237, and NRLL B-41635) were analyzed by means of positive ion mode MALDI-Orbitrap 

Fourier transformation mass spectrometry (FTMS) (Fig. 4.1.5.). Additionally, the raw culture 

supernatants (without Amberlite® XAD16 extraction) were analyzed by MALDI-TOF-MS 

(Fig. 4.1.6.). In both cases, no obvious qualitative differences were observed, which would 

explain the significantly different activities in the entomotoxicity assays. Presuming that the 

observed signals correspond to entomotoxic compounds, the differing activities might thus be 

due to altering quantities of the entomotoxic factors produced by the individual strains. 

Another explanation could be that entomotoxic factors, as e.g. protein toxins, were not 

detected by this MALDI-MS-based analysis. As P. larvae NPs have not been analyzed before, 

the purification and isolation of some of the detected compounds classes might lead to the 

identification of structurally novel and potentially bioactive NPs.  
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Figure 4.1.5. MALDI-Orbitrap FTMS mass spectra of Amberlite®XAD16 extracts from different 

P. larvae strains: a) DSM 16116, b) DSM 16115, c) DSM 17237, d) NRLL B-41635. 

Figure 4.1.6. MALDI-TOF mass spectra of culture supernatants from P. larvae DSM 16116 (a), P. 

larvae DSM 16115 (b), P. larvae DSM 17237 (c) cultivated in J-Medium. 

In order to optimize the production of NPs by P. larvae DSM 16116, different cultivation 

conditions were tested. These experiments revealed that the NP content of P. larvae 

Amberlite® XAD16 extracts and thus also maybe their degree of toxicity seems to be 

influenced by the point of the addition of the Amberlite® XAD16 beads. The addition of the 

beads after 68 h of cultivation, which means that the strains were only cultivated with 
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Amberlite® XAD16 for 4 additional hours, seemed to have a positive effect on the content of 

putative NPs when compared to Amberlite® XAD16 extracts obtained from a cultivation with 

the addition of the beads after 24 h (Fig. 4.1.7.). The latter extracts exhibited a larger degree 

of medium derived signals. However, these results will have to be supported by additional 

detection strategies, such as an evaporative light scattering detector (ELSD) coupled to a 

HPLC, which was not available during this work, where the response factor of the 

investigated compounds is less dependent by their physicochemical properties.
220

 That is, the 

relative signal intensities of NPs which do not ionize well in the positive ion MS-detection 

mode can be strongly underrepresented in the mass spectrum compared to their relative 

abundance in the extract, a phenomenon which would be reduced with an ELSD. As these 

experiments were performed after the last in vitro activity assay against A. mellifera larvae 

has been performed, it has yet to be investigated whether the specific activities of the 

putatively more potent extracts indeed lead to an increased mortality in the in vitro assay. 

 

Figure 4.1.7. Comparative MALDI-Orbitrap FTMS analysis of Amberlite®XAD16 extracts from 

P. larvae DSM 16116, where the Amberlite®XAD16 beads were added after 24 h (A) and 68 h (B) of 

the total cultivation time of 72 h. The comparison with a MALDI-Orbitrap analysis of E. coli BL21 

cultivated in LB medium revealed the presence of several medium derived signals (*) in extract A, 

whereas extract B exhibited a smaller degree of medium derived signals (*) and more signals that 

seemed to correspond to NPs from P. larvae DSM 16116 (*). Spectra B and C were amplified 10 and 

4 times in the mass range between 1200-2200 Da, respectively. LB medium as well as J medium, 

which was used for the cultivation of P. larvae, both contain yeast extract and tryptone, which 

explains why both mass spectra can be compared. Signals labeled with * were disturbing signals from 

the mass detector.  
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4.2. The xenoGUFamines from Xenorhabdus budapestensis DSM 16342 

Böszörményi et al. identified a NP with potent bioactivity from Xenorhabdus budapestensis 

and addressed this activity to bicornutin A.
10

 However, according to the results presented in 

here,
4
 bicornutin A does not exhibit the described bioactivities, which therefore must be 

caused by another compound class. The MALDI-MS analysis of the culture supernatant from 

X. budapestensis DSM 16342 resulted in the identification of another set of mass signals 

which has not been reported previously. The additionally identified signals were present in 

two series of putative derivatives (Fig. 4.2.1.). High resolution (HR)-MS-experiments and 

feeding studies, which were performed with stable isotope labeled building blocks as 

described previously,
1,4

 indicated that the 10.01 Da difference arises from the exchange of a 

histidine- to a phenylalanine-residue (Table 4.2.1.). Deduced from the feeding- and HR-MS-

experiments, the detected 44.02 Da difference between several derivatives could not be 

assigned to the exchange of proteinogenic amino acid residues but seemed to correspond to 

addition/loss of C2H4O-moieties (Table 4.2.1.). The feeding strategy revealed several other 

amino acid building blocks (Table 4.2.1.), which could not be observed by means of MS
2
-

experiments. This might be due to the remaining connection of generated fragments as a result 

of internal cyclization
102

 or due to other aspects which can hamper the complete 

fragmentation of peptide
 
NPs.

4,221
 The sum formulas of the compounds were deduced by 

means of internally calibrated HR-MALDI-Orbitrap-FTMS and the determination of the 

number of carbon atoms via cultivation in 
13

C-medium (Table 4.2.2.).  

 
Figure 4.2.1. MALDI-MS analysis of a culture supernatant from X. budapestensis DSM 16342 

cultivated in LB-medium for 72 h. Two series of signals were identified which both exhibited 

44.03 Da (C2H4O-moieties) mass differences between the three signals of the particular series. Both 

series were separated from the adjacent signal of the other series by 10.01 Da (exchange of a histidine- 

to a phenylalanine-residue).   
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Table 4.2.1. Results of the feeding experiments that allowed the identification of building blocks in 

the unknown compound class.
 
As described previously,

4
 
12

C-precursors were fed into 
13

C-medium and 
2
H-labeled precursors into LB-medium. A question mark indicates the observation of an incorporation, 

which was not definite enough to differentiate between selective incorporation and complete 

metabolization, which also results in the observation of shifted signals. 

m/z values of the investigated derivatives 

 Building block 1302 Da 1312 Da 1346 Da 1356 Da 
12

C Isoleucine no no no no 
12

C Cysteine no no no no 
12

C Phenylethylamine  no no no no 
12

C Histidine  1 no 1 no 
12

C Tryptophane  no no no no 
12

C Tyrosine  no no no no 
12

C Methionine  no no no no 
12

C Phenylalanine  no 1 no 1 
12

C Glutamine  no no no no 
12

C Proline  1 1 1 1 
12

C Asparagine  1 1 1 1 
12

C Glutamine no no no no 
12

C Serine no no no no 
12

C Aspartate  ? ? ? ? 
12

C Lysine no no no no 
12

C Threonine ? ? ? ? 
12

C Arginine  no no no no 
12

C Glucose no no no no 
12

C Acetate  no no no no 
12

C Leucine no no no no 
12

C Valine no no no no 
12

C Glycine no no no no 
2
H Phenylalanine no 1 no 1 

2
H Glycine no no no no 
2
H Valine no no no no 

2
H Leucine no no no no 

Table 4.2.2. Internally calibrated HR-MALDI-Orbitrap-FTMS masses of the NPs identified in the 

supernatant of X. budapestensis DSM 16342. The number of carbon atoms was determined via 

cultivation in 
13

C-medium. 

calibrated m/z No of carbons deduced sum formula error [ppm] 

1302.9230 65 C65H120O12N15 -0.4 

1312.9324 68 C68H122O12N13 -0.5 

1346.9493 67 C67H124O13N15 -0.3 

1356.9588 70 C70H126O13N13 -0.3 
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Efforts for the purification of bicornutin A revealed that the unknown class of compounds was 

effectively enriched by means of weak cation exchange SPE-chromatography, as it has been 

described in the materials and methods section of the corresponding publication.
4
 A 

subsequent reversed phase-SPE strategy (Phenomenex, Strata C18E), employing stepwise 

elution with 10, 20, 30 % ACN/0.1 % TFA, allowed the separation of bicornutin A, which 

eluted with 10 % ACN/0.1 % TFA, from the unknown class of compounds, which eluted at 

20 % ACN/0.1 % TFA and 30 % ACN/0.1 % TFA (data not shown). As a purification of 

different derivatives of the unknown compound class by means of HPLC initially failed at the 

Goethe-university, the compound with the m/z-ratio of 1356.96 Da was purified by F. 

Grundmann at Sanofi (Industriepark Hoechst). The purified compound was subsequently 

analyzed by means of 1D and 2D NMR spectroscopy. For this purpose, 4.5 mg of the 

compound were dissolved in 600μl H2O/D2O (9:1) at 286 K and analyzed at a Bruker 

AVANCE 500 spectrometer operating at a proton frequency of 500.30 MHz and a 
13

C-carbon 

frequency of 125.82 MHz. The spectra were measured and the structure of the compound with 

1356.96 Da were solved by Dr. Michael Kurz from Sanofi and subsequently termed 

xenoGUFamine Ia (Fig. 4.2.2. a). The structure of xenoGUFamine Ia encompasses a N-

terminal peptide backbone with the putative primary structure γAsp-Phe-Asn-Asn-Thr-Pro, 

where the side chains of the putative first Asn and the Thr residue are dehydratively 

macrocyclized via a peptide bond. Due to this proposed cyclization mechanism, the 

mentioned original nature of both residues can be assumed, even though the feeding 

experiments with threonine and asparagine were inconclusive (table 4.2.1). The C-terminal 

proline residue is elongated with two C2H4O-functions which are again connected to a 

zeamine II like polyamino-moiety (Fig. 4.2.2. b). Unlike the xenoGUFamines, the matured 

zeamine-derivatives do not contain a peptide-moiety, even though the zeamine gene cluster 

encompasses a structurally similar NRPS-genes.
222

 Thus, Masschelein et al. suggested the 

presence of a pre-zeamine (Fig. 4.2.2. c), which was proposed to be an inactive prodrug, 

protecting the producing organism from the toxicity of the matured zeamines.
222

 

Based on the structure of xenoGUFamine Ia, the structures of several other xenoGUFamine 

derivatives (Fig. 4.2.2. a) were elucidated by means of MALDI-HCD-MS
2
 (Fig. 4.2.3. and 

Table 4.2.3.). As it had already been proposed based on the feeding experiments, the 

observed 10.01 Da difference between some of the derivatives arises from the exchange of the 

phenylalanine residue in the second position of the peptide´s primary structure against a 

histidine residue. The series of 44.02 Da mass shifts follows from differences in the C-

terminal polyketide-derived CH2CHOH-moiety. The peptide backbone of the 

xenoGUFamines, including the macrocycle, is very similar to the peptide backbone of 

nemaucin, which has been isolated from Xenorhabdus cabanillasii JN26 (Fig. 4.2.2. d).
223

 

However, unlike in nemaucin, the N-terminal aspartate residue of xenoGUFamine Ia forms a 

peptide bond with its C-terminal amino acid residue via the γ-carboxylic acid moiety. The 

configuration of the amino acid residues in the xenoGUFamine-peptide-backbone as well as 

of the chiral carbons in the polyamino-moiety remains to be elucidated.  
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Figure 4.2.2. a) Structure of xenoGUFamine I a (1356.96 Da) isolated from X. budapestensis DSM 

16342 and other xenoGUFamine derivatives, whose structure was determined by means of MS
2
-

experiments (Fig. 4.2.3.). The structure of xenoGUFamine Ia was determined by means of NMR, 

whereas the configuration of the amino acid residues was predicted according to the appearance of E-

domains in the identified NRPSs. The zeamines (b) were identified in Serratia plymuthica and are 

structurally similar to the polyamino-moiety of the xenoGUFamines.
222

 The structure of pre-zeamine 

(c) was proposed according to the architecture of the zeamine biosynthesis gene cluster in S. 

plymuthica.
222

 The peptide backbone of the xenoGUFamine I-derivatives is very similar to nemaucin 

(d), which has been identified and patented from a Xenorhabdus cabanillasii strain JN26 (CNCM 1-

4418).
223

 However, in case of nemaucin the polyamino-moiety is replaced by a polyagmatine-moiety, 

which has also been identified without the peptide-moiety and termed cabanillasin (e).
224,225
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Figure 4.2.3. A: MALDI-

HCD-MS
2
-spectra of 

xenoGUFamine Ia (a), 

xenoGUFamine IIa (b), 

xenoGUFamine Ib (c), and 

xenoGUFamine IIb (d). 

Annotated are the detected b-

ions (broken lines) and y-ions 

(straight lines). The detected 

m/z-ratios and errors of the 

depicted b- and y-ions are 

shown in table 4.2.3. B: 

Structure of the analyzed 

xenoGUFamine-derivatives 

and the location of the 

detected b- and y-ions. In 

case of the xenoGUFamine I- 

and II-derivatives, R 

resembles a phenylalanine- or 

histidine-side chain, 

respectively. The a- and b-

derivatives are characterized 

by n = 2 or n = 1, 

respectively. 
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Table 4.2.3. Observed b- and y-ions of the MALDI-HCD-MS
2 

analysis of different xenoGUFamine-

derivatives. The corresponding MALDI-HCD-MS
2
-spectra are depicted in Fig. 4.2.2. 

XenoGUFamine fragment-ion sum formula calc. m/z Det. m/z  error [Da] error [ppm] 

Ia b2 C13H15N2O4 263.1026 263.1035 0.0008 3.15 

 b5 C25H32N7O9 574.2256 574.2263 0.0007 1.29 

 b6 C34H47N8O12 759.3308 n.d.   

 y1 C36H80N5O 598.6357 598.6377 0.002 3.27 

 y2 C45H95N6O4 783.7409 783.7431 0.0022 2.77 

 y5 C57H112N11O9 1094.8639 n.d.   

 y6 C66H121N12O10 1241.9323 1241.929 -0.0033 -2.64 

Ib b2 C13H15N2O4 263.1026 263.1033 0.0007 2.47 

 b5 C25H32N7O9 574.2256 574.2271 0.0015 2.56 

 b6 C32H43N8O11 715.3046 n.d.   

 y1 C36H80N5O 598.6357 598.638 0.0022 3.71 

 y2 C43H91N6O3 739.7147 739.7166 0.0019 2.57 

 y5 C55H108N11O8 1050.8377 1050.8409 0.0032 3.01 

 y6 C64H117N12O9 1197.9061 1197.9084 0.0023 1.94 

IIa b2 C10H13N4O4 253.0931 253.093 -0.0001 -0.51 

 b5 C22H30N9O9 564.2161 564.2158 -0.0003 -0.6 

 b6 C31H45N10O12 749.3213 749.3228 0.0015 2.02 

 y1 C36H80N5O 598.6357 598.6354 -0.0003 -0.55 

 y2 C45H95N6O4 783.7409 783.7407 -0.0002 -0.26 

 y5 C57H112N11O9 1094.8639 n.d.   

 y6 C63H119N14O10 1231.9228 1231.924 0.0012 0.99 

IIb b2 C10H13N4O4 253.0931 253.093 -0.0002 -0.71 

 b5 C22H30N9O9 564.2161 564.2158 -0.0004 -0.62 

 b6 C29H41N10O11 705.2951 705.2934 -0.0017 -2.38 

 y1 C36H80N5O 598.6357 598.6351 -0.0007 -1.1 

 y2 C43H91N6O3 739.7147 739.714 -0.0007 -0.99 

 y5 C55H108N11O8 1050.8377 1050.8394 0.0017 1.64 

  y6 C61H115N14O9 1187.8966 1187.8975 0.0009 0.78 
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5. Discussion 

5.1. Structure elucidation and biosynthesis of lysine-rich cyclic peptides in 

Xenorhabdus nematophila 

The structures and functions of NPs produced by bacteria of the genera Xenorhabdus and 

Photorhabdus, as of all other NP producers, are determined by their ecological niche, which 

in their case encompasses the mutualistic persistence in their respective nematode symbionts 

as well as the boarding and killing of their prey, insect larvae. However, after successfully 

killing the insect, the cadaver has to be defended from food competitors, which would 

otherwise degrade this rich nutrient source and thus deprive the prey from its predator. These 

competitors encompass bacteria, fungi, nematodes, insects, and avian enemies of the insects, 

but also include commensal organisms located on the skin and in the gut of the larvae. The 

latter would feed on their former host, once it has been killed. As the insect larvae´s immune 

system has been successfully inactivated by the entomopathogenic intruders, the bacteria have 

to build up their own defense system for the insect cadaver. This ecological requirement is 

optimally met by the production of broad band antibiotics, which would target multiple of 

those diverse potential food competitors. Based on their broad spectrum activity against 

fungal and bacterial competitors and even plants,
226

 PAX-peptides can be seen as such broad 

spectrum antibiotics which guarantee that the entomopathogenic bacteria are the dominant 

users of the acquired nutrient source. A MALDI-MS based screening for NPs in the culture 

supernatants of Xenorhabdus and Photorhabdus strains in the strain collection of the Bode 

laboratory revealed that PAX-peptides are widely distributed among the investigated strains 

and thus seem to be an important ecological factor indeed (unpublished data S. W. Fuchs). 

However, as the genera Xenorhabdus and Photorhabdus are diverse, other compounds have 

been shown to exhibit broad spectrum activity as well and seem to fulfill the same ecological 

function. Other broad spectrum antibiotics are the xenoGUFamines (explained later, section 

5.4) (Fig. 4.2.2. a) from X. budapestensis DSM 16342 and odilomycin (Fig. 5.1. A) from X. 

nematophila CNCM I-4530. The latter exhibited antibiotic activity against Gram positive and 

Gram negative bacteria.
49
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Figure 5.1. A: Structures of NPs produced by bacteria which belong to the group of CMPs: 

odilomycin (stereochemistry unknown) from X. nematophila CNCM I-4530
49

 and polymyxin B from 

Paenibacillus polymyxa.
227

 B: Examples of cationic antimicrobial peptides (CMPs) from eukaryotic 

organisms which are depicted in the one letter amino acid code: The human neutrophil peptide 1 

(HNP1) and a porcine protegrine.
227

 Lines indicate the presence of disulphide bonds. 

Interestingly, all of the abovementioned broad spectrum antibiotics exhibit a large degree of 

cationic proteinogenic and non proteinogenic amino acid residues. This is reminiscent of the 

cationic antimicrobial peptides (CMPs) (Fig. 5.1. B), also called host defense peptides, which 

are a constituent of the innate immune system of more or less all multicellular organisms, 

including Homo sapiens. Additionally, CMPs from other bacterial producers have been 

described, like gramicidin S and polymyxin B from Bacillus brevis and Paenibacillus 

polymyxa, respectively (both Fig. 5.1. A).
227

 CMPs exhibit a broad brand of antibiotic 

activities against both Gram staining types of bacteria, fungi, eukaryotic parasites 

(Trypanosoma, Plasmodium), and viruses.
63

 Eukaryotic CMPs generally encompass between 

12 and 50 amino acid residues, have a net positive charge, typically more than 50 percent 

hydrophobic amino acid residues, and fold into amphiphilic structures with separated cationic 

and hydrophobic areas. Due to the anionic head groups and hydrophobic cores of bacterial 

membranes, CMPs can thus interact with both sections of the membranes, which is the 

molecular basis of their activity.
227

 The mode of action of the CMPs encompasses the 

interaction with the highly negatively charged surface of Gram negative bacteria, where they 

replace magnesium ions which normally interact with the negatively charged LPS-layer. This 

is followed by the “self promoted uptake” over the outer membrane and the consecutive 
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binding to the cytoplasma membrane. Due to these interactions with the bacterial cytoplasma 

membrane, CMPs can insert into or flip across the cytoplasma membrane and thus exhibit 

toxic activities. Among the described activities are complete cell lysis; channel formation 

which allows the movement of ions across the membrane; “carpet” formation, resulting in 

membrane instabilization; and the attack of diverse cytoplasmic targets after crossing the 

membrane, as for example polyanionic targets like nucleic acids.
227

 The membrane 

pertubating and other activities of CMPs might also explain why they exhibit synergistic 

activities with other CMPs, lysozyme, and diverse antibiotics.
227

 Due to the fact that animal 

membranes are not charged, they are less susceptible to the activity of CMPs.
228

 Unlike 

against the antibiotics that have been used for pharmaceutical purposes until today, pathogens 

seem to less effectively develop resistance mechanisms against CMPs, even though some 

circumventing strategies are known.
63,227

 This may be explained by the fact that CMPs confer 

unspecific membrane activity and target other structures due to physical interactions. Based 

on their broad band activity and the sparse development of resistance mechanisms, CPMs 

have been seen as a potential source of novel pharmaceutical antimicrobials.
227,228

 

Interestingly, in addition to their antibiotic activities, eukaryotic CMPs have also been 

described as factors that participate in angiogenesis, wound healing, cytokine production, 

histamine release, LPS-binding, and the activation of the adaptive immune response.
63

 The 

fact that some CMPs seem to exhibit only weak antibiotic properties under physiological 

conditions but remaining immunomodulatory activities provoked speculations, whether CPMs 

(like defensins) could have “traded” their antimicrobial functions for immunomodulatory 

properties. This factor might also explain the less effective development of bacterial 

resistance mechanisms due to a missing direct toxicity.
63,229

 

Summing up the abovementioned considerations, CMPs are produced by multicellular 

organisms as constituents of their innate immune system.
227

 Although CMPs exhibit 

considerably different primary structures, they principally exhibit amphiphilic physical 

properties, that is to say cationic and hydrophobic, which endow them to engage their 

biological targets. Principally similar to the function of the innate immune system of 

multicellular organisms, entomopathogenic bacteria have to defend their killed insect prey 

from diverse food competitors. This could explain why entomopathogenic bacteria 

analogously developed CMP-like compounds, which, like their eukaryotic counterparts, also 

exhibit a broad band and probably primarily membrane targeting antibiotic activity. Based on 

the activity of their CMPs, bacteria of the genera Xenorhabdus and Photorhabdus can protect 

the hunted (dead) insect bodies as well. Since the bacteria are susceptible to the activity of 

their own CMPs, genes encoding resistance mechanism are located adjacent to the respective 

biosynthesis gene clusters. Examples are the ATP binding cassette (ABC)-transporters 

adjacent to the PAX-peptide
1
 and xenoGUFamine biosynthesis gene clusters in X. 

nematophila HGB081 and X. budapestensis DSM 16342 (described in detail later).  

Another bacterium that utilizes CMPs due to the requirements of its ecological niche is 

P. polymyxa, which produces the CMP polymyxin B (Fig. 5.1. A).
227,230

 P. polymyxa 

colonizes the root tips as well as areas inside of the roots of diverse plants and has been 

shown to promote plant growth and to defend its host from pathogens.
46

 To protect himself 

and its mutualistic host, P. polymyxa produces a CMP reminiscent of the amphiphilic CMPs 
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found in the eukaryotic innate immune systems. In exchange, P. polymyxa thrives due to the 

secretion of hydrated polysaccharides at the root tips of the host plant.
46

 

Future experiments will have to reveal whether the CMPs produced by Xenorhabdus strains 

indeed aim at the membrane of targeted cells. Furthermore interesting might be to discover, 

whether bacterial CMPs, like their eukaryotic counterparts, exhibit additional functions, like 

for example a signaling activity that triggers plant growth (healing) or suppresses the plant 

immune system.
231

 Another possibility for putative signaling functions of bacterial CMPs 

would be the initiation of the production of more or structurally different antibiotics by 

entomopathogenic or endophytic bacteria. 

5.2. Entomotoxicity of Paenibacillus larvae extracts against Apis mellifera  

The presented results (section 4.1.) illustrate that P. larvae strains produce bee toxic 

substances that can be extracted by means of Amberlite® XAD16 resin and enriched via 

C18E SPE-separation. However, none of the bioactive compounds has been purified and no 

structures have been elucidated so far. A manual survey for the masses of already known NPs 

from members of the genus Paenibacillus did not result in the rediscovery of signals. 

Application of the recently introduced peptidogenomics approach
105

 for the connection of NP-

structures to their genetic representation was not reasonable in case of the P. larvae strains, 

since the analyzed extracts and the available genome information were of different origin. 

Whether the observed activities in the XAD16-extracts correspond to activities of small 

molecules or protein factors has thus to be clarified in future. This can be done by an 

expanded activity guided screening for bioactivity of isolated compounds, which would be 

followed by the structure elucidation of the NPs of interest. To enable the analysis of the 

biosynthetic origins of bioactive NPs as well as to identify possible cryptic NP gene clusters, 

it would be necessary to sequence the yet uncharacterized genome of P. larvae DSM 16116. 

The molecular tools for the inactivation of genes of interest in the genome of P. larvae have 

already been developed,
205

 which will enable the investigation of the phenotype of putative 

pathogenicity factors by infecting in vitro reared A. mellifera larvae. These phenotypes could 

be compared to the phenotypes obtained after deletion of putative homologous genes in 

genetically manipulable Xenorhabdus strains.  

With the available genomes of the entomopathogenic P. larvae strains as well as 

entomopathogenic Xenorhabdus, Photorhabdus, and Bacillus strains, like Bacillus 

thuringiensis or the IPS producing Bacillus strain,
232

 it would be interesting to investigate, 

whether they share biosynthetic capabilities for similar bioactive NPs or protein factors, 

which enable them to colonize their comparable ecological niches. Identical selective 

pressures could result in the analogous development of similar NPs, or, on the other hand, 

select such species that have acquired favorable genes from other organisms. These genes 

would enable them to produce ecologically necessary NPs or protein factors. An example for 

one of these phenomena is the production of IPS by Photorhabdus strains and a Bacillus 

strain, which have both been isolated from entomopathogenic nematodes.
232

 In this case, it 

would also be very interesting to identify, whether the Bacillus strain uses a type III PKS-like 

machinery or a DarAB-dependent mechanism for the production of its IPS and resveratrol, 
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which is also produced by the Bacillus strain.
232

 According to Kumar et al., resveratrol has 

never been identified from a bacterium before and it could also be the first case of the 

production of a monoalkylresorcinol by means of a DarAB-catalyzed mechanisms.
232

 The 

shared biosynthesis of closely related NPs by taxonomically distinct organisms could not be 

explained if NPs (or secondary metabolites) would just be metabolic waste, as it has been 

suggested in the past.
22

 

5.3. Neutral loss fragmentation pattern based screening for arginine-rich natural 

products in Xenorhabdus and Photorhabdus 

The identification of novel bioactive NPs or even new chemical entities often encompasses 

the activity based screening of thousands of different producing strains or large compound 

libraries, to finally result in the identification of a limited number of hits. However, the 

persistent screening of phylogenetically related organisms has led to the rediscovery of NPs or 

derivatives thereof, which have already been patented or are in clinical/industrial use. 

Approximately 30 % of the newly discovered NPs are so called “minor compounds”, which 

are structural homologues of already known NPs.
108

 In consequence of this, a decrease in the 

ratio of novel bioactive compounds isolated from Actinomycetales has been observed since 

1995, while the fraction of novel bioactive NPs from bacteria in general has only slightly 

decreased in comparison to fungi.
108

  

However, even thought the rediscovery of already utilized chemical entities or bioactive 

compounds is not desired, it is still remarkable that thousands of Actinomycetales strains 

isolated from all over the world partially produce identical bioactive NPs. This might be 

explained by the probable very high efficiency of such rediscovered NPs, which might have 

been optimized over millions of years. Due to the effective optimization of their bioactive 

NPs, which, among other factors, allow the colonization to their ecological niche, the 

respective microorganisms have been able to spread into similar habitats all over the world, 

relying on the same or slightly modified bioactive NPs. If one tries to take advantage of this 

consideration with regard to the identification of novel bioactive NPs from novel producing 

organisms, it can be predicted that such NP-classes will exhibit interesting bioactivities that 

are conserved among different organisms that colonize comparable ecological niches. A 

logical approach for the identification of novel bioactive NPs would thus be to isolate several 

phylogenetically and/or ecologically related bacteria which have not been investigated before 

and search for NPs and NP-classes that are widely distributed among different strains. 

According to this negative dereplication or replication logic, repetitively found compounds or 

compound classes should exhibit interesting bioactivities, as they probably exhibit important 

ecological functions. However, even conserved NPs, while being ecologically important for 

their producing organisms, might not exhibit any comprehensible or interesting bioactivity 

from the human point of view.
108

 The success of such a replication approach, as the avoidance 

of the rediscovery of NPs, depends on a careful selection of bacteria. The decision should be 

based upon the analysis of genome sequences for the appearance of putative NP biosynthesis 

gene clusters or upon the ecological niche of the bacteria. Desirable ecological niches should 

benefit organisms that produce bioactive NPs, as they could e.g. be necessary for the 

suppression of food competitors or the manipulation of the colonized host organism. 
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The identification of conserved NP-classes from preferably large collections of novel bacterial 

strains should involve rapid screening strategies. This would exclude the application of a time 

consuming strategy based on the isolation of compounds and their structural elucidation by 

means of NMR. High-throughput HPLC-MS approaches could enable the rapid identification 

of identical or closely related compounds based on similar masses, retention times, and 

fragmentation patterns in MS
2
-experiments. As mentioned in the attached publication (Neutral 

loss fragmentation pattern based screening for arginine-rich natural products in Xenorhabdus 

and Photorhabdus),
4
 MS

2
-experiments are well suited for the detection of structurally similar 

peptide NPs. As many peptide NPs are structurally modified and thus not linear, they do not 

yield the amino acid shift series expected from their respective primary structure. 

Furthermore, PK-NPs do not fragment according to predictable patterns. Thus the 

identification of structurally similar but not identical PK- and non linear peptide-NPs from 

novel producing organisms would require MS
2
-strategies, which differ from the traditional 

MS
2
-based peptide sequencing approach. The application of the herein developed NLFP-

based screening could allow the identification of structurally similar compounds, based on the 

fact that shared neutral loss signals indicate the presence of structurally and/or chemico-

physically similar NPs.
4
 This has been demonstrated with the identification of the bicornutins 

as well as the structurally and biosynthetically related RILXIRR- and HCTA-peptides.
4
 

Additionally, the method was used for the identification of xenoGUFamine variants in several 

Xenorhabdus strains (explained in detail later Fig. 5.4.3.), hence proving its applicability for 

classes of NPs with hampered fragmentation due to macrocyclization. 

The NLFP-approach could be extended to include information derived from fragmentation 

events in further distance to the precursor ion, which could e.g. arise from internal amino acid 

residues which are flanked by variable N- and C-terminal functionalities. As these internally 

conserved residues might still be decisive for the biological activity and constitute the 

mutuality of a compound class, it might be worth implementing such a function. The 

presented approach is one among several other possible strategies for the identification of 

novel bioactive NPs. Attention should also be drawn to NP-classes, which have not been 

found to be bioactive before but appear to be conserved among several organisms. Such NPs 

should be regarded as putatively conferring a yet cryptic bioactivity.  
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5.4. The xenoGUFamine biosynthesis gene cluster 

By means of the primary structure of the xenoGUFamine-peptide moiety, a structure based 

genome mining approach with the X. budapestensis DSM 16342 genome was conducted, 

similar to the approach that has recently been described by Dorrestein and coworkers.
105

 

Based on the finding of an exchangeable residue in position 2 (His/Phe), the initial screen 

focused on the analysis of NRPS genes, which encoded A-domains with the expected amino 

acid specificities. This was due to the fact that ribosomal peptide NPs generally do not occur 

as derivatives that exhibit variable amino acid residues, which is on the other hand regularly 

observed for NRP-NPs (e.g. the xentrivalpeptides A-Q).
233

 Ribosomal peptide NPs are 

generated by the same machinery that is responsible for the biosynthesis of highly specialized 

housekeeping enzymes, where even single amino acid residue exchanges can have lethal 

consequences. The mining in the genome of X. budapestensis DSM 16342 resulted in the 

identification of a 61 kbp hybrid NRPS-PKS gene cluster, for which three out of six predicted 

A-domain specificities matched the structure of the xenoGUFamines (Table 5.4.1.). The gene 

cluster was subsequently analyzed and annotated in detail by means of the 

NRPSpredictor2,
215,216

 the PKS/NRPS-analysis website,
217

 as well as BLASTp-analysis (Fig. 

5.4.1. a). Based on the BLASTp-analysis of all present genes, strong similarities with the 

zeamine biosynthesis gene clusters from Serratia plymuthica (and Dickeya zeae) were 

observed (Fig. 5.4.1. b). This finding coincided with the observation that the zeamines closely 

resemble the polyamino-moiety of xenoGUFamines (Fig. 4.2.2.).
222,234

 Furthermore, based on 

the NRPS-PKS domain architecture of the gene cluster in S. plymuthica, Masschelein et al. 

proposed the presence of a yet to be identified pre-zeamine in S. plymuthica, which would 

additionally harbor a N-terminal linear peptide similar to the peptide backbone of 

XenoGUFamines.
222

 However, as the zeamine-NRP-PK hybrid could not be detected, the 

authors proposed a “prodrug mechanism“ for the zeamine biosynthesis, where the bioactive 

zeamines would be generated by proteolytic removal of the peptide part.
222
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Table 5.4.1. Stachelhaus-codes, predicted A-domain specificities, and observed building blocks (if 

available) of the xenoGUFamine-biosynthesis NRPS from X. budapestensis DSM 16342, the pre-

zeamine NRPS in S. plymuthica, as well as the putative xenoGUFamine-like NRPS in Xenorhabdus 

XKK 7.4. Specificities were predicted with the NRPSpredictor2.
215,216

 Abbreviations: 2-Aa = 2-

Aminoadipic acid; Pred. = predicted; Obs. = observed; * = the incorporation of the residues can only 

be proposed based on the intramolecularly cyclized peptide moiety. 

  X. budapestensis DSM 16342 S. plymuthica XKK 7.4   

A-

domain 

Stachelhaus- 

code 

Pred./Obs. 

specificities 

Stachelhaus- 

code 

Pred. 

specificity 

Stachelhaus- 

code 

Pred. 

specificity 

A 1 DPRHVSLLAK Ser/γ-Asp DPRHLALLAK 2-Aa DPRHVSLLAK ? 

A 2 DTWTLASVGK Phe/His or Phe DTWTIASVSK Phe DTWTIASVGK Phe 

A 3 DATKVGEVGK Asn/Asn* DATKVGEVGK Asn DATKVGEVGK Asn 

A 4 DATKVGEVGK Asn/Asn DATKVGEVGK Asn DATKVGEVGK Asn 

A 5 DFWNIGMVHK Thr/Thr* DFWNIGMVHK Thr DFWNIGMVHK Thr 

A 6 DAWFIGGTFK Val/Pro DALFIGGTFK Val DAWFVGGTFK Val 

 

Figure 5.4.1. XenoGUFamine biosynthesis gene cluster in X. budapestensis DSM 16342 (a) as well as 

the (pre-)zeamine biosynthesis gene cluster indentified in S. plymuthica (b).
222

 Additional gene 

clusters putatively involved in the biosynthesis of xenoGUFamine-like compounds were identified in 

other Xenorhabdus strains: XKK 7.4 (c) and XKJ 12.1 (d). Putative zeamine biosynthesis gene 

clusters were identified in the genomes of Xenorhabdus bovienii SS-2004 (e) and P. asymbiotica 

subsp. asymbiotica ATCC 43949 (f). Identical colors indicate homologous genes with a similar set of 

biosynthetic domains; genes encoding hypothetical proteins are depicted in light grey and genes 

encoding transporters in dark grey. Wine red genes correspond to proteins of the AST arginine 

degradation pathway. Abbreviations for catalytic entities: hydrolase (Hy), ketosynthase (KS), 

acyltransferase (AT), thiolation domain (T), ketoreductase (KR), dehydratase (DH), 2-nitropropane 

dioxygenase (Ox), aminotransferase (AMT), thioester reductase (Red), adenylation (A), condensation 

(C), epimerization (E), transport (TP), transcription regulator (TR), putative prodrug-peptidase (Pep), 

nitrilase (Nit). 

The biosynthesis of the polyamino-moieties present in the zeamines and the xenoGUFamine 

family are generated by closely related enzymatic machineries, which have already been 

properly discussed for the zeamine biosynthesis by Masschelein et al.
222

 To sum it up briefly 

(Fig. 5.4.2.), the biosynthesis of the polyamino-moiety involves the catalytic activity of a 

recently defined class of iterative type I PKS/FAS, which have been shown to be involved in 

the biosynthesis of various “secondary lipids”. Among them are bacterial polyunsaturated 

fatty acids (PUFAs), which are predominantly found in marine bacteria.
235

 xgaC/zmn10 and 

xgaD/zmn11 are closely related to the genes whose protein equivalents are generally found to 

be involved in the biosynthesis of PUFAs. XgaD/Zmn11 contains a KS- as well as a CLF-

domain, which is reminiscent of type II PKSs. However, unlike the proteins of type II PKSs, 
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the zeamine and xenoGUFamine biosynthetic machinery catalyzes the reactions in cis. Unlike 

most of the hitherto identified “secondary lipid” gene clusters, all identified polyamino gene 

clusters only encode a single ACP-domain in xgaC/zmn10 (Fig. 5.4.1.). This is an unusual 

observation, as other described “secondary lipid” gene clusters have been shown to encode up 

to nine individual ACP-domains.
222,235

 The protein equivalent of xgaE contains a pyridoxal 

phosphate-dependent aminotransferase- and a 2-nitropropandioxygenase domain. While the 

latter domain has been proposed to catalyze enoyl reduction,
222

 a similar aminotransferase 

domain has been identified in the mycosubtilin biosynthesis gene cluster and has been shown 

to catalyze the generation of β-amino-thioester moieties.
236

 Hence the aminotransferase 

domain present in XgaE/Zmn12 has been proposed to be involved in the generation of the 

amino-functions of the polyamino-moiety. Masschelein et al. additionally proposed a 

reductive chain release of the polyamino-moiety catalyzed by the thioester reductase 

Zmn14/XgaG, which generates an aldehyde function which is subsequently transaminated by 

the aminotransferase domain of Zmn12/XcaE.
222

 A similar chain release mechanisms has 

already been observed during the biosynthesis of the siderophore myxochelin B in Stigmatella 

aurantiaca.
222,237

 The condensation reaction between the polyamino moiety and the elongated 

proline residue of xenoGUFamines or the elongated valine residue in case of the zeamines 

(Fig. 5.4.2.) has been proposed to be catalyzed by the free standing condensation domain 

Zmn19/XgaL.
222

 The biosynthesis of the peptide moiety of xenoGUFamines seems to involve 

the generation of a γ-peptide bond between the N-terminal aspartate residue and its C-terminal 

residue, which would require an A-domain that activates and transfers the γ-carboxy function 

of the amino acid. The optional C-terminal elongation of the peptide moieties’ proline residue 

is catalyzed by the PKS XgaK, which seems to catalyze the elongation with a maximal 

number of two CH2CHOH-functions. As Masschelein et al. were not aware of the cyclization 

in the peptide moiety, they did not speculate about the origin of this secondary modification. 

A survey for genes which are conserved in all identified gene clusters that have been 

associated with the production of xenoGUFamine-like NPs, reveals that XgaA (hydrolase), 

XgaB (unknown transmebrane protein), and XgaH (nitrilase) have not been addressed to a 

possible function so far. Nitrilases have been shown to be involved in the biosynthesis of NPs, 

e.g. by catalyzing reverse amidase reactions.
222,238

 Hence it might be possible that the nitrilase 

XgaH/Zmn15 catalyzes the observed cyclization, which requires the attack of the asparagine 

side chain’s amino function at the β-carbon of the threonine residue as well as a dehydration 

of the threonine side chain. However, the biochemical foundations of the cyclization reaction 

have to be investigated in the future, e.g. by in frame inactivation of the gene in the producing 

organism or in vitro, after heterologous expression and purification of the protein and 

incubation with a chemically synthesized peptide moiety. The xenoGUFamine and zeamine 

biosynthesis gene clusters both encode an ABC-type exporter system (Zmn20/21 and 

XgaMN), which probably exports the highly bioactive NPs.
222
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Figure 5.4.2. Proposed 

biosynthesis of 

xenoGUFamines based on the 

proposal for zeamine 

biosynthesis in S. 

plymuthica.
222

 The biosynthesis 

of the peptide- and polyamino- 

moiety is proposed to be 

catalyzed independently. The 

macrocyclization in the peptide 

moiety is supposed to be 

catalyzed by the nitrilase like 

enzyme XgaH. After reductive 

release of the polyamino 

moiety by the reductase XgaG, 

XgaE is proposed to catalyze 

the subsequent transamination. 

The condensation domain-like 

enzyme XgaL might be 

responsible for the release of 

the NRP-PK-moiety from 

XgaK, by catalyzing the 

nucleophilic attack of the 

terminal amino group of the 

polyamino moiety at the 

thioester bond that connects the 

NRP-PK-moiety to the ACP-

domain of XgaK. 

Abbreviations: R = His- or 

Phe-side chain. 



5. Discussion- 5.4. The xenoGUFamine biosynthesis gene cluster 

 

84 

Masschelein et al. proposed that the acyl-aminoacyl-peptidase Zmn22 is a likely candidate for 

the assumed cleavage of zeamine and zeamine I from their peptide-polyamino prodrug. The 

MALDI-MS based analysis of a culture supernatant from X. budapestensis DSM 16342 did 

not result in the identification of comparable polyamino cleavage products, which coincides 

with a missing homologue of zmn22 in the xenoGUFamine gene cluster (Fig. 5.4.1.). The fact 

that the valine residue in the zeamines, whose peptide bond is probably cleaved by a prodrug 

activating protease, is replaced by a proline residue in the xenoGUFamines is of additional 

interest, as proline residues have been shown to confer protease resistance to peptides.
239,240

 

Hence the coincidence of a missing Zmn22-homologue in the xga-gene cluster and the 

replacement of a valine- by a proline-residue in the xenoGUFamines might indicate that 

protease cleavage is not desired with respect to the biological function(s) of the 

xenoGUFamines. This seems to be in contrast to S. plymuthica, were zeamines are probably 

generated via a putative prodrug activation mechanism conferred by the amidase Zmn22. The 

determination of the exact mode of action of zeamines compared to the xenoGUFamines will 

be necessary to determine the exact function of the NRP-PK-moiety, e.g. whether it is a 

simple structural scaffold for the deactivation of the antibiotics prior to their release from the 

producing cells or whether it has an actual influence on the bioactivity. 

By means of a NLFP-based screening for NPs related to xenoGUFamine Ia (Fig. 5.4.3.), 23 

strains were identified which either produced the xenoGUFamine derivatives observed in X. 

budapestensis DSM 16342 or one other group of NPs that resembled the NLFP of 

xenoGUFamines but exhibited different m/z ratios (Fig. 5.4.4.). While the structure of these 

compounds remains to be elucidated, the similar NLFP indicates their structural relation to the 

xenoGUFamines. A BLASTp search for XgaE-homologues in the genomes of Xenorhabdus 

and Photorhabdus strains that have been sequenced in the Bode laboratory revealed several 

gene clusters, which either resembled the entire xenoGUFamine gene cluster or merely 

displayed the section of the gene cluster responsible for the biosynthesis of the polyamine 

moiety (Fig. 5.4.1.). Strain Xenorhabdus XKK 7.4 produced the group of compounds with a 

NLFP similar to the NLFP of the xenoGUFamines, and additionally exhibited a 

xenoGUFamine-like biosynthesis gene cluster. This had justified the proposal that the other 

group of compounds might indeed be closely related to the xenoGUFamines, and might thus 

be nemaucin-like. Instead of the polyamino-moiety of the xenoGUFamines, nemaucin 

exhibits a polyagmatine-moiety as well as a canonically connected N-terminal aspartate 

residue (Fig. 4.2.2. d). However, a HR-MALDI-MS analysis with respect to the number of 

nitrogen atoms revealed that the other group of compounds does not contain a nemaucin-like 

polyagmatine-moiety, which would exhibit a larger number of nitrogen atoms. Feeding 

experiments might suffice to identify the structure of the xenoGUFamine-like compounds 

produced by Xenorhabdus XKK 7.4 and other strains. Otherwise, structure elucidation by 

means of NMR would become necessary, especially if the degree of structural deviation is 

pronounced. 
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Figure 5.4.3. MALDI-MS
2
 spectra of selected compounds that exhibited a NLFP similar to 

xenoGUFamine I a (top), which were produced by Photorhabdus strains (PPB 36.1) and Xenorhabdus 

strains (X. stockiae DSM 17904, XPB 19.4, XPB 26.2).  

The frequent identification of xenoGUFamine-like compounds via their NLFP indicates that 

this NP class possesses an import ecological function for the producing organisms. As it has 

been described above, the amphiphilic xenoGUFamines probably exhibit a CMP-like function 

reminiscent of the CMPs of the innate immune system of multicellular organisms. By means 

of these broad band antibiotics (described in detail later), the xenoGUFamine producers 

probably clear the insect cadaver from various food competitors. Future experiments will have 

to reveal whether the ecological function of the xenoGUFamines merely encompasses the 

suppression of food competitors in the insect cadaver or whether they also target the living 

insect larvae.  
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Figure 5.4.4. Comparison of the MALDI-MS measurements of culture supernatants from X. 

budapestensis DSM 16342 (A) and Xenorhabdus XKK 7.4 (B). Signals in the XKK 7.4 supernatant, 

which were identified as xenoGUFamine-like compounds according to their NLFP (Fig. 5.3.3.), also 

exhibited 44.02 Da (C2H4O) and 10.01 Da (His → Phe) mass differences. The derivatives of both 

strains, which probably exhibited the highest degree of similarity, exhibited a mass difference of 46.05 

Da. This mass difference might be in agreement with a net difference of C2H6O, which will have to be 

investigated in the future. 

Bioactivity of the xenoGUFamines 

Nemaucin from X. cabanillasii exhibited antibacterial activity against several nosocomial and 

antibiotic-resistant bacteria.
223

 HPLC-separated fractions of xenoGUFamines were tested for 

bioactivity against Escherichia coli, Bacillus subtilis, Micrococcus luteus, and Saccharomyces 

cerevisiae and antimicrobial activity against all organisms was observed (Table 5.4.2.). 

Additionally, investigations at the Swiss tropical and public health institute (STHI) indicated 

antibiotic activities of xenoGUFamine Ia and IIa against Trypanosoma brucei rhodesiense 

(IC50 [µg/ml] of 1.38 and 2.02, respectively), Trypanosoma cruzi (IC50 [µg/ml] of 5.99 and 

5.85, respectively), Plasmodium falciparum (IC50 [µg/ml] of 2.53 and 1.77, respectively), as 

well as cytotoxicity against L6 rat skeletal cells (IC50 [µg/ml] of 6.09 and 6.28, respectively). 

T. brucei rhodesiense, T. brucei rhodesiense, and P. falciparum are the pathogens causing 

sleeping sickness, Chagas disease, and malaria, respectively. Both results indicate the potent 

broad band activity of xenoGUFamine-like compounds, even though their activities are not as 

pronounced as the activities of the reference compounds used as positive controls (0.002-
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0.324 µg/ml during the tests at the STHI). The reduced bioactivity of the xenoGUFamines 

could be explained by their broad antibiotic spectrum, which is not optimized for a specific 

phylogenetic group of organisms. Furthermore it has to be considered that xenoGUFamines 

are produced within an insect cadaver, which renders the continuous decrease of their 

concentration due to diffusion or leaching less effective, which might occur in 

uncompartimented or open habitats. IPS from Photorhabdus strains, for example, has been 

observed in concentrations of up to 4 mg/g of infected insect mass.
62

 The fact that the 

concentration of the compounds might be less affected by environmental influences could 

thus be another reason, why the development of a broad spectrum activity is favored over the 

development of highly specific and more potent activities. As mentioned above, CMPs, and 

thus probably also the xenoGUFamines, display pronounced synergy effects in combination 

with other antibiotics, which would increase their bioactivity in vivo due to the parallel 

existence of other antibiotics within the cadaver. This observation might also explain, why the 

specific activities of the xenoGUFamines are less pronounced.  

Table 5.4.2. Clearing zone assays of enriched xenoGUFamine derivatives against different test 

organism in comparison to the activity of a kanamycin solution. 50 µl of the antibiotic solutions were 

loaded onto filter paper circles and placed on agar plates, which were covered with a preculture of the 

respective test strain.  

  Clearing zones [mm] 

Test 

organism 

Enriched  

xenoGUFamine Ib 

Enriched  

xenoGUFamine Ia 

Kanamycin H2O 

1000 

µg/ml 

100 

µg/ml 

10 

µg/ml 

1000 

µg/ml 

100 

µg/ml 

10 

µg/ml 

1000 

µg/ml 

100 

µg/ml 

10 

µg/ml 

E. coli 17 11 - 17 10 - 26 18 - - 

B. subtilis 18 12 - 17 12 - 30 23 15 - 

M. luteus 24 16 - 23 15 - 23 11 - - 

S. cerevisiae 17 - - 19 1 - - - - - 

 

As both xenoGUFamines and zeamines exhibit antibiotic activity, it cannot be differentiated 

whether the NRP-PK-moiety of the xenoGUFamines directly contributes to their bioactivity. 

The investigation of the antibiotic activities of zeamines and cabanillasin, which basically 

resemble the polyamino- or the polyagmatine-moiety found in xenoGUFamine and nemaucin, 

respectively, indicated strong antibiotic activities against a broad range of test organisms.
225

 

Zeamines even seem to be causative for the pathogenicity of Dickey zeae against rice, as 

zeamine negative mutants showed a reduced potency to inhibit the germination of rice 

seedlings.
234

 This finding indicates that the function of the NRP-PK-moieties of the 

xenoGUFamines and nemaucin remains to be identified, e.g. by investigating their isolated 

antibiotic activities or by comparing the cellular targets of xenoGUFamines and zeamines. 

Such experiments could clarify whether the cyclized NRP-PK-moiety provides binding 

specificities for certain cellular structures, and thus aims the bioactive tail into the target area. 

Or, on the other hand, whether the NRP-PK-moiety merely protects the producing organisms 

from the fatal activities of the tail region, and would be removed by means of a prodrug 

mechanism, as it has been proposed for the zeamines by Masschelein et al.. Such a prodrug 
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mechanism would be similar to the biosynthesis of xenocoumacin in X. nematophila 

HGB081.
9
 However, a prodrug mechanism does not seem probable in case of the 

xenoGUFamines from X. budapestensis DSM 16342, as cleaved polyamino-moieties have not 

been detected in their supernatants and no homologue of the putative prodrug-protease Zmn22 

is present in the xga-gene cluster (Fig. 5.4.1.). As zeamines were not only active against 

bacteria but also involved in the pathogenicity of D. zeae against the host organisms (rice),
234

 

one could speculate whether the structurally related xenoGUFamines also exhibit activities 

against the eukaryotic host organisms. This could be investigated by testing the virulence of a 

xenoGUFamine deficient Xenorhabdus mutant after injection into living insect larvae. 
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5.5. Formation of cyclohexane-1,3-diones and resorcinols catalyzed by a widely 

occurring ketosynthase 

A survey for genomes encoding homologues of the ketosynthase DarB and the aromatase 

DarA led to the identification of a set of conserved gene clusters which are associated with 

darAB (Fig. 5.5.1., Fig. S16 in Fuchs et al.
3
). A particular type of gene cluster seemed to be 

conserved amongst organisms that have been shown to produce flexirubins. McBride et al. 

have already proven in case of the gliding bacterium Flavobacterium johnsoniae, that the 

protein equivalents of this type of gene cluster are indeed responsible for the biosynthesis of 

flexirubins.
241

 An insertion mutant in the darB homologue of F. johnsoniae did not produce 

flexirubins and a spontaneous flexirubin deficient mutant of the strain was complemented by a 

plasmid which encoded the genes fjoh_1078- fjoh_1089 (Table 5.5.1). 

Fig. 5.5.1. Known and proposed gene clusters for the biosynthesis of flexirubins in D. fermentans 

DSM 18053 (A) and C. pinensis DSM 2588 (B), the putative xanthomonadin-DAR-hybrid in 

Azoarcus sp. BH72 (C), and xanthomonadin in X. campestris pv. campestris ATCC 33913 (D). Colors 

indicate genes with the same putative function. Grey lines connect genes with ≥40% identity and were 

identified by BLASTp analysis. All genes are scaled to the depicted scale bar (picture taken from a 

manuscript in preparation T. Schöner, S. W. Fuchs). 
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Table 5.5.1. Putative functions of flexirubin biosynthesis genes in Flavobacterium johnsoniae and the 

corresponding homologues that have been identified in C. pinensis.
241

 Abbreviations: DUF, domain of 

unknown function; n.d., not detected; AT, acyltransferase; MET, methyltransferase. 

Putative function F. johnsoniae UW101 C. pinensis DSM 2588 

Exporter, AT, MET fjoh_1078 cpin_1873 

family 2 glycosyltransferase fjoh_1079 cpin_1872 

DUF fjoh_1080 n.d. 

dehydratase, FabA/FabZ fjoh_1081 cpin_1871 

OM protein beta-barrel domain fjoh_1082 cpin_6432 

OM protein beta-barrel domain fjoh_1083 cpin_6432 

DUF fjoh_1084 cpin_1870 

OM protein LolA fjoh_1085 cpin_1869 

polysaccharide deacetylase fjoh_1086 cpin_1868 

KS fjoh_1087 cpin_6843 

KS fjoh_1088 cpin_6843 

ACP fjoh_1089 cpin_6845 

 

Reichenbach and coworkers elucidated the structures of different flexirubin derivatives from 

F. elegans, F. johnsoniae, and Cytophaga spec. samoa (Fig. 5.5.2)
194,195,242,243

 and revealed 

the building blocks incorporated into flexirubins by means of feeding experiments with 

radioactively labeled precursors.
194,195

 However, even though flexirubins constitute an 

important phylogenetic marker for the identification of bacterial strains belonging to the 

phylum Bacteroidetes,
241

 the biochemical principles of the flexirubin biosynthesis have not 

been investigated so far. According to the individual genes identified in the putative flexirubin 

biosynthesis gene clusters (Fig. 5.5.1.), it is possible to propose a biosynthetic route for 

flexirubins, which has been done for our model organism C. pinensis DSM 2588 (Fig. 5.5.3.). 

The flexirubin biosynthesis gene cluster in C. pinensis is separated into two distinct genetic 

locations. One section seems to encode the enzymes necessary for the production of the DAR-

moiety, as Cpin_6843-6851 are proposed to be mainly associated with the DAR-biosynthesis. 

The other section encodes the enzymes catalyzing the biosynthesis of the 4-hydroxyphenyl-

octaenoic acid (ω-4-HOA-) moiety, as Cpin_1853-1877 meet the requirements for the 

biosynthesis of this scaffold, which can also be present as a ω-4-hydroxyphenyl-heptaenoic 

acid. The origin of the building blocks for the DAR-moiety seems to reside in the fatty acid 

catabolism, as DarB was shown to utilize CoA-bound substrate molecules.
3
 However, it has 

not yet been tested whether the same FA-intermediates occurring in the FA-anabolism, which 

are ACP-bound, would be substrates for DarB as well. The biosynthesis of the ω-4-HOA-

moiety starts with the deamination of a tyrosine(-like) substrate by the ammonia lyase 

Cpin_1853, which generates a ρ-coumaric acid(-like) building block (unpublished results T. 
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Schöner, C. Schönau, S. W. Fuchs). By utilization of ATP, the free acid is converted into a 

CoA-bound thioester by the CoA-ligase Cpin_1877 (unpublished results T. Schöner, C. 

Schönau, S. W. Fuchs) (Fig. 5.5.3.).  

Figure 5.5.2. Structures of main flexirubins isolated from F. elegans
194,195

 as well as F. 

johnsoniae
194,242

 and Cytophaga spec. samoa.
243

 Unlike xanthomonadin isolated from different 

Xanthomonas strains, the putative xanthomonadin-DAR-hybrid identified in Azoarcus BH72 does not 

exhibit brominations but equals the xanthomonadin structure in the location of the methoxy-function. 

Flexirubins from F. elegans were found to be strictly methylated at the 5´ position of the DAR-moiety 

as well as at the meta-position of the ω-4-hydroxyphenyl-moiety, while flexirubins of the genera 

Flavobacterium and Cytophaga harbor a longer and mostly branched alkyl-chain in the former 

position and are never methylated in the latter positions.
194

 Regarding the configuration of the 

polyene-moiety, Achenbach et. al determined that the polyene is not cis-configurated.
243

 

Even though most biochemical reactions of the flexirubin biosynthesis remain to be 

investigated, the number of elongation cycles required for the generation of a ω-4-HOA is, for 

a start, in agreement with the number of KS-genes present in the gene cluster. However, a 

closer analysis of the ketosynthase primary structures reveals that Cpin_1864, Cpin_1867, and 

Cpin_6843 do not contain the mandatory catalytical triad, and might be catalytically inactive 

CLFs. These do not catalyze C-C-bond formation but determine the length of the synthesized 

PK by forming a dimer with the catalytically active ketosynthase.
244

 Furthermore, 

ketoreductases (Cpin_1854 and 1874) and dehydratases (Cpin_1858 and 1871) are encoded 

within the flexirubin biosynthesis gene cluster of C. pinensis and possibly generate the 

polyunsaturated moiety. The thioesterase (Cpin_1860) might be responsible for thioester 

hydrolysis prior to the connection of the ω-4-HOA- and the DAR-moiety. Flexirubins have 

been found to be located in the outer membrane (OM),
245

 which necessitates their export 

through the periplasmic space and subsequent transfer into the OM. Two putative exporter 

systems are conserved among flexirubin gene clusters (Fig. 5.5.1, Fig. S16 Fuchs et al.
3
), an 

ATP-binding-cassette (ABC)-transporter (Cpin_6846 and 4847) as well as a possible 

transporter with a periplasmic acyltransferase- and methyltransferase-domain (Cpin_1873). 

Homologues of the ABC-transporter system are present in most of the identified darAB-

containing gene clusters, with exception of those gene clusters, which encode proteins 

responsible for the biosynthesis of stilbenes from P. luminescens subsp. laumondii TTO1 and 
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P. asymbiotica as well as HPR from P. chlororaphis subsp. aurantiaca (Fig. 5.5.1, Fig. S16 

Fuchs et al.
3
).  

Figure 5.5.3. Proposed biosynthesis of flexirubins based on the proven activity of DarAB, Cpin_1853, 

Cpin_1877, as well as the deduced functions of the protein equivalents of genes that are conserved 

among different flexirubin biosynthesis gene clusters. In here, the protein equivalents found in the 

flexirubin biosynthesis gene cluster of Chitinophaga pinensis DSM 2588 are depicted. 

Another possible feature of the flexirubin biosynthesis is the involvement of proteins 

participating in the membrane-associated sugar metabolism (Fig. 5.5.1., Fig. S16 k, Fuchs et 

al.,
3
 Fig. 5.5.4.). Sugars like uridine diphosphate-N-acetylglucosamine (UDP-GlcNac) are 

important building blocks for the peptidoglycan layer and the LPS. The biosynthesis of the 



5. Discussion- 5.5. Formation of cyclohexane-1,3-diones and resorcinols catalyzed by a 

widely occurring ketosynthase 

 

93 

lipid A core of the LPS-layer involves the activity of the deacetylase LpxC, which 

deacetylates the amino group of UDP-GlcNac and thus enables the N-acylation of the sugar 

by the acyltransferase LpxD with long chain acyl-moieties.
246

 A polysaccharide deacetylase 

(Cpin_1868) is encoded in the flexirubin biosynthesis gene cluster and homologues are found 

in other putative flexirubin gene clusters as well (Fig. 5.5.1., Fig. S16 Fuchs et al.
3
). Yet 

another possible connection between the biosynthesis of flexirubins and the membrane sugar 

metabolism is found in the dolichyl-phosphate glycosyltransferase (DPG)-like enzyme 

Cpin_1872. Dolichol phosphate, an isoprenoid similar in structure and function to the 

bacterial undecaprenyl phosphate involved in bacterial cell wall and LPS biosynthesis,
246,247

 is 

an eukaryotic membrane anchor for oligosaccharides which are subsequently used for the 

glycosylation of proteins.
248

 Further experiments, like e.g. deletions of individual genes, will 

have to prove whether the deacetylase and the glycosyltransferase are directly involved in the 

flexirubin biosynthesis or export. The biosynthesis of flexirubins necessitates the formation of 

an ester bond between the carboxylic acid of the ω-4-HOA and the 1´-OH-function of the 

DAR-moieties, which could be catalyzed by a lipid A biosynthesis acyltransferase like 

Cpin_1857, which would transfer the DAR-residue onto the activated α-carbon of the CoA-

bound ω-4-HOA. Another conserved feature of flexirubin biosynthesis gene clusters is a gene 

encoding a homologue of the acyl-coenzyme A:6-aminopenicillanic-acid-acyltransferase 

(6AT) (Cpin_1875). Members of this protein family have been shown to be involved in the 

biosynthesis of hydrophobic penicillin-derivatives, by catalyzing the hydrolysis of the amide 

bond to the hydrophilic α-amino adipoyl-residue and the consecutive transfer of an aromatic 

acyl-group from a CoA-bound precursor onto the free amino function (Fig. 5.5.4).
249

 

Figure 5.5.4. Dual amidohydrolase- and acyltransferase-activity of the acyl-coenzyme A:6-

aminopenicillanic-acid-acyltransferase in the penicillin biosynthesis pathway from Penicillium 

chrysogenium.
249

 

Unlike the proteins involved in the biosynthesis of penicillins, e.g. in Penicillium 

chrysogenum, the homologues from C. pinensis and Dyadobacter fermentans, exhibit an N-

terminal transmembrane helix, which anchors the protein into the cytoplasma membrane 

while the catalytically active domains reside in the cytoplasm (Fig. 5.5.5.). Based on the 

catalytic activities described for 6ATs, they constitute yet another hypothetic candidate for the 

transfer of the CoA-bound ω-4-HOA onto the 1´-OH-function of the DAR-moiety. Prior to 

this transfer reaction, the C-N-hydrolase activity of the 6ATs might be necessary to generate 

an accessible 1´-OH-function of the DAR-moiety, which might afore be bound to a 

hypothetical carrier via an amide- or ester-bond (like the deacetylated UDP-GlcNac). While a 
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homologue of the acyltransferase (Cpin_1857) is encoded in the flexirubin-like biosynthesis 

gene cluster of Azoarcus BH72 (Azo0258, 26% identity), no homologue of the 6AT is found 

in the genome of Azoarcus BH72. A third possible acyltransferase, catalyzing the connection 

of the DAR- and the ω-4-HOA-moiety is a NlpC/P60 superfamily papain-like enzyme (NlpC) 

(Cpin_6848).
250,251

 Members of the superfamily have been shown to be involved in murein 

degradation, amide hydrolysis, and are conserved among bacteria, archeae, eukaryotes and 

viruses. Some of the eukaryotic homologues were found to be lecithin-retinol 

acyltransferases,
250

 while bacterial homologues were found to be virulence factors of 

Mycobacterium tubercolosis, Mycobacterium marinum, and Listeria monocytogenes.
252,253

 A 

homologue of the enzyme is encoded in every gene cluster that has been associated with the 

production of flexirubin-like pigments (e.g. Dfer_5799/Azo0290) and the gene is always 

located adjacent to darAB, which might imply direct functional connection of the protein 

equivalents. No homologue of the NlpC is found in the stilbene biosynthesis gene clusters 

from Photorhabdus strains. Evaluation of the impact of a deletion of each of the possible 

acyltransferase genes could provide insights about their participation in the maturation of 

flexirubins. Flexirubin gene clusters furthermore encode a LolA lipoprotein binding protein 

(Fig. 5.5.1.). Homologues of which have been shown to be periplasmic chaperones for 

hydrophobic lipoproteins during their transport to the outer membrane (OM), where they are 

consecutively inserted into the OM by the protein LolB.
254

 Thus it might be possible that 

LolB is involved in the transport of the hydrophobic flexirubins across the periplasmic space 

and their insertion into the OM (Fig. 5.5.5.).  

Figure 5.5.5. Most probable subcellular localization of protein equivalents encoded by the flexirubin 

biosynthesis gene cluster from C. pinensis DSM 2588. Flexirubin has been shown to be located in the 

outer membrane. Depicted are the locus tags (Cpin_xxxx) of proteins from C. pinensis DSM 2588. 

Abbreviations: IM, inner membrane; PG layer, peptidoglycan layer; OM, outer membrane; LPS, 

lipopolysaccharide layer; ABC, ABC-transporter; AT, acyl transferase; MT, SAM-dependent 

methyltransferases; GT, glycosyltransferases; DeA, deacetylase; 6AT, acyl-coenzyme A:6-

aminopenicillanic-acid-acyltransferase; CHD, CHD-cyclase (DarB); ARO, DAR-aromatase (DarA); 

NlpC, putative NlpC/P60 superfamily papain-like enzyme. The most probable subcellular location of 

the proteins was determined by means of several online tools: PSORT v3,
255

 PSLpred,
256

 CELLO 

v.2.5,
257

 THMM v.2.0,
258

 SignalP v.4.1,
259

 and TatP v.1.0.
260
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Flexirubin biosynthesis machinery: comparison with other PKSs/FASs 

As it has been outlined in the introduction, PKS can be divided into three different subtypes, 

even though examples of PKS are known which do not meet one of these paradigms.
161

 The 

biosynthesis of the DAR-moiety bases on substrates derived from the FA-metabolism, which 

are consecutively tailored by DarB and DarA. The proposed biosynthesis of the ω-4-HOA is 

supported by the experiments in F. johnsoniae,
241

 as well the results mentioned in here 

regarding the activity of the tyrosine ammonia lyase Cpin_1853 and the CoA-ligase 

Cpin_1877. According to this proposal, flexirubin biosynthesis neither involves the activity of 

a type I PKS nor a type III PKS but seems similar to a type II PKS. That is, the enzymes 

involved in the biosynthesis of flexirubins seem to assemble in trans. Furthermore, the 

presence of ketosynthases that do not exhibit the catalytic triad (Cys-His-Asn) is reminiscent 

of the CLFs. CLFs are involved in biosynthesis of type II PKs by forming heterodimers with 

the catalytically active ketosynthases, thus determining the length of the produced PK-

chain.
244

 Another feature of the flexirubin biosynthesis gene clusters is the absence of a 

malonyl-CoA:ACP-acyltransferase, which is necessary to equip the involved ACPs with the 

required extender units. Thus it might be plausible to speculate, that the malonyl-CoA:ACP-

acyltransferase (FabD) of the type II FAS in the organisms transfers the activated extender 

units onto the involved ACP, a phenomenon also described for type II PKS.
154

 While long 

chain FAs and PUFAs have been shown to require the catalytic activity of iterative type I 

PKS/FAS-like enzymes,
235

 the biosynthesis of the polyunsaturated flexirubin-moiety seem to 

display yet another biosynthetic principle for the biosynthesis of polyunsaturated FAs. 

However, until the proposed biosynthesis of the ω-4-HOA has not been finally proven by 

means of defined gene deletions or in vitro experiments, it might be possible that the 

polyunsaturated moiety of the flexirubins might also be generated by a classical PUFA-

machinery, as such a type I PKS/FAS-pathway with unknown biosynthetic product has been 

identified in the genome of C. pinensis DSM 2588 (PfaA = Cpin_1450; PfaB = 

Cpin_1449).
235

 

The wide distribution and possible functions of darAB gene clusters 

A survey for DarAB-homologues revealed the wide distribution of gene clusters encoding 

both protein equivalents and indicated an accumulation of these gene clusters in organisms 

that live in association with eukaryotic hosts (Figure S16 and Table S10, Fuchs et al.).
3
 One 

example is the endophyte Azoarcus BH72, a diazotrophic Gram negative bacterium isolated 

from the roots of Kallar grass.
261

 The DAR-biosynthesis gene cluster in the genome of 

Azoarcus BH72 is similar to the DAR-biosynthesis section of the flexirubin gene cluster from 

C. pinensis DSM 2588 (Fig. 5.5.1.). A search for additional genes of the proposed ω-4-HOA-

pathway did not result in the identification of equivalents in the genome of Azoarcus BH72, 

even though extracts of Azoarcus BH72 cells contained a yellow pigment (data not shown). 

Several genes in the genome of Azoarcus BH72 displayed striking similarities with genes of 

the xanthomonadin biosynthesis pathway in the rice pathogen Xanthomonas oryzae and other 

members of the same genus, e.g. X. campestris (Fig. 5.5.1.).
262,263

 Hence the coloration of the 

Azoarcus extracts might be caused by the yellow xanthomonadins. However, based on the 

distinct structural similarities of the 3-hydroxy-terminated xanthomonadins with the ω-4-
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HOA-moiety of the flexirubins (Fig. 5.5.2.), xanthomonadins might also replace the polyene-

moiety of the flexirubins without the loss of functionality, forming a flexirubin-like DAR-

xanthomonadin-hybrid. The chromatographic separation of the pigment-extracts from 

Azoarcus BH72 cells resulted in the enrichment of a yellow compound, which, in contrast to 

isolated flexirubin from C. pinensis, did not change its color upon treatment with potassium 

hydroxide (KOH) (unpublished data T. Schöner).
264

 This behaviour would be expected in case 

of a methoxylation of the polyene-moiety, as no proton can be easily removed anymore, 

which would result in a color shift. Feeding experiments and MS
n
-experiments of the pigment 

performed by Tim Schöner proved the existence of a putatively methoxylated 3-hydroxy-

derived ω-phenyl group, implying that Azoarcus BH72 might indeed produce a DAR-

xanthomonadin-hybrid. The experiments furthermore revealed that the alkylation pattern of 

the DAR-moiety in the Azoarcus pigment (unpublished data T. Schöner) was similar to the 

DAR-moiety identified after heterologous expression of DarAB from Azoarcus BH72 in E. 

coli (Figure S3, Fuchs et al.).
3
 As the ω-4-HOA-moiety of flexirubins and the 

xanthomonadin-DAR-hybrid from Azoarcus BH72 closely resemble the structure of 

xanthomonadins (Fig. 5.5.2.), it is justified to take a closer look at the bioactivity of the 

xanthomonadins, as they might indicate putative functions of the flexirubins and the DAR-

xanthomonadin-hybrid.  

The genus Xanthomonas comprises a multitude of plant pathogens that are capable to infect 

various plants. The production of xanthomonadins is a unifying feature of all members of the 

genus Xanthomonas and has been used as a phylogenetic marker.
265

 Xanthomonas campestris 

pv. campestris is a vascular pathogen whose systemic infection along the xylem causes the 

blight of the infected plant leaves.
265

 A ΔxanB2-mutant of the strain, which was inhibited in 

the production of 3-hydroxybenzoic acid, did not produce xanthomonadins, as 3-

hydroxybenzoic acid is a putative building block of the xanthomonadins. The inhibited 

xanthomonadin production caused a phenotype, which was hampered in its ability for 

systemic infection of plants and showed reduced growth in liquid cultures as well as after 

exposure to H2O2.
265

 Xanthomonadins, which are located in the outer membrane of these 

Gram-negative bacteria,
265

 have been shown to protect the producing organism from damage 

caused by ROS, probably by protecting lipids and other cellular components from harmful 

peroxidation.
266

 Based on their observations, Zhang and coworkers
265

 proposed that 

xanthomonadins are one among other strategies of Xanthomonas plant pathogens to protect 

themselves from a plant´s “oxidative burst” defense mechanism, which is mediated by a Rho-

related GTPase signal cascade.
267

 Due to the structural similarities of xanthomonadins and the 

polyene-moiety of the flexirubins, they presumably both exhibit similar protective functions. 

This proposal is supported by their equal localization in the outer membrane of the respective 

organism. Endophytes like Azoarcus BH72, even though they do not harm the infected plant, 

still trigger lower levels of the plant´s defense responses, which necessitate defense measures 

against the ROS generated by their host.
268

 Due to the generation of reactive oxygen species 

(ROS), even a mutualistic endophyte like Azoarcus BH72 has to produce xanthomonadin-

DAR-hybrids, as designated ROS scavengers.  

 

Another interesting feature of Azoarcus BH72 is the presence of the genes azo0288 and 

azo0287 within the darAB gene cluster (Fig. 5.5.1.), which encode a prevent host death (phd) 
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protein and a ribonuclease toxin, respectively. Members of these protein families were shown 

to be associated toxins-antitoxin-pairs. Since the antitoxins are less stable than their 

corresponding toxins, the activity of the toxin will be activated, once transcription or 

translation has been interrupted. The remaining activity of the more stable toxins could either 

be used to target the host organism after it has successfully antagonized the toxin producing 

symbiont
269-271

 or constitute a regulative “network” for the adaptation of the bacterium to 

“environmental cues”, as it has been proposed for similar toxin antitoxin pairs in 

Mycobacterium tubercolosis.
272

  

 

Homologues of darAB were found in the genomes of several human associated members of 

the genus Neisseria (Figure S16 and Table S10, Fuchs et al.),
3
 that is N. flavescens, N. 

shayeganii, N. sicca, N. subflava, and N. wadsworthii. However, no DAR containing NPs 

from Neisseria strains have been described so far. Furthermore, all darAB positive Neisseria 

strains are commensal human symbionts, whereas the human pathogenic Neisseria strains, N. 

meningitidis and N. gonorrhoeae, do not harbor darAB homologues. Even though they are not 

pathogenic in healthy humans, the genomes of commensal Neisseria strains have been 

reported to contain a large set of virulence genes. This has been attributed to the fact that 

commensal and pathogenic Neisseria strains share identical niches in the human body and are 

both capable to take up and incorporate foreign DNA, which leads to the frequent gene 

exchange between commensal and pathogenic Neisseria strains.
273

 Thus pathogenic Neisseria 

strains would have had the possibility to incorporate the darAB gene cluster from commensal 

Neisseria strains. As this is not the case, the biosynthetic products of the enzymes encoded by 

the darAB gene clusters do not seem to be necessary for the pathogenic life style of N. 

meningitidis and N. gonorrhoeae or might be replaced by an analogous factor. On the other 

hand, the putative DARs seem to be important factors for the commensal Neisseria strains. 

However, the wide distribution of DarAB-homologues and the associated enzymes in bacteria 

that are capable to colonize humans, e.g. Aggregatibacter aphrophilus, Aggregatibacter 

segnis, Arcobacter butzleri, Myroides odoratimimus, Haemophilus parainfluenzae, P. 

asymbiotica as well as the Gram positive Nocardia brasiliensis (Table S10, Fuchs et al.),
3
 

might indicate that the unknown biosynthesis products are important factors for the 

colonization of the human host. The influence of their putative or already known DAR 

compounds on commensalism and pathogenicity could e.g. be investigated by the infection of 

cell lines or animal models with darB deficient mutants. The pathogenicity mechanism of P. 

asymbiotica has e.g. been tested on mammalian cell lines and could be compared to a darB-

deficient P. asymbiotica mutant.
274

 Furthermore, H. parainfluenzae has been investigated for 

its interaction and adherence on different types of human mucosa and genetic techniques for 

the manipulation of its genome are available, in order to generate a darB deficient H. 

parainfluenzae mutant.
275,276

 

 

IPS (Fig. 5.5.6. A) is produced by human pathogenic Photorhabdus asymbiotica strains, as 

for example Photorhabdus PB 68.1, which has been shown to be a P. asymbiotica strain by 

means of 16S rDNA sequencing. Strain PB 68.1 produces IPS as well as other DARs and 

CHDs like 2-isopropyl-5-isohexyl-resorcinol (IIR) and the corresponding CHD (Fig. 5.5.6. B 

and C; Compounds 10 and 12 in Fuchs et al.)
3
 IPS has been shown to be biologically active 
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against nematodes,
62

 fungi,
61

 and Gram negative bacteria
232

 and demonstrated antioxidant 

activity.
277

 In their recent publication, Proschak and coworkers demonstrated that IPS is an 

inhibitor of the human soluble epoxide hydrolase (sEH) (IC50 10 µM). An inhibition of the 

human sEH would results in enhanced levels of epoxyeicosatrienoic acid (EET) hormones 

(Fig. 5.5.6. C) in the host and thus suppresses inflammation in the colonized tissue.
278,279,280

 

This activity would be beneficial for both human pathogens and mutualists as several 

immunologic responses go along with inflammation, e.g. the generation of ROS.
281

 If one 

considers the wide distribution of darAB-homologues in the genomes of human associated 

bacteria, the biosynthesis of DARs could be a shared strategy of human associated bacteria to 

suppress the immune system of their host and thus enable their symbiotic life style. However, 

the structures and functions of the putative DARs produced by these bacteria, except for the 

DARs from P. asymbiotica, have yet to be investigated.  

 

Figure 5.5.6. Structures of IPS (A) as well as 2-isopropyl-5-isohexyl-resorcinol
3
 (IIR) (B) and the 

corresponding CHD 2-isopropyl-isohexyl-cyclohexane-1,3-dione
3
 (C) produced by Photorhabdus 

strains. EET (D-a), which is converted into the less active 14,15-dihydroxyeicosatrienoic acid (D-b) 

by the human sEH. A selected photopyrone (E) produced by P. luminescens TTO1 (Manuscript in 

press, A. O. Brachmann et al.).  

Recent investigations of the signaling activities of Photorhabdus NPs revealed that IIR
3
 (Fig. 

5.5.6. B), which is produced by human pathogenic P. asymbiotica strains, is a quorum sensing 

signal with activity in the nanomolar range. Quorum sensing signals control gene expression 

of bacterial populations in dependence of their population density
282

 and could thus be used to 

harmonize the expression of necessary factors in the colonized host. Additionally, the CHD-

precursor of IIR (Fig. 5.5.6. B) has been shown to exhibit quorum sensing activity as well, 

even if to a smaller degree (personal communication Prof. Dr. Helge B. Bode and Dr. Ralf 

Heermann). Once the DAR or CHD signals are recognized by the responsible transcription 

factor PauR, which is also produced by the Photorhabdus strains, the regulator induces the 

transcription of the Photorhabdus clumping factor (pcf) gene cluster. PauR is a homologue of 
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the LuxR-like transcription regulators, which are commonly found in N-acyl homoserine 

lactone (AHL) quorum sensing systems.
282

 Previously, a comparable signaling activity had 

been demonstrated for the photopyrones (Fig. 5.5.6. E) from P. luminescens TTO1, where the 

LuxR-like transcription factor PluR activates the pcf gene cluster as well, once the 

photopyrones have been recognized. This activation results in the clumping of the pcf 

expressing cells. Like the CHDs, the photopyrones have been shown to be produced by a KS-

like protein, which has been termed photopyrone synthase (PpyS). The cell clumping has also 

been observed after heterologous expression of the pcf gene cluster from P. luminescens 

TTO1 in E. coli (manuscript in press, A. O. Brachmann et al.). Therefore the putative DARs 

and CHDs produced by other host associated bacteria might also exhibit a potent signaling 

activity, thus synchronizing their gene expression in the host. Like the multipotent IPS, these 

DARs might also exhibit additional bioactivities. 
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Abstract 

Thirteen novel PAX (peptide-antimicrobial-Xenorhabdus) peptides were identified in 

Xenorhabdus nematophila HGB081. Their structures including the absolute configuration 

were elucidated using a combination of labeling experiments, detailed MS/MS experiments, 

the advanced Marfey’s method, and a detailed analysis of the biosynthesis gene cluster, which 

was identified as well. 

Introduction 

Entomopathogenic bacteria of the genus Xenorhabdus are well known for their capability to 

kill insect larvae.
1
 This pathogenicity requires symbiotic interaction with nematodes of the 

genus Steinernema, which undergo a complex life cycle in the insect hemocoel after 

infection
2
. During this life cycle the nematode releases Xenorhabdus bacteria into the 

hemocoel, which then kill the insect larvae by bacterial pathogenicity factors such as 

insecticidal proteins.
3
 To protect the insect corpse from food competitors, Xenorhabdus 

synthesizes an array of secondary metabolites.
4,5

 Examples are antibacterial indole derivatives 

as well as xenorhabdins and xenocoumacines, the latter two exhibit antibacterial and 

antifungal activity.
4
 Recently, Gualtieri and coworkers identified a group of five lysine-rich 

cyclolipopeptides (PAX-peptides) from X. nematophila F1/1, exhibiting strong antifungal 

activity against the opportunistic human pathogen Fusarium oxysporum as well as several 

plant pathogenic fungi.
5
 After analysis of culture supernatants from X. nematophila HGB081 

we were able to identify eight additional PAX-peptides. The structures of these derivatives 

were solved following detailed MS/MS experiments, feeding experiments as well as chemical 

derivatization followed by MS analysis. Additionally, the biosynthesis gene cluster for the 
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production of the PAX peptides was identified confirming the stereochemical data as well as 

allowing the prediction of the full stereochemistry of these unusual peptides. 

Results 
 

Internally calibrated high resolution (HR) matrix-assisted laser desorption/ionization mass 

spectra (MALDI-MS) of the culture supernatant from X. nematophila HGB081 allowed for 

detection of the PAX peptides characterized by Gualtieri and coworkers within an error of < 

1.8 ppm by means of a MALDI-LTQ Orbitrap XL (Fig. 1 and 2, compounds 2, 3, 5, and 7; 

Table S1†)
5
. These PAX peptides were accompanied by additional unknown signals. By 

converting their respective accurate mass-over-charge (m/z) ratios into chemical compositions 

and taking into account the maximum measured error of 1.8 ppm, these signals could be 

assigned to additional PAX peptide derivatives exhibiting variations in the fatty acid side 

chains (Table S1†). Tandem mass spectrometry experiments of compounds 5 (Fig. S1†), 9 

(Fig. S2†) as well as of 2, 3, 10, and 13 (Table S2†) confirmed the proposed primary 

structures of the novel PAX-derivatives. Additionally, the structures of the novel PAX-

derivatives were confirmed by feeding experiments and consecutive HR-mass spectrometry. 

After cultivation of X. nematophila HGB081 in [U-
13

C]medium following the addition of the 

respective non-labeled (
12

C) amino acids, we observed the complete incorporation of five [U-
12

C]lysine moieties into compounds 5 and 6. (Fig. 3; Table S1†) whereas the incorporation of 

the sixth and fifth [U-
12

C]lysine, respectively, could not be detected for compounds 2, 10, and 

13. As expected, the incorporation of one [U-
12

C]arginine was observed for compounds 5, 9, 

10, and 13 (Fig. 3; Table S1†). Since production in the [U-
13

C] medium was lower than in 

LB-medium, not all described PAX-derivates (Table S1†) could be observed in this 

experiment.  

 

 

   

 

 

 

 

 

 

 

 

 

 

Fig. 1 MALDI-Orbitrap mass spectrum of a culture supernatant from X. nematophila HGB081. 

Monoisotopic m/z-values of putative PAX-derivatives were labeled with their compound number 

(Table S1†). 
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Fig. 2 Comprehensive depiction of all 

identified PAX-peptides from X. 

nematophila HGB081. Compounds with 

apostrophes differ from the known PAX 

peptides by the fatty acid moiety. 

 

 

 

 

 

 

 

 

 

 

Fig. 3 MALDI-Orbitrap 

mass spectra of culture 

supernatants from  

X. nematophila HGB081 

cultivated in [U-
13

C] 

medium (a) and supple-

mented with L-[U-
12

C]lysine (b) or L-[U-
12

C]arginine (c).  

 

 

 

Even though these results indicate that there are no differences in the primary structure of the 

PAX peptides produced by X. nematophila strains HGB081 and F1/1, the MS/MS-
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fragmentation patterns as well as the feeding experiments could not reveal the position of the 

lysine-residue participating in the cyclic peptide bond formation with the C-terminus, which 

has been shown to be Lys
3
 for strain F1/1. To clarify this point, we acetylated the lysine 

residues in PAX peptides from strain HGB081 with acetic acid anhydride
6
 to label those 

lysine side chains that are not involved in the cyclization (Fig. S3†, Table S1†). Analysis of 

the MS/MS-ions of the fully acetylated PAX peptides 5 and 9 (Fig. S4-S5†) unambiguously 

revealed the cyclization between the ε-amino group of Lys
3 

and the C-terminus, since all but 

the originally cyclized side chain of Lys
3 

were acetylated. Thus the peptide backbones of PAX 

peptides from strain HGB081 and F1/1 are identical.  

NMR-experiments conducted by Gualtieri and coworkers
5
 revealed that the fatty acids in 

PAX peptides from X. nematophila F1/1 are iso-branched. To test whether this also applies to 

PAX peptides from X. nematophila HGB081, we fed L-[5,5,5-
2
H3]leucine and DL-

[2,3,4,4,4,5,5,5-
2
H8]valine as precursors of iso-branched fatty acids.

7
 While incorporation of 

labeled valine or leucine was observed for selected secondary metabolites (e.g. 

xenocoumacines
8
 and other peptides), no such incorporations were observed for any PAX 

peptides (data not shown), suggesting that all fatty acids in PAX peptides in strain HGB081 

are straight chain (sc) fatty acids. This was confirmed by the incorporation of [U-
2
H6]propionic acid

 
into fatty acids with an uneven number of carbon atoms (PAX3’ (3), 

PAX4’ (7), PAX 11 (11), and PAX12 (12) (Fig. S6†). The position of the double bond was 

deduced from a fatty acid analysis of strain HGB081, which showed only ω7-desaturated fatty 

acids (Table S3†). Accordingly, we assume the fatty acid moiety of 11 to be (3R)-3-

hydroxyheptadec-10-enoic acid, although this fatty acid has not been identified in the whole-

cell fatty acid analysis probably due to its minute amounts. Based on these results, thirteen 

PAX peptides could be identified in strain HGB081 differing in the amino acid at the 2-

position as well as the N-terminally linked fatty acids (Fig. 2). 

However, information regarding the absolute configuration of the PAX peptides was still 

missing. In order to determine the stereochemistry of the 3-OH fatty acid, fatty acids from an 

enriched sample of PAX peptides (Fig. S7†) were converted into their methylesters after 

peptide hydrolysis and 3-OH-groups were consecutively derivatized with (R)-(−)-α-methoxy-

α-(trifluoromethyl)phenylacetyl chloride ((R)-(–)-MTPA-Cl) according to Jenske and Vetter.
9
 

Comparison of the retention times with a (R)-(–)-MTPA-Cl-derivatized fatty acid methyl 

ester-standard containing racemic 14:0-3OH-fatty acid revealed the configuration of the 14:0-

3OH fatty acids in PAX peptides (Fig. S8†, Table S4†). The derivatized 14:0-3OH fatty acid 

from the PAX peptide sample eluted after 23.7 min and racemic 14:0-3OH fatty acids from 

the standard eluted after 23.6 min and 23.7 min. According to Jenske and Vetter
9
 as well as 

Ring and coworkers,
10

 S-enantiomers always elute prior to the corresponding R-enantiomers, 

thus 14:0-3OH fatty acids from PAX-peptides 2 and 5 likely exhibit R-configuration. 

To determine the absolute configuration of the amino acids, an SPE-enriched mixture of PAX 

peptides was analyzed according to the advanced Marfey´s method
11,12

 resulting in the 

detection of L-Arginine and D- and L-lysine (Table S5†, Fig. S9†). In order to differentiate 

between the different lysine residues, we tried to determine the absolute configuration of Lys
3
 

whose ε-amino group is involved in amide bond formation with the C-terminus. Reductive 

methylation of enriched PAX peptides by means ρ-formaldehyde and NaCNBH4 selectively 
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dimethylated lysine residues with free ε-amines while the side chain of cyclized Lys
3
 

remained unmodified as confirmed by the formation of the expected octamethyl and 

decamethyl derivatives for PAX peptides carrying five or six lysine residues, respectively 

(data not shown). After acid hydrolyzation of the methylated sample followed by Marfey’s 

analysis the configuration of Lys
3
 was assigned as D (Table S5†, Fig. S9†).

13
 

In order to determine the configuration of Lys
4
-Lys

7
, we wanted to analyze the biosynthesis 

gene cluster involved in the PAX peptide production. We have identified 17 biosynthesis gene 

clusters in the genome of X. nematophila HGB081, which might be involved in the 

biosynthesis of non-ribosomal peptides, polyketides and hybrids thereof (unpublished data). A 

detailed analysis of one of these biosynthesis gene clusters (Fig. 4) revealed that it might be 

involved in the biosynthesis of a lipoheptapeptide starting with a fatty acid followed by a 

glycine as expected for the PAX peptides. In order to prove its function, we constructed a 

plasmid insertion mutant into gene xnc1_2781. 

A comparative MALDI-time of flight analysis of strain HGB081 and the plasmid insertion 

mutant revealed that the production of PAX peptides was completely abolished in case of the 

insertion mutant (Fig. S10†). This unambiguously identified the gene cluster responsible for 

PAX-biosynthesis (Fig. 4a), which exhibited three open reading frames encoding NRPSs 

(paxABC) as well as one open reading frame coding for a transporter (paxT). A detailed 

analysis of all three NRPS open reading frames revealed eight individual modules containing 

one C (condensation), A (adenylation), and T (thiolation) domain each.
14

 The A-domain 

encoded by paxA was predicted to incorporate glycine (Table S6†). No specificity could be 

predicted for the remaining six A-domains but showed that A2 was slightly different to A3-

A7 (Table S6†). An alignment of all C-domains in the PAX-biosynthesis gene cluster with 

known C-domains as well as bifunctional C/E (condensation/epimerization) domains
15

 

revealed that the third C-domain of PaxB as well as the second and third C-domain of PaxC 

exhibit C/E-domain-character (Fig. S11†; Table S6†). C/E-domains have been shown to 

catalyze the condensation of amino acids with the non-ribosomal peptide intermediate as well 

as the epimerization of the amino acid residue incorporated by the previous module. This 

finding is in accordance with the results described above which revealed the absolute 

configuration of L-Arg
2
 and D-Lys

3
. Thus we feel confident to assign the absolute 

configuration to the remaining amino acids according to the presence of C/E-domains in the 

different modules as D for Lys
5
 and Lys

6
 (Figs. 2 and 4).  
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Fig. 4 a) Schematic illustration of the PAX-peptide biosynthesis gene cluster in X. nematophila 

HGB081. The depicted region comprises 26.3 kbp and encodes three individual NRPS-genes as well 

as a putative membrane transporter. b) Proposed biosynthesis of PAX-peptide 5 in strain HGB081. 

 

Conclusions 

Here we have elucidated the structure of novel PAX peptides including their absolute 

configuration. We did this using crude mixtures or partially purified peptide fractions by 

applying a combination of MS analyses, labeling experiments, chemical derivatization, and 

analysis of the biosynthesis gene clusters and could demonstrate the power of this approach. 

Thus, our work has set the stage for the synthesis and mode of action studies of the PAX 

peptides  and can be applied for similar compound classes avoiding time consuming and 

difficult initial isolation of these compounds.  
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7.1.2. Supplementary information 

 

Materials and methods 

 

Cultivation of strains: X. nematophila HGB081 (ATCC 19061) was maintained on LB-agar 

and grown at 30 °C for 48 h. For investigation of secondary metabolite production, 50 ml LB-

medium (pH 7.5) in 500 ml flasks were inoculated with a single colony from solid medium 

and cultivated for 72 h under permanent shaking at 120 rpm. Liquid cultures were harvested 

by centrifugation at 4000 rpm for 20 min. The supernatant was frozen at -20°C. 

 

Extraction/Enrichment of peptides: Culture supernatant was adjusted to 0.02 M TRIS/HCl 

pH 9.0, 0.1 M NH4OH and loaded onto SEP-PAK-CM solid phase extraction (SPE)-

cartridges (Waters, Eschborn, Germany). PAX peptides were eluted with 0.5 M HCl/50 % 

methanol, pH 1. After concentration of this fraction with a vacuum evaporator, the 

concentrate was diluted in 0.1 % TFA and loaded onto Strata C18E-SPE-cartridges 

(Phenomenex, Aschaffenburg, Germany) which were handled according to the manufacturer´s 

instructions. Loaded SPE-cartridges were washed with 40 % methanol/0.1 % trifluoroacetic 

acid (TFA). Peptides were eluted with 99.9 % methanol/0.1 % TFA. The eluate was 

completely dried with a vacuum centrifuge. 

 

Mass spectrometry and sample preparation: Culture supernatants, extracted peptides, and 

derivatized peptides were analyzed with a MALDI LTQ Orbitrap XL (Thermo Fisher 

Scientific, Inc., Waltham, MA) equipped with a nitrogen laser at 337 nm and used in the 

Fourier transformation mode. The following instrument parameters were used: laser energy, 

16 µJ; automatic gain control, on; auto spectrum filter, off; scan mode, full; resolution, 

100000; plate motion, survey CSPS. Spectra were analyzed and monoisotopic mass lists were 

generated using Qual Browser (version 2.0.7; Thermo Fisher Scientific, Inc., Waltham, MA). 

This software was also used for the generation of elemental formulas from high accurate 

masses. The following adjustments were used for identification of PAX-like peptides: charge, 

1; nitrogen rule, do not use; mass tolerance, 3 ppm; RDB equiv., 8-12; possible number of 

elements C, H, N, O, S, 52-56, 95-110, 13-15 (14 excluded), 5-10, respectively. 

MS/MS analysis was performed with the MALDI LTQ Orbitrap XL using identical 

parameters as described above, except of the following: resolution, 15000; wide band 

activation, on; precursor width range, optimized for every single precursor with regard to 

complete isolation. Optionally MS/MS experiments were performed using the ion trap of the 

MALDI LTQ Orbitrap XL as mass analyzer.  

Furthermore a Voyager DE-STR mass spectrometer was used, which is equipped with a 337 

nm nitrogen laser as well. MALDI-TOF parameters were polarity, positive; operation mode, 

reflector; accelerating voltage, 20 kV; grid voltage, 68.5%; delay time, 150 ns; mass range, 

500-4,000 Da; low mass gate, 450 Da; bin size, 0.5 ns. Each mass spectrum resulted from 

accumulation of 500 single spectra. Data Explorer 4.9 (Applied Biosystems, Darmstadt, 

Germany) was used for analysis of the MS spectra using the following parameters: baseline 
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correction; Gaussian smooth, 5; minimum S/N ratio, 10; mass peak filter, monoisotopic 

peaks. 

For measurement of peptides without prior processing, growth supernatants were diluted 1:2 

in 30 % ACN/0.1 % TFA. Fractions from solid phase extraction and derivatized peptide 

samples were dried in a vacuum centrifuge and dissolved with 30 % ACN/0.1 % TFA. All 

samples were mixed 1:1 with 0.5 µl of a 20 mM 4-chloro-α-cyanocinnamic acid 

(ClCCA)
293,294

 in 70 % ACN onto a polished stainless steel target and air-dried. 

 

Derivatization of PAX-peptides: SPE-enriched PAX peptides were acetylated after dilution 

in 25 mM NH4CO3 (Roth, Karlsruhe) solution resembling the volume of the culture that was 

originally extracted by SPE. One part of the dissolved extract was mixed with three parts of 

acetic anhydride/methanol (1:3) and incubated for 12 h at 24 °C. For dimethylation of lysine 

sidechains, 6.3 mg SPE-enriched and dried PAX peptides were dissolved in 100 µl methanol 

and 5.6 mg para-formaldehyde, 4.5 mg sodium cyanoborohydride, and 10 µl acetic acid were 

added.
295

 The mixture was stirred overnight at ambient temperature. 

 

Feeding experiments: The incorporation of amino acids was tested by feeding L-lysine and 

L-arginine to HGB081 cultures cultivated in [U-
13

C]medium (ISOGRO® C-powder growth 

medium 99 atom %C, Sigma Aldrich) background. The medium also contained 10 mM 

K2HPO4, 10 mM KH2PO4, 8 mM MgSO4·7H2O, and 90 µM CaCl2·H2O. X. nematophila 

HGB081 was cultivated overnight at 30 °C in 5 ml LB-medium. After centrifugation for 

5 min at 4000 rpm, the supernatant was removed and the pellet was washed once by 

resuspension in one culture volume of 
13

C-medium. After centrifugation and removal of the 

supernatant, cells were again resuspended in one culture volume of 
13

C-medium and used to 

inoculate 10 ml of 
13

C-medium with a dilution of 1:100. After 4 h L-arginine and L-lysine 

(both biochemical grade, Roth, Karlsruhe) were added separately in portions of 1 mM. 

Feeding was repeated after 14, 24, 38, 48 and 56 h resulting in a final concentration of 5 mM. 

The nature of the fatty acid starter unit of the lipopeptides produced by X. nematophila 

HGB0181 was investigated by feeding of L-[5,5,5-
2
H3]leucine, DL-[2,3,4,4,4,5,5,5-

2
H8]valine, L-phenyl-

2
H5-alanine, and [U-

2
H6]propionic acid  to LB-medium (deuterated 

compounds from Sigma-Aldrich, ≥ 98+ % deuterium). 1 ml of an overnight-culture was 

centrifuged for 1 ml and the pellet was washed with 1 ml of fresh LB-medium. The 

resuspended cells were used to inoculate 10 ml LB-medium with a dilution of 1:500. After 5 h 

of cultivation at 30 °C, deuterated compounds were separately fed to a final concentration of 

1 mM. Feeding to a concentration of 1 mM was repeated 24, 48, 72, and 96 h after inoculation 

of the culture resulting in a final concentration of 5 mM. Cultures were harvested 24 h after 

the last feeding by centrifugation at 12000 rpm for 5 min. The supernatant was frozen at -

20 °C. 

 

Determination of 3-OH-fatty acid stereochemistry: 3-OH-stereochemistry of the 14:0-3OH 

fatty acid was analyzed after derivatization of PAX-fatty acid-methylesters with (R)-(−)-α-

methoxy-α-(trifluoromethyl)phenylacetyl chloride ((R)-(–)-MTPA-Cl).
4
 For this purpose, 

SPE-enriched and dried PAX peptides were converted into their methylesters
5
 and (R)-(–)-

MTPA-Cl derivatization was performed as described before.
6
 Consecutively, stereochemistry 
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was analyzed by comparison of retention times with a (R)-(–)-MTPA-Cl derivatized BAME-

standard (Sigma) containing racemic 14:0-3OH-fatty acids.  

 

Elucidation of amino acid configuration: Amino acid configuration was determined 

according to the advanced Marfey´s method.
7-9

 Briefly, 1 mg of SPE-enriched PAX peptides 

was hydrolyzed in 6 M HCl at 110 °C overnight in an ACE-tube. After vacuum concentration 

of the hydrolyzed sample to dryness, the sample was diluted in 100 µl deionized water and 

split into two equal portions. 10 µl 1M NaHCO3 and 100 µl 1-fluoro-2,4-dinitrophenyl-5-L-

leucinamide (L-FDLA) or D-FDLA were added and the reaction was allowed to proceed at 

ambient temperature in the dark for one hour. After stopping the reaction by addition of 10 µl 

1 M HCl, samples were dried and individually diluted with 400 µl methanol. Stereochemistry 

of amino acids was determined by comparison of elution orders of the L-FDLA- and L-/D-

FDLA-derivatized samples.  

 

Construction of PAX-mutant: DNA isolation, plasmid preparation, restriction digest, PCR, 

gel electrophoresis and ligation reaction were performed according to standard methods.
10

 

PCR amplified fragments were isolated from agarose gels with the Fermentas GeneJET
TM

 Gel 

Extraction Kit (Fermentas GmbH, St. Leon-Rot, Germany). PCR experiments were conducted 

with Phusion Polymerase (Finnzymes, Espoo, Finnland) and used according manufacturer´s 

instructions. 

For construction of PAX negative strain, xnc1_2781 was disrupted by plasmid integration. 

For that purpose an internal fragment of the desired gene (544bp) was amplified with PCR. 

The PCR was performed by using Phusion polymerase (Finnzymes) and primers Xn5620-fw 

(5’-ATCGGCATGCCCGTCACCAGGGTATCAGTTCA-3’) and Xn5620-rv (5’-

ATCGGAGCTCTGCCTCCACAATGCCTTTCA-3’) containing SphI and SacI restriction 

sides (underlined). After purification of the PCR product and digest with SphI and SacI 

(Fermentas), the fragment was cloned into pDS132 plasmid
11

 with chloramphenicol resistance 

gene. The resulting plasmid-construct was introduced into E. coli S17-1 λ pir by 

elctroporation and afterwards conjugated into rifampicin-resistant X. nematophila HGB081 

strain as described previously.
12,14

 Colonies were selected by growth on LB agar containing 

chloramphenicol and rifampicin. The genotype of the resulting HGB081- xnc1_2781::cat 

mutant was verified by PCR using the two plasmid-specific primers pDS132fw (5’-

GATCGATCCTCTAGAGTCGACCT-3’) and pDS132rv (5’-

ACATGTGGAATTGTGAGCGG-3’) and two genome-specific pairs of primers vXn5620-fw 

(5’-TGGTGAAATACAAGCGATCCTC-3’) and vXn5620-rv (5’-

TTGGGGTTCACTGGTCTGGT-3’). 

The genome sequence of X. nematophila ATCC 19061 is available at the MaGe website 

(https://www.genoscope.cns.fr/agc/mage/wwwpkgdb/Login/log.php?pid=24). 
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Supplementary Figures and Tables 

 

 

Figure S1. a) CID-ion-spectrum of PAX2´ [5] ([A+H]
+
= 1080.7991 Da) recorded in FTMS-mode of a 

MALDI LTQ Orbitrap XL-mass spectrometer. b-ions are labeled with dashed/dotted lines and y-ions 

with dashed lines. For better visualization of fragment-ions below 1000 Da, this part of the spectrum is 

depicted in ten-fold magnification. b) Primary structure of PAX2´ with detected b- and y-ions. The 

fatty acid residue is depicted according to the calculation in table 1.  
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Figure S2. a) CID-ion-spectrum of PAX9 [9] ([A+H]
+
= 1106.8145 Da) detected with the linear ion 

trap of a MALDI LTQ Orbitrap XL-mass spectrometer. b-ions are labeled with dashed/dotted lines 

and y-ions with dashed lines. For better visualization of fragment-ions below 1050 Da this part of the 

spectrum is depicted in ten-fold magnification. b) Primary structure of PAX9 with detected b- and y-

ions. The fatty acid residue is depicted according to the calculation in table 1.  
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Figure S3. Positive ion mode MALDI-TOF mass spectrum of PAX-peptides extracted from X. 

nematophila HGB081 (a) and of the same sample after acetylation with acetic anhydride (b).  
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Figure S4. a) CID-ion-spectrum of acetylated 5 ([A+H]
+
= 1248.841Da) recorded in FTMS-mode of a 

MALDI LTQ Orbitrap XL-mass spectrometer. b-ions are labeled with dashed/dotted lines and y-ions 

with dashed lines. b) Primary structure of acetylated PAX2´ with detected b- and y-ions. The fatty acid 

residue is depicted according to the calculation in table 2. 

 

400 500 600 700 800 900 1000 1100 1200 1300
0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

re
la

ti
ve

 in
te

n
si

ty
 [

%
]

mass [m/z]

b4b3b2 b5 b6KAC KAC KACK

y3 y4 y5 y6
y6-NH3

y7

y7-NH3

KAC K R G

-KAC

b4

y3

KAC

y6

-14:0-3OH G - K - - -
b6b5b3

y5 y4y7

KAC KACR -

a

b

b2



 

 

139 

 

 

Figure S5. a) CID-ion-spectrum of acetylated 9 ([A+H]
+
= 1274.8531Da) recorded in the linear ion 

trap of a MALDI LTQ Orbitrap XL-mass spectrometer. b-ions are labeled with dashed/dotted lines 

and y-ions with dashed lines. b) Primary structure of acetylated PAX9 with detected b- and y-ions. 

The fatty acid residue is depicted according to the calculation in table 2. 
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Figure S6. MALDI-Orbitrap-mass spectra of culture supernatants from X. nematophila HGB081 

cultivated in LB-medium (a) and after supplementation with [U-
2
H6]propionate (b). Incorporation of 

feeding substrates is indicated by arrows (Table S1). 

 

 

 

Figure S7. Positive ion mode MALDI-TOF mass spectrum of enriched PAX peptides from 

X. nematophila HGB081. Enrichment was performed by means of weak cation exchange solid phase 

extraction (SPE) followed by reversed phase SPE. 
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Figure S8. Chromatographic determination of β-carbon stereochemistry of PAX-14:0-3OH fatty acids 

after derivatization with (R)-(–)-MTPA-Cl. Depicted are EICs (189.1 Da) of a derivatized fatty acid 

standard (green) containing S-14:0-3OH-fatty acid (S) and R-14:0-3OH-fatty acid (R) as well as of a 

derivatized sample of PAX peptide fatty acids (blue). Comparison of retention times in both samples 

revealed, that PAX peptides exclusively contain the R-enantiomer of the 14:0-3OH fatty acid.  
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Figure S9. RP-HPLC-analysis of hydrolyzed PAX-peptides before (a) and after methylation (b) and 

subsequent derivatization with L-FDLA (upper) and D-FDLA (lower). Depicted are EIC of derivatized 

amino acids. According to Fujii et al.
8,13

 the elution order of the FDLA derivatized amino acids reveals 

their stereochemistry. L-FDLA derivatized D-arginine elutes prior to the L-enantiomer whereas L-

lysine elutes prior to its D-enantiomer. D-FDLA derivatized amino acids behave inversely.  
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Figure S10. MALDI-TOF mass spectrum of an extracted culture of X. nematophila HGB081 (a) and 

of the same strain carrying a knockout of gene xnc1_2782 (b). Monoisotopic m/z of PAX-peptides are 

labeled with their compound number. XCN I-IV indicate the different xenocoumacin-derivatives that 

were detected.
14

 

 

 

 

 

Figure S11. ClustalW-alignment of C-domains in the NRPS-proteins that have been shown to catalyze 

PAX-biosynthesis. Consensus sequences of C-domains
15

 are highlighted with a yellow background, 

whereas the consensus motive of dual C/E-domains
119

 are highlighted in blue.

300 500 700 900 1100 1300mass (m/z)

4.6E+4

4.7E+4

466,3

407,2
XCNII

425,2

484,3

508,3

686,4

1052,8
1

1080,8
6

1108,8 [c
o

u
n

ts
]

a

b
0

20

40

60

80

100

re
la

ti
ve

  i
n

te
n

si
ty

[%
]

[c
o

u
n

ts
]

10

XCNVI XCNI

XCNV

0

20

40

60

80

100

re
la

ti
ve

  i
n

te
n

si
ty

[%
]

C1 C2 C3C/E
SxAQxRMWxL RHExLRTxF

C4 C5 C6
YxDYAVW IGxFVNTLxxR HQDYPFE

HHxISDGWS



 

 
144 

Table S1. PAX peptides in a culture supernatant of X. nematophila HGB081 identified by means of a MALDI-FTMS-analysis. Deviations of the calibrated m/z to theoretical m/z of PAX-peptides 

with two possible variables (fatty acid chain and aa-residue 2) are calculated in ppm. Furthermore the detected m/z as well as the relative error [Δppm] of PAX-peptides are depicted, which were 

produced after feeding of [U-2H6]propionate as well as in 13C-medium after feeding of L-[U-12C]lysine or L-[U-12C]arginine in [U13C] medium. 

no. chem. formular fatty acid aa2 12C   12C acetylated 12C+D5-prpionate 13C   13C+C12-Lys 13C+C12-Arg 

        mass [m/z] Δppm  mass [m/z] Δppm  mass [m/z] Δppm  mass [m/z] Δppm  mass [m/z] Δppm   mass [m/z] Δppm  

1 C52H100O9N13 14:1-3OH K 1050.7772 1 1260.832 4.42 n.d.  n.d.    n.d.  

2 C52H102O9N13 14:O-3OH K 1052.7926 -1.78 1262.85 4.07 n.d.  1104.9659 -2.74 

1098.945 -1.04 

n.d.  
1092.925 -0.96 

1086.99047 -1.15 

1080.8847 -1.06 

3 C53H104O9N13 15:O-3OH K 1066.8085 0.99 1276.862 3.27 1071.838 -0.5 n.d.    n.d.  

4 C52H100O9N15 14:1-3OH R 1078.7839 1.49 1246.827 3.56 n.d.  1130.9533 -3.05   n.d.  

5 C52H102O9N15 14:O-3OH R 1080.7991 1.07 1248.841 1.99 n.d.  1132.973 0.53 

1126.9519 -0.35 

1126.953 0.18 

1120.9322 0 

1114.9119 -0.18 

1108.8917 -0.27 

1102.871 -0.81 

6 C54H106O9N13 16:O-3OH K 1080.8232 0.09 n.d.  n.d.  1135.0036 -0.58 

1128.9827 -1.29 

n.d.  

1122.9628 -1.12 

1116.9431 -0.77 

1110.9227 -1.04 

1104.9025 -1.14 

7 C53H104O9N15 15:O-3OH R 1094.8145 0.83 n.d.  1099.844 -0.89 1147.991 -0.44   n.d.  

8 C56H104O9N13 18:O-3OH K 1102.8068 -0.59   n.d.  n.d.    n.d.  

9 C54H104O9N15 16:1-3OH R 1106.8145 0.82 1274.853 -0.44 n.d.  1160.9942 -0.48 

1154.9724 -1.95 

1154.974 -0.65 
1148.9528 -1.53 

1142.9327 -1.54 

1136.9119 -2.16 

10 C54H106O9N15 16:O-3OH R 1108.8306 1.22 1276.862 -5.96 n.d.  1163.0105 0.08 

1156.9996 -0.61 

1156.99 -0.09 
1144.9494 -0.62 

1138.929 -0.89 

1132.9087 -0.11 

11 C55H106O9N15 17:1-3OH R 1120.8305 1.12 1288.857 -9.78 1125.859 -1.09 n.d    n.d.  

12 C55H108O9N15 17:0-3OH R 1122.8447 -0.17 n.d.  1127.876 -0.43 n.d.    n.d.  

13 C56H108O9N15 18:1-3OH R 1134.8458 0.8 1302.883 -1.74 n.d.  1191.0328 0.03 

1185.0114 -1.07 

1185.012 -0.81 1178.991 -1.33 

1172.971 -1.25 

1166.9508 -1.35 
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Table S2. m/z and mass errors of b- and y-ions generated by CID of 2, 3, 5, 9, 10, and 13 as well as of 

acetylated derivatives from 5 and 9.  

 

 

 

 

Table S3. Fatty acid composition of cells from X. nematophila HGB081. All fatty acids were 

converted into their methylesters. Hydroxyl groups were trimethylsyliated.  

Fatty acid Percentage of total 
fatty acids [%] 

12:0 1.29 

iso-13:0 0.43 

13:0 0.04 

14:0 6.58 

12:0 3-OH 0.12 

iso-15:0 0.85 

15:1 0.38 

15:0 1.85 

13:0 3-OH 0.04 

16:1ω7c 4.76 

16:0 40.75 

14:0 3-OH 7.16 

iso-15:0 3-OH 0.28 

16:0 9,10cyclopropyl 20.07 

17:0 0.72 

18:1w7c 6.50 

iso-16:1 3-OH 0.20 

18:0 1.50 

16:0 3-OH 0.43 

18:0 11,12cyclopropyl 6.05 
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Table S4. Chromatographic determination of β-carbon stereochemistry of PAX-14:0-3OH fatty acids 

after derivatization with (R)-(–)-MTPA-Cl. Retention times (tR) and configuration of hydroxylated 

fatty acids in the BAME standard are given as well as the retention time and deduced stereochemistry 

of the PAX-14:0-3OH fatty acids. 

 

 

 

 

Table S5. Determination of absolute amino acid configuration in PAX peptides by means of the 

advanced Marfey´s method.
8,13

 Depicted are the retention times (tR) of amino acids after derivatization 

with L-FDLA and L-FDLA/ D-FDLA. The elution orders of the amino acid stereoisomers are shown 

according to the literature.
13

  

sample amino acid tR L-FDLA 
[min] 

tR L-/D-FDLA 
[min] 

elution order F-
FDLA289 

unmodified lysine 
arginine 

26.5/28.2 
8.5 

26.5/28.2 
7.8/8.5 

L→D 
D→L 

methylated lysine 
dimethyl-

lysine 

28.2 
8.1/8.6 

26.5/28.2 
8.1/8.7 

L→D 
? 
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Table S6. Identified genes in the PAX-biosynthesis gene-cluster in X. nematophila HGB081. Depicted are the names of the encoded proteins as well as the 

predicted NRPS-domains, their position in the protein, and presumed function. Furthermore the closest homologues of each gene with identities/ positivities as 

well as the origin-species and accession number are depicted. 

gene protein presumed function domain position specificity/motiv closest homologue identity/  
positivity 

origin accession no. 

xcn1_2784 PaxT ABC-transporter    ABC transport protein  
(XpsD; Fragment; modular 

protein) 

78/88 X. bovienii  
SS-2004 

YP_003468053.1 

xcn1_2783 PaxA NRPS C 
A 
T 

10-446 
457-982 

994-1058 

 
NosC-M2-Gly/D I L Q I G L I 

peptide synthetase 
 XpsA 

62/75 X. bovienii  
SS-2004 

AAL57599.1 

xcn1_2782 PaxB NRPS C 
A 
T 
C 
A 
T 

C/E 
A 
T 

46-486 
497-1030 

1042-1106 
1128-1566 
1577-2110 
2122-2185 
2224-2670 
2681-3213 
3225-3289 

 
no hit/D T S D I G S V 

 
 

no hit/D T S D I G S V 
 
 

no hit/D T S D I G T V 

peptide synthetase  
XpsB 

68/81 X. bovienii  
SS-2004 

YP_003468051.1 

xcn1_2781 PaxC NRPS C 
A 
T 

C/E 
A 
T 

C/E 
A 
T 

TE 

42-480 
491-1024 

1036-1099 
1138-1557 
1590-2123 
2135-2198 
2237-2681 
2692-3225 
3237-3301 
3327-3586 

 
no hit/D T S D I G S V 

 
 

no hit/D T S D I G S V 
 
 

no hit/D T S D I G S V 

peptide synthetase  
XpsB 

64/78 X. bovienii  
SS-2004 

YP_003468050.1 
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Abstract 

Although sharing a certain degree of structural uniformity, natural product classes exhibit 

variable functionalities such as different amino acid or acyl residues. During collision induced 

dissociation some natural products exhibit a conserved fragmentation pattern close to the 

precursor ion. The observed fragments result from a shared set of neutral losses, creating a 

unique fragmentation pattern, which can be used as a fingerprint for members of these natural 

product classes. The culture supernatants of 69 strains of the entomopathogenic bacteria 

Photorhabdus and Xenorhabdus were analyzed by MALDI-MS
2
 and a database comprising 

MS
2
 data from each strain was established. This database was scanned for concordant 

fragmentation patterns of different compounds using a customized software, focusing on 

relative mass differences of the fragment ions to their precursor ion. A novel group of related 

natural products comprising 25 different arginine-rich peptides from 16 different strains was 

identified due to its characteristic neutral loss fragmentation pattern and the structures of eight 

compounds were elucidated. Two biosynthesis gene clusters encoding nonribosomal peptide 

synthetases were identified, emphasizing the possibility to identify a group of structurally and 

biosynthetically related natural products based on their neutral loss fragmentation pattern. 
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Introduction 

The complex life cycle of the entomopathogenic bacterial genera Xenorhabdus and 

Photorhabdus encompasses symbiotic interactions with their nematode hosts as well as 

pathogenicity towards the infected insect larvae.
1,2

 An additional requirement posed by the 

occupied ecological niche is the ability to defend the insect cadaver against pro- and eu-

karyotic food competitors.
3
 These multiple interactions of entomopathogenic bacteria with 

their environment are partly governed by a variety of secreted secondary metabolites, 

exhibiting variable biological activities.
3,4

 During our search for novel natural products from 

these bacteria, we tried to identify natural products, which are present in several different 

strains. The rationale behind this was that the conserved production of a natural product or its 

derivatives in several different species would make this particular compound-family more 

likely to be of ecological importance for the entomopathogenic bacteria and thus more 

probable to exhibit an interesting bioactivity. Since this survey requires the analysis of a large 

number of strains and compounds, an automated screening methodology had to be developed, 

which facilitates the identification of natural products without their time consuming isolation. 

Although sharing a certain degree of structural uniformity, members of a family of related 

natural products, which we tried to identify in here, exhibit variable functionalities such as 

different amino acid or acyl residues as well as other modifications.
5
 Thus an automated 

screening approach for the identification of novel members of a natural product-family cannot 

only focus on mass and/or retention time. In case of ribosomally or non-ribosomally derived 

peptidyl natural products such a screening could for example be based upon the search for 

shared amino acid-residue mass-shift series in tandem mass spectrometry (MS
2
) experiments 

as shown previously by Kersten et al.
6
 They used the identified shift series to characterize the 

corresponding peptide natural products and to link them to the genetic locus of their 

respective biosynthetic pathways. Another possibility would be the utilization of characteristic 

neutral loss- and/or fragment-ions, the so called neutral loss- and product ion scanning, for the 

identification of related natural products, as it is generally used for drug metabolite studies.
7-9

 

Furthermore, the MS
2
 based neutral loss scanning is also commonly applied for the 

identification of phosphorylation- or glycosylation sites in proteins,
10,11

 and could also be used 

to identify natural products which are phosphorylated or glycosylated.  

Here, we describe a screening methodology for the identification of a peptidyl-natural 

product-family with limited backbone fragmentation (strongly reduced formation of series 

ions: a-, b-, c- and x-, y-, z-ions) based on its conserved neutral loss fragmentation pattern 

(NLFP). This screening approach uses a conserved pattern of neutral loss signals occurring in 

collision induced dissociation-MS
2
 experiments in a mass range close to the precursor ion (< 

150 Da) for the identification of related peptides. In case of the investigated group of 

arginine-rich peptidyl natural products, this fragmentation pattern, which was comprised of at 

least five neutral loss signals, is highly conserved and was used as a fingerprint for the 

identification of structurally related peptides. Thus, overall 25 novel natural products were 

identified using this approach and the structures of eight novel arginine-rich compounds from 

different Xenorhabdus species were elucidated using a combination of labeling experiments 

and detailed MS and MS
2
 analysis. Subsequent structure-guided genome mining of two of the 

identified producing strains revealed genes encoding nonribosomal peptide synthetases 
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(NRPS) with a high correlation between the predicted and the identified structure. Therefore 

our NLFP-based screening approach was comparably successful in linking nonribosomal 

peptide-natural products to the genetic loci of their corresponding NRPS as the search for 

amino acid residue shifts as described previously
6
. In the presented study, matrix assisted 

laser desorption/ionization (MALDI)-mass spectrometry was used for screening of the 

investigated samples, since we found it to be well suited for the analysis of basic peptides as 

well as for the rapid and gentle analysis of culture supernatants.  

 

Experimental Section 

Cultivation of strains 

Xenorhabdus and Photorhabdus strains were kept on LB-agar plates at 30 °C. Precultures 

were cultivated overnight in 5 ml LB-medium at 30°C under permanent shaking. For 

screening, 10 ml LB-medium was inoculated 1:100 from the preculture and cultivated in 50 

ml flasks at 200 rpm and 30 °C. Culture supernatants were harvested after 72 h by 

centrifugation at 10,000 rpm for 10 min. 

Feeding experiments 

Based on the described combination of biological labeling and MS analysis,
12-14

 strains were 

cultivated in [U-
15

N]-medium (ISOGRO® 
15

N-powder growth medium 99 atom %N, Sigma 

Aldrich) to identify the number of nitrogen atoms. The incorporation of [U-
12

C]-amino acids 

into 1-like compounds was tested by cultivation of strains in [U-
13

C]-medium (ISOGRO® 
13

C-powder growth medium 99 atom %C, Sigma Aldrich) background. Both media also 

contained 10 mM K2HPO4, 10 mM KH2PO4, 8 mM MgSO4·7 H2O, and 90 µM CaCl2·H2O. 

Bacterial strains were cultivated overnight at 30 °C in 5 ml LB-medium. After centrifugation 

for 5 min at 4000 rpm, the supernatant was removed and the pellet was washed once by 

resuspension in one culture volume of the respective ISOGRO®-medium. After 

centrifugation and removal of the supernatant, cells were again resuspended in one culture 

volume of the ISOGRO®-medium and used to inoculate 10 ml of the ISOGRO®-medium 

with a dilution of 1:100. After 3 h, the [U-
12

C]-building blocks of interest (arginine, leucine, 

isoleucine, valine, putrescine, phenylethylamine, putrescine dihydrochloride, and 

phenylethylamine) were added separately in portions of 1 mM. Feeding was repeated after 5, 

20, 28, 44, 52, and 68 h, resulting in a final concentration of 7 mM. Incorporation of leucine 

was also investigated by feeding of L-[5,5,5-
2
H3]leucine (Sigma-Aldrich, ≥ 98+ % deuterium) 

to LB-medium, where strains were handled as described above, except for the cultivation 

medium. Cultures were harvested 24 h after the last feeding by centrifugation at 12000 rpm 

for 5 min. The supernatant was frozen at -20 °C. 

 

Sample preparation and MALDI-MS as well as MALDI-MS
2
 

Culture supernatants were prepared for MALDI-analysis as 1:6 dilution in 30 % acetonitrile 

(ACN) with 0.1 % trifluoracetic acid (TFA). All samples were mixed 1:2 with 1 µl of a 20 

mM 4-chloro-α-cyanocinnamic acid (ClCCA)
15,16

 in 70 % ACN and spotted onto a polished 

stainless steel target and air-dried. MALDI-MS and MALDI-MS
2
 analysis was performed 
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with a MALDI LTQ Orbitrap XL (Thermo Fisher Scientific, Inc., Waltham, MA) equipped 

with a nitrogen laser at 337 nm. The following instrument parameters were used: laser energy, 

15 µJ; automatic gain control, on; auto spectrum filter, off; resolution, 100000; plate motion, 

survey CPS. For calculation of sum formulas, mass spectra were internally calibrated by using 

calibration mixture 2 (Applied Biosystems, Sequazyme™ peptide mass standards kit). CID-

MS
2
 experiments were in part performed in FTMS-mode by using the following parameters: 

resolution, 7500; wide band activation, on; precursor width range, optimized for every single 

precursor with regard to complete isolation; normalized collision energy, 40; Act. Q., 0.25; 

Act. Time, 30.0. Additionally, some MS
2
 experiments were performed in HCD-mode using 

the following parameters: Act. Type, HCD; normalized collision energy, 45; Act. Q., 0.25; 

Act. Time, 30.0. When MS/MS-experiments were measured in ITMS mode, the following 

parameters were applied: Scan rate, normal; Act. Type, CID; Scan Type, full. Spectra were 

analyzed and possible sum formulas were calculated by using Qual Browser (version 2.0.7; 

Thermo Fisher Scientific, Inc., Waltham, MA). Internally calibrated spectra for sum formula 

calculation were measured as triplicates. 

Derivatization with acetylacetone  

For improved sequence-ion generation of arginine containing compounds during CID-MS
2
, 

arginine residues were converted into N
5
-(4,6-dimethyl-2-pyrimydinyl)-ornithine (pyo) 

residues using acetylacetone derivatization as described by Dikler et al.
17

 This resulted in a 

reduced gas phase basicity of arginine side chains, thus promoting the fragmentation at 

peptide bonds, resulting in a strong promotion of sequence ions. Briefly, sterile culture 

supernatants of producing strains were mixed 1:1 with acetylacetone and shaked at 900 rpm 

and 50 °C for five days, resulting in the partial formation of completely derivatized 

compounds according to the number of arginine residues per molecule. Compounds of interest 

were enriched using C18 solid phase extraction (SPE). Strata-C18E SPE-columns 

(Phenomenex, Germany) were conditioned according to the manufacturer and equilibrated 

with aqueous 0.1 % TFA. Supernatants were mixed 1:1 with aqueous 0.1 % TFA and loaded 

onto the cartridge. The compounds were eluted with 10 % ACN/0.1 % TFA, 40 % ACN/0.1 

% TFA, and 99.9 % ACN/0.1 % TFA. After evaporation to dryness, samples were dissolved 

in 70% ACN/0.1 % TFA and subjected to MALDI mass spectrometry.  

Screening for conserved neutral loss fragmentation patterns 

In order to find relatively similar tandem mass spectra similar to the tandem mass spectrum of 

1, a customized software in the Ruby programming language was developed. MALDI-CID-

ITMS
2
 scans in Thermo-Finnigan .RAW format were converted with Thermo-Finnigan 

Xconvert software to a parseable text format, which was read by our software. Intermediate 

data were stored in a standard SQLite SQL database. To find relatively similar tandem mass 

spectra, each spectrum was pre-processed as follows: Only peaks within a set window around 

the precursor ion mass-over-charge (m/z) ratio were considered (< 150 Da); of every of these 

peaks, lateral peaks within a small m/z window were ignored (< 1 Da), in order to counteract 

isotopic distribution patterns; peaks below a minimal relative intensity were ignored (< 10%). 

As comparing each spectrum with every other in an O(n²) operation, which is time-

consuming, the comparison was sped up as follows: For every spectrum, peaks' m/z ratios 

were binned to bits in a bit-array, where every set bit corresponds to a peak within a pre-set 
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m/z range. As it is computationally fast to perform the bitwise AND operation with these bit-

array simplified mass spectra representations, patterns having no similar peak in common 

would yield a zero result with the bitwise AND operation and could be skipped. Non-zero 

results were potential candidates for more precise checks, where concordant signals below a 

mass deviation of 0.1 Da were listed as positive hits. Compounds, which were additionally 

subjected to a manual verification of the fragmentation pattern similarity (listed in Table S9) 

had to exhibit a minimal number of five concordant neutral loss signals compared with the 

query tandem mass spectrum of 1. The software tool is free to download from 

http://www.uni-frankfurt.de/fb/fb15/institute/inst-3-mol-biowiss/AK-Bode/index.html. 

Enrichment of compounds using SPE 

Extraction of compounds from culture supernatants was performed with cation exchange-

solid phase extraction (CE-SPE). Strains were cultivated for 72 h in LB medium at 30 °C and 

harvested by centrifugation for 10 min with 10,000 rpm. Filtrated supernatants were adjusted 

to 20 mM TRIS/HCl pH 9 and loaded onto a SEP-Pak CM cartridge (Waters, Eschborn). 

After removal of unspecifically bound material with methanol, compounds of interest were 

eluted with 50 % methanol/0.5 M HCl. Following neutralization of the sample with 

ammonium hydroxide solution, the sample was evaporated to dryness. Dried samples were 

diluted in water (0.1% TFA) and loaded onto a C18E SPE-cartridge (Phenomenex, 

Aschaffenburg). Compounds were eluted with 10, 20, 30, 40, and 99.9 % ACN (0.1 % TFA 

each) to remove additional CE-SPE-enriched compounds with different hydrophobicity, 

analyzed by means of MALDI-MS, and evaporated to dryness.  

HPLC-purification of bicornutin A (1) for structure elucidation by NMR 

Three liters of a X. budapestensis DSM 16342 which was cultivated for 72 h were centrifuged 

at 10,000 rpm for 20 minutes. The culture supernatant was adjusted to 20 mM TRIS/HCl pH 9 

and loaded onto a manually packed Phenomenex Strata-WCX column. After washing with 

methanol, compounds of interest were eluted with 50 % methanol/0.5 M HCl. Following 

neutralization of the sample with ammonium hydroxide solution, the sample was evaporated 

to dryness. The dried samples was diluted in water (0.1% TFA) and loaded onto a C18E SPE-

cartridge (Phenomenex, Aschaffenburg). Bicornutin A was eluted with 10 % ACN/0.1 % 

TFA. The dried fraction was dissolved in water (10 mM K3PO4 pH 11.7) and applied onto a 

waters X-bridge column. Eluent A was aqueous 10 mM K3PO4 pH 11.7 and eluent B was 

ACN. A twenty minute gradient from 5 % to 95 % eluent B was used. 0.5 minute fractions 

were collected and analyzed by means of MALDI-mass spectrometry. Pure bicornutin A 

fractions were used for structure elucidation by means of NMR and the advanced Marfey´s 

method.
18-20

  

Pronase digestion and TMTzero derivatization  

Enriched compounds were adjusted to a concentration of 1 µg/µl in water. 38 µl of the sample 

was mixed with 2 µl Pronase (Roche, Mannheim) to result in a final pronase concentration of 

50 ng/µl. The sample was digested for 18 h at 37°C. Pronase was partially heat inactivated by 

incubation at 70 °C for 10 min. For TMTzero derivatization,
21

 the sample was adjusted to 

67.5 mM triethylammonium bicarbonate (TEAB) and mixed with 10 µl TMTzero reagent, 
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which was dissolved in ACN according to the manufacturer´s instruction. After 1 h, the 

reaction was stopped by addition of 8 µl 5% hydroxylamine solution.  

Isolation of genomic DNA and genome sequencing 

Genomic DNA of X. budapestensis DSM 16342 and X. miraniensis DSM 17902 was isolated 

using the Puregene Yeast/Bact. Kit B (Qiagen). In order to identify the biosynthesis gene 

cluster responsible for the biosynthesis of bicornutin A and HCTA-peptides, respectively, 

both genomes were sequenced by Eurofins MWG Operon (Ebersberg, Germany) using next 

generation sequencing technology. NRPS and PKS gene clusters were identified in the 

resulting contigs using the antiSMASH software.
22

 

 

In silico analysis of the NRPS 

A-, T-, and C- Domains were identified using the PKS/NRPS analysis website
213

 as well as 

the NRPSpredictor2.
24

 C/E-domains were identified through alignment with several known 

Photorhabdus and Xenorhabdus C/E-domains.
14 

Alignments were performed with geneious 

version 5.5.6. The sequence of BicA was submitted to the NCBI database (accession number: 

AFP87549).  

 

Heterologous expression of bicA in E. coli 

The putative gene bicA encoding the bicornutin A NRPS was cloned upstream of the tacI-

promoter of the pCola-Duet vector using the Gibson Assembly Master Mix (New England 

biolabs). The following primers containing homology arms to a SdaI- and XhoI-restricted 

pCola-tacI-vector were used for amplification of the bicA gene: 5´-

TCGAGCTCGGCGCGCCTGCAGGCATGAAAGATAACATTGCTACAGTGGCAAATA

G-3 and 5´-

CAGCGGTTTCTTTACCAGACTCGAGTGAAATTAATACTATTGCTCTGCTGATATCA

G-3. The resulting vector pCola-bicA as well as the vector pCK4-mtaA encoding the MtaA 

phosphopantetheinyl transferase
25

 were cotransformed into E. coli DH10B and E. coli DH10B 

ΔilvE which was cultivated in LB medium containing 50 µg/ml kanamycin and 68 µg/ml 

chloramphenicol. Briefly, 5 ml of the medium was inoculated 1:50 with an overnight culture 

and cultivated to an OD600 of 0.9. Expression of bicA was induced by addition of IPTG to 

0.05 mM. At the same time L-arginine, L-leucine or L-[2,3,3,4,5,5,5,5´,5´,5´-
2
H10]leucine, as 

well as putrescine were added to final concentrations of 2 mM each. Addition of amino acids 

and putrescine was repeated after 12 and 22 hours. Cultures were harvested after 42 h by 

centrifugation and the cell free supernatant was analyzed by MALDI-mass spectrometry as 

described above. 

 

Synthesis of all-L and all-D bicornutin A1 

In order to identify bicornutin A in HPLC/MS analysis for its preparative isolation an all-L 

and all-D derivatives were synthesized and used as HPLC standard. Peptides were synthesized 

on a 2-chlorotrityl chloride resin (Novabiochem, Darmstadt, Germany) in a 50 µmol scale on 

the Discover CEM System with standard 9-fluorenylmethoxycarbonyl/tert-butyl (Fmoc/
t
Bu) 

chemistry. Amino acid derivatives (> 98 %; Iris Biotech, Marktredwitz/Novabiochem, 
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Darmstadt, Germany) and putrescine (> 98 %; Sigma Aldrich, Munich, Germany) were 

activated in situ with O-benzotriazole-N,N,N’,N’-tetramethyl-uronium-hexafluoro-phosphate 

(HBTU; Novabiochem, Darmstadt, Germany) in the presence of N,N-diisopropylethylamine 

(DIEA; Novabiochem, Darmstadt, Germany).
26

 All Fmoc-derivatives were cleaved with 

trifluoracetic acid (TFA; Iris Biotech, Marktredwitz, Germany) containing 2.5 % deionized 

water and 2.5 % triisopropylsilane (Alfa Aesar, Karlsruhe, Germany). The cleaved peptides 

were precipitated with cold diethyl ether (> 99.9 %; Sigma Aldrich, Munich, Germany) and 

purified by RP-HPLC coupled with ESI-MS using a linear aqueous acetonitrile gradient in the 

presence of an ion pair reagent (eluent A: 0.1 % aqueous formic acid; eluent B: acetonitrile 

containing 0.1 % formic acid) and a Xbridge C18-column (19 mm internal diameter, 150 mm 

length, 5 μm particle size; Waters, Eschborn, Germany). The purified peptides were analyzed 

by RP-HPLC coupled with ESI-MS and an Acquity UPLC BEH C18-column (2.1 mm 

internal diameter, 50 mm length, 1.7 µm particle size; Waters, Eschborn, Germany) using a 

linear gradient from 5 % B to 95 % B for 12 min in the presence of an ion pair reagent 

(eluent A: 0.1 % aqueous formic acid; eluent B: acetonitrile containing 0.1 % formic acid). 

Afterwards the Fmoc-protecting group was cleaved in solution by incubating the peptides 

with 20 % diethyl amine in dimethylformamide for two hours. The solvents were vaporized 

under reduced pressure, the residue was solved in methanol and afterwards precipitated with 

cold diethyl ether. 

 

Results and Discussion 

During our search for novel bioactive compounds from Xenorhabdus and Photorhabdus 

strains, the work from Böszörményi and coworkers attracted our attention where natural 

products from X. budapestensis DSM 16342 were identified but their structures were only 

partially elucidated.
309

 Bicornutin A (1) was identified as a linear hexapeptide (RLRRRX) 

with an unknown C-terminal residue (X) and a possible antimicrobial activity against Erwinia 

amylovora, Bacillus subtilis, and Phytophthora nicotianae.
27

 Our attempt to fully elucidate 

the primary structure of 1 by MALDI-CID-MS
2 

analysis failed due to missing sequence 

information in the MS
2
 data. Most probably as a result of the high basicity of 1, which 

contains four arginine residues, protons are sequestered from the peptide backbone. Thus 

collision induced backbone fragmentation is prevented (Fig. 1a).
17

 However, after 

derivatization of arginine residues (Arg) with acetylacetone to form the less basic 4,6-

dimethyl-2-pyrimidinyl-ornithine residues (Pyo),
17

 the complete primary structure was 

disclosed, highlighting the residual mass of the unknown C-terminal residue as 88.1 Da (Fig. 

1b; Table S1; for the structure of Pyo, see Fig. S1). Consecutive application of a combination 

of labeling and MS analysis using an inversed feeding approach
14

 with [
12

C4]putrescine in a 

[U-
13

C] culture of X. budapestensis, revealed putrescine as the C-terminal residue of 1 (Fig. 

S2 and S3, Fig. 2a). This was also confirmed by high resolution MALDI-MS data, which 

confirmed the expected sum formula (Table S2). The all-L and all-D derivatives of 1 were 

synthesized in order to confirm MS
2
 results of the acetylacetone derivatized compounds and 

no difference to natural 1 was observed (data not shown). Furthermore chromatographic 

properties of the synthetic derivatives were analyzed to optimize a purification strategy (see 

below). 
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To verify the deduced structure of 1 as well as to identify whether 1 is produced ribosomally 

or nonribosomally, we sequenced the genome of X. budapestensis DSM 16342. An 

antiSMASH
22

 in silico analysis of the received contigs resulted in the identification of one 

gene (bicA, Genebank asc.no.: will be added after acceptance) encoding a nonribosomal 

peptide synthetase (NRPS), which was named BicA as it seemed to contain the catalytic 

domains required for the biosynthesis of 1 (Fig. S4, Table S3). To confirm this, bicA was 

cloned into a pCola-tacI expression vector, which allowed for the heterologous expression of 

the gene in E. coli DH10B. To assure complete phosphopantetheinylation of BicA, the MtaA 

phosphopantetheinyl transferase was coexpressed and putrescine and phenylethylamine were 

fed to provide the necessary building blocks. MALDI-MS analysis of the culture supernatants 

resulted in the identification of compounds 1 and 2 which revealed the identified NRPS to be 

responsible for biosynthesis of bicornutin A (Fig. S5, Table S4). Three dual condensation 

epimerization domains were identified in BicA (Table S5), suggesting that three of the four 

arginine residues probably exhibit R-configuration and that the leucine exhibits L-

configuration. To confirm this, a feeding experiment with L-[D10]leucine was conducted to 

reveal the configuration of the leucine-residue in 1. According to our recently published 

data,
14

 feeding of a completely deuterated L-amino acid precursor allows the determination of 

amino acid configurations in a NRPS-derived peptide by MS analysis. However, these 

experiments have to be performed in a bacterial strain that is incapable of transaminating the 

tested amino acids. Thus an E. coli DH10B ΔilvE strain was used for expression of bicA and 

mtaA and L-[D10]leucine as well as putrescine was fed. This resulted in production of 1 and 2 

with the incorporation of a [D10]leucine (Fig. S6., Table S6). Thus the leucine residue in 1 and 

2 exhibits L-configuration. Unfortunately, the absolute configuration of the arginines could 

not be determined using a similar approach since deuterated arginine is very expensive. 

However, since leucine has L-configuration, which is in accordance with the observed NRPS-

architecture (Fig. S4), we deduced that the stereochemistry of the arginine residues also 

correlates to the occurrence of C/E-domains in BicA (Fig. 2). Using a large-scale cultivation 

followed by preparative HPLC/MS, 1 could be isolated, its structure solved by detailed NMR 

spectrometry (Fig. S7, Table S7) and the absolute configuration of the leucine was confirmed 

as L using the advanced Marfey’s method (Table S8). BicA furthermore contains a terminal 

condensation domain, which completes the bicornutin A biosynthesis by condensation of the 

BicA-bound pentapeptide with a putrescine. The antimicrobial activity of isolated 1 and its 

synthesized all-L and all-D derivatives was tested against Pseudomonas aeruginosa, 

Escherichia coli, Staphylococcus aureus, and Candida albicans but no activity was observed. 

 

As 1 exhibited an unprecedented CID-MS
2
 fragmentation pattern without intensive sequence 

ions but dominated by supposable neutral loss signals (Fig. 1a), we were curious about the 

chemical nature of these neutral losses. Thus the MALDI-CID-MS
2
 fragmentation patterns of 

1 from strain DSM 16342 grown in [U-
12

C/U-
14

N], [U-
12

C/U-
15

N], and [U-
13

C/U-
14

N] 

medium were analyzed (Fig. 3). Analysis of the differences of the neutral loss mass shifts 

from each of the three isotopologous precursor ions revealed the chemical composition of 

each neutral loss signal. The neutral loss of one carbodiimide (CN2H2; 42.0 Da) or one 

guanidinium (CN3H5; 59.1 Da) as well as two simultaneous neutral losses, namely two 
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ammonia (N2H6; 34.1 Da), two carbodiimide (C2N4H4; 84.0 Da), one guanidinium and one 

ammonia (CN4H8; 76.1 Da), and one guanidinium and one carbodiimide (C2N5H7; 101.1 Da) 

were detected, respectively (Fig. 3). In accordance with the assumption that during the CID-

process protons are sequestered from the peptide backbone by the guanidinium groups, the 

above mentioned neutral losses resulted from fragmentation of arginine sidechains. 

  



 

 

160 

 

 

Fig. 1. MALDI-CID-FTMS tandem mass spectrum of (a) underivatized bicornutin A1 (1) and (b) after 

derivatization of arginine residues into 4,6-dimethyl-2-pyrimidinyl-ornithine residues (Pyo, depicted 

as Arg*) with acetylacetone. The derived primary structures with an unknown C-terminal residue (X) 

with a residual mass of 88.1 Da are given in boxes. The arrow indicates the mass of the precursor ion. 
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Fig. 2. (a) Structures of bicornutin A1 (1) and A2 (2) from X. budapestensis DSM 16342. The 

stereochemistry of the compound was elucidated by the described feeding approach as well as by the 

advanced Marfey´s method. Additionally, the depicted stereochemistry is in accordance with the C/E-

domain positioning in BicA (Fig. S4). (b) Structures of RILXIRR-peptide A 3 (R = H) and B 4 (R = 

CH3) identified in X. indica DSM 17382. 
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Fig. 3. Identification of the elemental composition of neutral losses occurring after CID of 1. Neutral 

losses of the following bicornutin A1 (1) isotopologues were compared: [U-
12

C/U-
14

N] (a), [U-
13

C/U-
14

N] (b), and [U-
12

C/U-
15

N] (c). Comparison of the relative mass differences of the neutral loss signals 

to the three different precursor-ion isotopologues were used to calculate their elemental composition. 
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Given the unique fragmentation pattern of 1, we tried to identify additional members of this 

class of natural products, which should exhibit a similar NLFP. Hence a software for the 

identification of compounds with a similar NLFP was developed, which uses a database 

comprising the MALDI-CID-MS
2
 data of the culture supernatants from our 

Xenorhabdus/Photorhabdus strain collection. This software compared the MS
2
 fragmentation 

patterns of precursor ions in the database with the NLFP of a desired compound-MS
2
 

spectrum with regard to relative similarity of the mass difference of MS
2
-signals to the 

precursor ion. Though only signals with a minimal relative intensity of 10 % were considered 

for the similarity search. Furthermore, a maximal mass deviation of 0.1 Da for signals was 

permitted. Consecutively, the NLFP of 1 was queried to our database. When we analyzed for 

compound ions exhibiting at least five similar neutral loss signals, we identified sixteen 

additional strains that produced in total twenty five different natural products exhibiting a 1-

like NLFP, not counting the number of redundant compounds (Fig. S8, Table S9). After the 

software output was confirmed manually, the structure of additional members of this family 

of arginine rich peptides should be elucidated. Therefore the already optimized structure 

elucidation strategy for these compounds was applied, based upon conversion of Arg into Pyo 

followed by MALDI-CID-MS
2
. Among these compounds, we identified a derivative of 

compound 1 from X. budapestensis DSM 16342 named bicornutin A2 (2) (859.59 Da) which 

exhibited a C-terminal phenylethylamine residue instead of the putrescine residue (Fig. 2a; 

Fig. S2, Fig. S3, and Table S2). 

MALDI CID-MS
2
 data of the acetylacetone derivatized compounds from X. indica DSM 

17382 that showed a similar NLFP (995.75 Da (3) and 1009.77 Da (4)), again indicated the 

presence of a C-terminal putrescine residue (Fig. S9, Table S10 and Fig. S10, Table S11). 

Furthermore two adjacent Arg, one N-terminal Arg, as well as three leucine- or isoleucine-

residues (Xle) and one valine residue (Val) in case of 3 or four Xle in case of 4 were 

identified. Labeling experiments in strain X. indica DSM 17382 (Fig. S11-S12, Table S12) 

validated the CID-MS
2
 data, since compound 3 displayed the incorporation of one leucine- 

(Leu), two isoleucine- (Ile), and one valine-residue, whereas in 4, Val was replaced by one 

additional Ile. To elucidate the complete primary structure of 4 including the position of the 

Leu moiety, MALDI CID-MS
2 

experiments of the acetylacetone derivatized [
2
H9]Leu 

isotopologues of 4 were performed. This allowed the exact positional determination of the 

single leucine present in both compounds (Fig. S13; Table S13+S14, Fig. 2b). Compounds 3 

and 4 were termed RILXIRR-peptide A and RILXIRR-peptide B, respectively, according to 

their primary structure.  

When the MALDI CID-MS
2
 data of the acetylacetone derivatized compounds from X. 

miraniensis DSM 17902 (974.63 Da (5) and 988.65 Da (6)) were analyzed, which potentially 

belonged to the family of arginine-rich peptides, no mass shifts resulting from a C-terminal 

putrescine residue were found (Fig. S14). Additionally, CID-MS
2
 spectra were more complex 

in comparison to the CID-MS
2
 spectra of acetylacetone derivatized 1. In accordance with the 

high resolution MALDI-MS data (Table S15), this was likely due to the cyclic character of 

the peptides. MALDI CID-MS
2
 analysis of 5 indicated the presence of one histidine residue 

(His) as well as one Val and one Xle, in addition to the mandatory Arg-residues (Fig. S14). 

This was also confirmed by labeling experiments (Fig. S15 and S16). Since the deduction of 



 

 

164 

the cyclic primary structure of 5 and 6 from their CID-MS
2 

spectra was not possible (Fig. 

S14c), the compounds were enzymatically linearized using a partial pronase digestion to 

facilitate the analysis of the CID-MS
2 

spectra of the hydrolysis products. Pronase digestion 

resulted in the generation of the linear peptide as well as several additional exoprotease 

cleavage products (Fig. S17). According to the CID-MS
2
 analysis of the fragments with 

869.59 Da (Fig. S18) and 850.69 Da (Fig. S19), the most intensive fragment from the pronase 

digestion (713.49 Da) exclusively resulted from the initial loss of the histidine-residue 

followed by the loss of one arginine-residue. Accordingly, the complete primary structure 

could be derived from MS
2 

analysis of the 713.49 Da fragment from 6 and the corresponding 

fragment from 5 (Ile → Val) with 699.48 Da. To facilitate differentiation between C- and N-

terminal sequence ions we derivatized the digested sample with the N-terminal specific 

TMTzero reagent.
307

 The resulting HCD-MS
2
 spectra from the derivatized fragments 699.48 

Da (Fig. S20, Table S16) and 713.49 Da (Fig. S21, Table S17) furthermore clarified the 

primary structure of 5 and 6, which were named HCTA-peptide A and B, respectively, for 

HeptaCycloTetraArginine-peptide. Differentiation of the positions of Leu and Ile was 

possible, assuming that Val in 5 is replaced by Ile in 6 (Fig. S16) as it was also found in other 

NRPS derived compounds in entomopathogenic bacteria (unpublished data). The genome 

sequencing of X. miraniensis DSM 17902 revealed a two gene biosynthesis gene cluster 

(hcaA and hcaB) encoding two NRPS that is likely responsible for the production of 

compounds 5 and 6 (Fig. S22, Table S18). The prediction of A-domain specificities using the 

NRPSpredictor2 allowed for the correct prediction of five residues compared to our feeding 

experiments (Table S18). Only the leucine- and the histidine-residue were not correctly 

predicted. Given our feeding studies, the MS
2
 analysis of compounds 5 and 6, as well as the 

architecture of the NRPS from X. miraniensis, we were able to deduce the structures of 

compounds 5 and 6 (Fig. 3a). Interestingly, both NRPS from X. miraniensis DSM 17902 

HcaA and HcaB share relative identities with BicA from X. budapestensis DSM 16342 of 

67.5 % and 62.5 %, respectively.  
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Fig. 3 (a) Structures of HCTA-peptide A (5, R = H) and HCTA-peptide B (6, R = CH3) and from X. 

miraniensis DSM 17902, and (b) structures of HCTA-peptide C (7, R = H) and HCTA-peptide D (8, R 

= CH3) from Xenorhabdus sp. XPB 63.3.  
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High resolution MALDI-MS (Table S19) as well as the CID-MS
2
 data (not shown) of the 

acetylacetone derivatized compounds from strain Xenorhabdus sp. XPB 63.3 (908.60 Da (7) 

and 922.62 Da (8)) also indicated their cyclic structure similar to compounds 5 and 6, except 

for the replacement of His by Ala (Fig. S23, Fig. S24, Table S19). Pronase digestion of 8 

again resulted in the generation of fragments with 557.39 Da and 401.29 Da (Fig. S25; 

compare to Fig S17) which have also been generated after pronase digestion of 6 from X. 

miraniensis DSM 17902. CID-MS
2
 data of these fragments verified the primary structure as 

shown for the pronase fragments of 6 (data not shown), prompting us to assume that the 

primary structure of 7 and 8 (Fig. 2d) is similar to 5 and 6, respectively, except for the 

replacement of His by Ala and therefore the compounds were named HCTA-peptide C (7) 

and D (8). 

The presented data suggest that it is indeed possible to identify members of a family of 

arginine rich peptides based on their NLFP out of a database comprising the MALDI-CID-

MS
2
 spectra of thousands of compounds. We identified 25 different natural products that 

exhibited the bicornutin-like NLFP. The similarity of the structurally identified compounds 1-

8 was demonstrated using MALDI-CID-MS
2
 as well as labeling experiments followed by MS 

analysis. In case of the identified natural products, the observed NLFP seems to be a 

fingerprint for arginine-rich compounds. Thus, the absence of strong sequence ions in the 

MALDI-CID-MS
2
 spectra of the non-derivatized compounds seems to be due to the several 

highly basic arginine sidechains as well as the C-terminal protection of both the 

putrescinylated and the cyclic peptides, since it was possible to obtain sequence information 

from pronase cleavage products of 5 and 6 without acetylacetone-derivatization of Arg-

sidechains. A search for repetitive Arg-shifts in CID-MS
2
 experiments for the identification of 

additional members of this family of arginine rich peptides would not have been possible, 

simply due to the fact that backbone fragmentation is inhibited by proton sidechain 

sequestration. The screening for identical NLFPs therefore posed the sole possibility for a 

MALDI-CID-MS
2
-database wide identification of 1-like compounds.  

 

Conclusions 

Since the structural relation of the identified arginine rich peptides goes along with high 

similarities of their biosynthesis gene clusters, we are proven in our aim to automatically 

identify members of a family of related natural products based on a shared NLFP. Whether 

the NLFP can be used as a fingerprint to identify also members of fundamentally different 

groups of natural products, such as polyketides and peptide-polyketide-hybrids, has to be 

investigated in the future but seems very likely considering the use of neutral loss- and 

product ion-scanning in related drug biotransformation studies.
7
 However, in the case of the 

described arginine-rich peptides the presented screening approach seems to be advantageous 

towards other MS
2
 based screening strategies, especially those that try to identify amino acid 

residue shifts, simply due to the fact that the generation of sequence ions is hampered. In 

order to even improve the presented NLFP-based screening approach an energy-gradient 

neutral loss scan could be applied, optimizing the collision energy with regard to the 

formation of neutral losses for every analyzed analyte.
8 

As mentioned before, the screening 
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approach indeed identified a structurally related family of peptides, which share a high degree 

of basicity provided by the abundant arginine residues as well as two corresponding and 

phylogenetically close NRPS with high degrees of similarity. Compounds 1-8 were readily 

visible by MALDI-MS, which was therefore used for all analyses and allowed a rapid analysis 

of several samples in a short time. Due to the high polarity of the compounds, they were 

difficult to identify by HPLC/ESI-MS as they were usually multiple charged and eluted very 

early in reversed phase chromatography, which is generally used as standard for compound 

isolation or identification. Nevertheless, we are confident that a NLPF-based screening for 

structurally related natural products can also be used for other compound classes, even 

polyketides or polyketide/peptide-hybrids, as well as in combination with HPLC/ESI-MS. 

No bioactivity could be identified for bicornutin A1 (1). However, with the structure 

elucidation tools at hand
12-14 

and in addition with the knowledge of the biosynthesis gene 

clusters, we can now aim at the biological production
25

 and isolation or chemical synthesis of 

the other derivatives for a much deeper bioactivity testing (e.g. against different insect cells) 

of this class of natural products. The fact that these arginine-rich peptides are so abundant 

among entomopathogenic bacteria clearly hints to a biological function that will be revealed 

in the future.  
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7.2.1. Supplemental Information 

 

Table S1. Calculated and detected monoisotopic m/z of b-and y-ions generated by CID of (a) 1 and 

acetylacetone-derivatized 1 from strain X. budapestensis DSM 16342. Absolute and relative deviations 

from the calculated m/z are given. The spectra were detected in FTMS mode. 

a) 

ion sum formula calc. m/z det. m/z error [Da] error [ppm] 

b1 C6H13N4O 157.1084 n.d.   

b2 C12H24N5O2 270.1925 n.d.   

b3 C17H36N9O3 414.2936 n.d.   

b4 C24H48N13O4 582.3947 582.3936 -0.0011 -1.89 

b5 C30H60N17O5 738.4958 738.48993 -0.0059 -7.92 

y1 C4H13N2 89.1073 n.d.   

y2 C10H25N6O 245.2084 245.2060 -0.0025 -10.11 

y3 C16H37N10O2 401.3096 401.3077 -0.0018 -4.54 

y4 C22H49N14O3 557.4107 557.4079 -0.0027 -4.88 

y5 C28H60N15O4 670.4947 670.4936 -0.0011 -1.69 

 

b) 

ion sum formula calc. m/z det. m/z error [Da] error [ppm] 

b2 C17H28N5O2 334.2238 n.d.   

b3 C28H44N9O3 554.3562 554.3494 -0.0068 -12.27 

b4 C39H60N13O4 774.4886 774.4788 -0.0098 -12.65 

b5 C50H76N17O5 994.6210 994.6104 -0.0106 -10.66 

y2 C14H25N6O2 309.2034 n.d.   

y3 C25H41N10O3 529.3358 529.3639 0.0282 53.20 

y4 C36H57N14O4 749.4682 749.4991 0.0310 41.31 

y5 C42H68N15O5 862.5522 862.5786 0.0264 30.55 

n.d.: not detected 
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Table S2. Calculated and detected monoisotopic m/z of protonated isotopologues of 1 and 2 found in 

labeling experiments of strain X. budapestensis DSM 16342. Absolute and relative deviations from the 

calculated m/z are given.  

compound isotopologue sum formula (H
+
) calc. m/z det. m/z error [Da] error [ppm] 

1 
12

C/
14

N C34H72O5N19 826.5958 826.5962 0.0004 0.49 

 
13

C/
14

N 
13

C34H72O5N19 860.7099 860.7104 0.0005 0.60 

 
12

C/
15

N C34H72O5
15

N19 845.5395 845.5412 0.0017 2.03 

 
12

C/
14

N + 
2
H3-Leu C34

2
H3H69O5N19 829.6147 829.6150 0.0003 0.37 

 
13

C/
14

N + 4*
12

C6Arg 
13

C10C24H72O5N19 836.6294 836.6304 0.0010 1.17 

 
13

C/
14

N + 
12

C4Put C4
13

C30H72O5N19 856.6965 856.6970 0.0005 0.56 

2 
12

C/
14

N C38H71O5N18 859.5849 859.5855 0.0006 0.66 

 
13

C/
14

N 
13

C38H71O5N18 897.7124 897.7124 0.0000 -0.06 

 
12

C/
15

N C38H71O5
15

N18 877.5316 877.5328 0.0013 1.45 

 
12

C/
14

N + 
2
H3-Leu C38

2
H3H68O5N18 862.6038 862.6040 0.0002 0.24 

 
13

C/
14

N + 4*
12

C6Arg 
13

C14C24H71O5N18 873.6319 873.6328 0.0009 1.03 

  
13

C/
14

N + 
12

C8Pea 
13

C30C8H71O5N18 889.6856 889.6854 -0.0001 -0.16 

Table S3. Domain architecture of the BicA NRPS. Domain-position, adenylation domain specifity, 

and the binding motive were analyzed using the PKS/NRPS analysis website (marked with 
1
) as well 

as the NRPSpredictor2 (marked with 
2
).

1,2
 

module domain Position
1
 (aa) motive

1
 specificity

1
 specificity

2
 MS-result 

1 A 412-622 DVELIGAV Lys Val Arg 

 T 787-850     

2 C/E 884-1323     

 A 1494-1698 DAWCIGAV Trp Phe Leu 

 T 1868-1931     

3 C 1951-2385     

 A 2556-2766 DVEFIGAV Lys Arg Arg 

 T 2931-2994     

4 C/E 3028-3459     

 A 3638-3848 DVELIGAV Lys Val Arg 

 T 4013-4076     

5 C/E 4110-4549     

 A 4721-4931 DVEFIGAV Lys Arg Arg 

 T 5091-5154     

 C 5173-5607       
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Table S4. Calculated and detected monoisotopic m/z of bicornutin A1 (1) and bicornutin A2 (2), after 

heterologous expression of bicA and mtaA in E. coli DH10B. 

compound sum formula calc. m/z det. m/z error [Da] 
error 
[ppm] 

1 C34H72O5N19 826.5958 826.5958 0.0000 -0.01 
2 C38H71O5N18 859.5849 859.5851 0.0001 0.17 
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Table S5. Alignment of known Photorhabdus and Xenorhabdus C/E-domains with the C-domains in 

the Bicornutin A-NRPS.
3
 C-domains in module 1, 3, and 4 exhibit high similarity with known C/E-

domains and thus probably catalyze condensation as well as epimerization of the previously 

incorporated amino acid residue resulting in D-amino acids s the respective position in 1.  
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Table S6. Calculated and detected monoisotopic m/z of protonated isotopologues of 1 produced in E. 

coli DH10B and E. coli DH10B ΔilvE after heterologous expression of bicA and mtaA. Absolute and 

relative deviations from the calculated m/z are given. 

compound isotopologue sum formula cal. m/z [Da] det. m/z [Da] error [Da] error [ppm] 

1 
12

C/
14

N/
1
H C34H72O5N19 826.59583 826.5964 0.00053 0.64 

1 
12

C/
14

N/
1
H +1 D10 Leu C34D10H62O5N19 836.6586 836.659 0.00049 0.59 

1 
12

C/
14

N/
1
H + 1 D9 Leu C34D9H63O5N19 835.65232 835.6533 0.00034 0.4 
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Table S7. NMR data (400 MHz (
1
H) and 100 MHz (

13
C), D6-DMSO) of 1. Due to overlapping signals 

the assignments of the -NH, and C=NH groups in the different arginine residues might be 

interchangeable. Similarly, no assignments for the and groups could be obtained. For NMR spectra 

see the Annex at the end of the supplemental information. 

subunit position δC δH, mult (J in 

Hz) 
Arg

1
 C=O 168.8  

  52.1 3.87, m 

 -NH2  8.27, s 

  28.7 1.75, m 

  26.1 1.50, m 

  40.1 3.11, m 

 -NH  7.85, m 

 C=NH 156.0  

Leu
2
 C=O 172.3  

  51.7 4.39, m 

 -NH  8.79, d (7.5) 

  41.2 1.47, m 

  24.6 1.50, m 

  23.0 0.85, d (6.1) 

  21.6 0.82, d (6.1) 

Arg
3
 C=O 171.8  

  52.6 4.21, m 

 -NH  8.46, d (7.2) 

  28.7 1.55, m; 1.70, m 

  25.4 1.50, m 

  40.6 3.06, m 

 -NH  7.95, m 

 C=NH 157.4  

Arg
4
 C=O 172.1  

  52.6 4.15, m 

 -NH  8.14, d (7.7) 

  28.7 1.50, m 

  25.4 1.50, m 

  40.3 3.12, m 

 -NH  7.98, m 

 C=NH 157.4  

Arg
5
 C=O 171.6  

  51.6 4.29, m 

 -NH  8.07, d (6.9) 

  28.7 1.67, m; 1.50, m 

  25.3 1.50, m 

  40.7 3.04, m 

 -NH  8.03, m 

 C=NH 157.4  

Put
6
 -NH  8.09, m 

  38.2 3.04, m 

  25.7 1.50, m 

  25.5 1.50, m 

  38.7 2.77, m 

 -NH2  7.99, m 
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Table S8. Results from advanced Marfey´s method:4-6 retention times (tR, minute) of the derivatized 
amino acids from hydrolyzed 1 analyzed in positive ion mode by HPLC-ESI-MS. Commercial L(D)-
amino acids were used as standards. As already clarified by the feeding experiment, the single 
leucine-residue in 1 has L-configuration. As expected from the NRPS-domain architecture of BicA, L- 
as well as D-arginine-residues were detected. The ratio of detected L- and D-arginine was 1:2.4 which 
is also concordant with the structure prediction based on the C/E-domain occurrence in BicA (for 
figures see ANNEX). 

  m/z
 
 [M+H]

+
 tR, L-FDLA

a
 tR, D-FDLA

a
 

L-Leu 426.2 17.2 23.7 

D-Leu 426.2 23.7 17.2 

L-Arg 469.2 7.8 7.1 

Leu from 1 426.2 17.2 23.7 

Arg from 1 469.2 7.2/7.9 7.2/7.9 

a
Marfey´s reagents (Na-(5-fluoro-2,4-dinitrophenyl)-L-leucinamide, abbr. L-FDLA; Na-(5-fluoro-2,4-

dinitrophenyl)-D-leucinamide, abbr. D-FDLA ); mixture of L-FDLA and D-FDLA, abbr. LD-FDLA. 
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Table S9. Neutral loss fragmentation pattern based identification of bicornutin A-like compounds. 

Tandem mass spectra of compounds in culture supernatants of Xenorhabdus and Photorhabdus strains 

were screened for hits in the neutral loss fragmentation patterns in comparison to 1 using MALDI-

ITMS
2
. Listed below are compounds that exhibited more than five neutral losses concordant to the 

neutral loss fragmentation pattern of 1. Given are fragment masses in Da, their occurrence in the 

fragmentation pattern of individual compounds is indicated by check marks. The following parameters 

were set: compared area, ≤ 150 Da below each precursor mass; mass deviation, ≤ 0.1 Da; relative 

intensity of the signal, ≥ 10%. 

   relative mass difference  [Da]           

hit strain precursor [Da] hits 100.9 84.0 82.8 76.0 59.0 57.8 51.0 41.9 40.8 33.9 
1 DSM 17382 1009.77 5          

2 DSM 17382 995.75 5          

3 DSM 16342 859.59 5           
4 DSM 16342 898.60 5          

5 XKK 7.4 988.64 7          

6 XKJ 35.5 939.69 6          

7 XKJ 35.5 961.67 5          

8 XKJ 35.5 837.57 7          

9 XKJ 35.5 925.67 6          

10 XKJ 35.5 897.66 7          

11 XKJ 35.5 972.67 10          

12 XKJ35.5 868.62 8          

13 XKJ 35.5 880.64 5          

14 XPB 61.4 988.64 8          

15 XPB 30.3 988.65 6           
16 XPB 30.3 988.64 8          

17 DSM 17902 988.65 6           
18 DSM 17902 974.63 7           
19 XSP 6.1 988.65 7          

20 XSP 6.1 988.64 5          

21 XSP 6.1 974.64 5          

22 XSP 9.5 988.65 5          

23 XPB 19.4 988.65 6          

24 XPB 26.5 988.64 10          

25 XPB 26.5 988.65 8          

26 XPB 34.5 988.65 8          

27 XPB 39.3 988.65 7          

28 XPB 62.2 922.63 7          

29 XPB 62.2 908.61 7          

30 XPB 62.2 880.61 6          

31 XPB 62.2 863.58 6          

32 XPB 62.2 888.58 6           
33 XPB 62.2 960.59 7          

34 XPB 62.2 936.64 7          

35 XPB 62.2 938.62 5           
36 XPB 62.2 984.55 5           
37 XPB 62.2 863.57 6          

38 XPB 62.4 922.63 7          

39 XPB 62.4 908.61 7          

40 XPB 62.4 880.60 7          

41 XPB 62.4 936.64 6          

42 XPB 62.4 888.57 7          

43 XPB 63.3 922.63 7           
44 XPB 63.3 908.61 7          

45 XPB 63.3 905.60 6          

46 XPB 63.3 891.59 7          

47 XPB 63.3 894.60 6          

48 XPB 63.3 936.63 6              
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Table S10. Calculated and detected monoisotopic m/z of b-and y-ions generated by CID of 

acetylacetone-derivatized 3 from strain X. indica DSM 17382. Absolute and relative deviations from 

the calculated m/z are given. The spectrum was measured in ITMS mode. 

ion sum formula calc m/z det m/z error [Da] error [ppm] 

b2 C17H28N5O2 334.2238 n.d.   

b3 C23H39N6O3 447.3078 447.1818 -0.1260 -281.68 

b4 C28H48N7O4 546.3762 546.2727 -0.1035 -189.43 

b5 C34H59N8O5 659.4603 659.4546 -0.0057 -8.69 

b6 C45H75N12O6 879.5927 879.5455 -0.0472 -53.70 

b7 C56H91N16O7 1099.7251 1099.7273 0.0022 1.99 

y2 C15H29N6O 309.2397 n.d.   

y3 C26H45N10O2 529.3721 529.3636 -0.0085 -16.07 

y4 C32H56N11O3 642.4562 642.4546 -0.0017 -2.59 

y5 C37H65N12O4 741.5246 n.d.   

y6 C43H76N13O5 854.6087 854.6364 0.0277 32.40 

y7 C49H87N14O6 967.6928 967.7273 0.0345 35.69 

n.d.: not detected 

 

 

 

 

Table S11. Calculated and detected monoisotopic m/z of b-and y-ions generated by CID of 

acetylacetone-derivatized 4 from strain X. indica DSM 17382. Absolute and relative deviations from 

the calculated m/z are given. The spectrum was measured in ITMS mode. 

ion sum formula calc. m/z det. m/z error [Da] error [ppm] 

b2 C17H28N5O2 334.2238 n.d.   

b3 C23H39N6O3 447.3078 447.2727 -0.0351 -78.44 

b4 C29H50N7O4 560.3919 560.3636 -0.0282 -50.39 

b5 C35H61N8O5 673.4759 673.4546 -0.0214 -31.75 

b6 C46H77N12O6 893.6084 893.6364 0.0280 31.36 

b7 C57H93N16O7 1113.7408 1113.7273 -0.0135 -12.09 

y2 C15H29N6O 309.2397 n.d.   

y3 C26H45N10O2 529.3721 529.3636 -0.0085 -16.07 

y4 C32H56N11O3 642.4562 642.4546 -0.0017 -2.59 

y5 C38H67N12O4 755.5403 755.5455 0.0052 6.88 

y6 C44H78N13O5 868.6243 868.54547 -0.0789 -90.80 

y7 C50H89N14O6 981.7084 981.7273 0.0189 19.24 

n.d.: not detected 
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Table S12. Monoisotopic calculated and detected m/z of protonated isotopologues of 3 and 4 found in 

labeling experiments of strain X. indica DSM 17382. Absolute and relative deviations from the 

calculated m/z are given.  

compound isotopologue sum formula (H
+
) calc. m/z det. m/z error [Da] error [ppm] 

3 
12

C/
14

N C45H91O7N18 995.7313 995.7321 0.0008 0.81 

 
13

C/
14

N 
13

C45H91O7N18 1040.8822 1040.8878* 0.0056 5.34 

 
12

C/
15

N C45H91O7
15

N18 1013.6779 1013.6851* 0.0072 7.09 

 
12

C/
14

N + 
2
H3-Leu C45

2
H3H88O7N18 998.7501 998.7554* 0.0053 5.29 

 
13

C/
14

N + 3*
12

C6Arg 
13

C27C18H91O7N18 1022.8218 1022.8261* 0.0043 4.18 

  
13

C/
14

N + 
12

C4Put 
13

C41C4H91O7N18 1036.8688 1036.8742* 0.0054 5.21 

4 
12

C/
14

N C46H93O7N18 1009.7469 1009.7477 0.0008 0.78 

 
13

C/
14

N 
13

C46H93O7N18 1055.9012 1055.9061* 0.0049 4.61 

 
12

C/
15

N C46H93O7
15

N18 1027.6935 1027.7003* 0.0067 6.53 

 
12

C/
14

N + 
2
H3-Leu C46

2
H3H90O7N18 1012.7657 1012.7706* 0.0048 4.78 

 
13

C/
14

N + 3*
12

C6Arg 
13

C28C18H93O7N18 1037.8409 1037.8454* 0.0046 4.4 

  
13

C/
14

N + 
12

C4Put 
13

C42C4H93O7N18 1051.8878 1051.8928* 0.005 4.73 
* measured without internal calibration 

 

 

Table S13. Monoisotopic calculated and detected m/z of b-and y-ions generated by CID of 

acetylacetone-derivatized 3 from strain X. indica DSM 17382 with one incorporated [
2
H9]leucine. 

Absolute and relative deviations from the calculated m/z are given. The spectrum was measured in 

FTMS mode. 

ion sum formula calc. m/z [Da] det. m/z [Da] error [Da] error [ppm] 

b1 C11H17N4O 221.1397 221.1401 0.0004 1.82 

b2 C17H28N5O2 334.2238 334.2225 -0.0013 -3.89 

b3 C23
2
H9H30N6O3 456.3643 n.d.   

b4 C28
2
H9H39N7O4 555.4327 555.4316 -0.0011 -2.03 

b5 C34
2
H9H50N8O5 668.5168 668.5181 0.0013 1.90 

b6 C45
2
H9H66N12O6 888.6492 888.6456 -0.0036 -4.11 

b7 C56
2
H9H82N16O7 1108.7816 n.d.   

y1 C4H13N2 89.1073 n.d.   

y2 C15H29N6O 309.2397 309.2408 0.0010 3.31 

y3 C26H45N10O2 529.3721 529.3718 -0.0003 -0.58 

y4 C32H56N11O3 642.4562 n.d.   

y5 C37H65N12O4 741.5246 n.d.   

y6 C43
2
H9H67N13O5 863.6652 n.d.   

y7 C49
2
H9H78N14O6 976.7492 n.d.     

n.d.: not detected 
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Table S14. Monoisotopic calculated and detected m/z of b-and y-ions generated by CID of 

acetylacetone-derivatized 4 strain X. indica DSM 17382 with one incorporated [
2
H9]leucine. Absolute 

and relative deviations from the calculated m/z are given. The spectrum was measured in FTMS mode. 

ion sum formula calc. m/z [Da] det. m/z [Da] error [Da] error [ppm] 

b1 C11H17N4O 221.1397 221.1399 0.0002 0.73 

b2 C17H28N5O2 334.2238 334.2240 0.0003 0.77 

b3 C23
2
H9H30N6O3 456.3643 456.3643 0.0000 -0.11 

b4 C29
2
H9H41N7O4 569.4484 569.4486 0.0002 0.39 

b5 C35
2
H9H52N8O5 682.5324 682.5319 -0.0005 -0.73 

b6 C46
2
H9H68N12O6 902.6649 902.6648 -0.0001 -0.10 

b7 C57
2
H9H84N16O7 1122.7973 1122.7988 0.0015 1.34 

y1 C4H13N2 89.1073 n.m.   

y2 C15H29N6O 309.2397 309.2400 0.0003 0.95 

y3 C26H45N10O2 529.3721 529.3713 -0.0008 -1.54 

y4 C32H56N11O3 642.4562 642.4589 0.0027 4.20 

y5 C38H67N12O4 755.5403 755.5344 -0.0059 -7.76 

y6 C44
2
H9H69N13O5 877.68083 877.6806 -0.0002 -0.25 

y7 C50
2
H9H80N14O6 990.7649 n.d.     

n.d.: not detected 

 

 

 

Table S15. Monoisotopic calculated and detected m/z of protonated isotopologues of 5 and 6 found in 

labeling experiments of strain X. miraniensis DSM 17902. Absolute and relative deviations from the 

calculated m/z are given. 

compound isotopologue sum formula (H
+
) calc. m/z det. m/z error [Da] error [ppm] 

5 
12

C/
14

N C41H76O7N21 974.6231 974.6239 0.0007 0.76 

 
13

C/
14

N 
13

C41H76O7N21 1015.7607 1015.7660* 0.0054 5.29 

 
12

C/
15

N C41H76O7
15

N21 995.5608 995.5663* 0.0054 5.46 

 
13

C/
14

N + 4*
12

C6Arg 
13

C17C24H76O7N21 991.6801 991.6843* 0.0042 4.23 

 
13

C/
14

N + 
12

C6Met 
13

C35C6H76O7N21 1009.7405 1009.7452* 0.0047 4.66 

 
13

C/
14

N + 
12

C5Val 
13

C36C5H76O7N21 1010.7439 1010.7510* 0.0071 7.06 

  
13

C/
14

N + 
12

C6Leu 
13

C35C6H76O7N21 1009.7405 1009.7437* 0.0031 3.1 

6 
12

C/
14

N C42H78O7N21 988.6388 988.6394 0.0006 0.63 

 
13

C/
14

N 
13

C42H78O7N21 1030.7797 1030.7850* 0.0053 5.18 

 
12

C/
15

N C42H78O7
15

N21 1009.5765 1009.5823* 0.0058 5.78 

 
13

C/
14

N + 4*
12

C6Arg 
13

C18C24H78O7N21 1006.6992 1006.7039* 0.0047 4.7 

 
13

C/
14

N + 
12

C6Met 
13

C36C6H78O7N21 1024.7595 1024.7643* 0.0047 4.61 

 
13

C/
14

N + 
12

C6Leu 
13

C36C6H78O7N21 1024.7595 1024.7628* 0.0032 3.17 

  
13

C/
14

N + 
12

C6Ile 
13

C36C6H78O7N21 1024.7595 1024.7673* 0.0077 7.53 
* measured without internal calibration 
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Table S16. Predicted and detected y- and b-ion m/z of the 699.48 Da pronase fragment of 5 after 

TMTzero-derivatization and the deviations from the predicted y- and b-ion m/z. MS
2
-mass spectra 

were measure in HCD-FTMS-mode on a MALDI-LTQ-XL orbitrap. 

ion sum formula calc. m/z det m/z error [Da] error [ppm] 

b1 C12H21N2O2 225.1598 225.1601 0.0003 1.38 

b2 C18H33N6O3 381.2609 381.2615 0.0007 1.73 

b3 C23H42N7O4 480.3293 480.3294 0.0001 0.25 

b4 C29H53N8O5 593.4133 593.4131 -0.0003 -0.49 

b5 C35H65N12O6 749.5145 749.5167 0.0023 3.00 

y1 C6H15N4O2 175.1190 175.1190 0.0000 0.29 

y2 C12H27N8O3 331.2201 n.d.   

y3 C18H38N9O4 444.3041 n.d.   

y4 C23H47N10O5 543.3725 543.3724 -0.0002 -0.31 

y5 C29H59N14O6 699.4737 n.d.     
n.d.: not detected 

 

 

 

Table S17. Predicted and detected y- and b-ion m/z of the 713.49 Da pronase fragment of 6 after 

TMTzero-derivatization and the deviations from the predicted y- and b-ion m/z. MS
2
-mass spectra 

were measure in HCD-FTMS-mode on a MALDI-LTQ-XL orbitrap. 

ion sum formula calc. m/z det m/z error [Da] error [ppm] 

b1 C12H21N2O2 225.1598 225.1601 0.0004 1.73 

b2 C18H33N6O3 381.2609 381.2613 0.0004 1.15 

b3 C24H44N7O4 494.3449 494.3437 -0.0012 -2.53 

b4 C30H55N8O5 607.4290 607.4295 0.0005 0.76 

b5 C36H67N12O6 763.5301 763.5304 0.0002 0.91 

y1 C6H15N4O2 175.1190 175.1191 0.0003 0.78 

y2 C12H27N8O3 331.2201 331.2203 0.0003 0.78 

y3 C18H38N9O4 444.3041 444.3037 -0.0005 -1.04 

y4 C24H49N10O5 557.3882 557.3875 -0.0007 -1.18 

y5 C30H61N14O6 713.4893 713.4883 -0.0010 -1.36 
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Table S18. Domain architecture of the identified NRPS in the genome of X. miraniensis DSM 17902. 

Domain-position, adenylation domain specifity, and the binding motive were analyzed using the 

PKS/NRPS analysis website (indicated by 
1
) as well as the NRPSpredictor2 (indicated by 

2
).

1,2
  

gene module domain Position
1
 (aa) motive

1
 specificity

1
 specificity

2
 MS-result 

hcaA 1 A 412-622 DVEFIGAV Lys Arg Arg 

  T 787-850     
 2 C/E 900-1315     
  A 1509-1718 DAFXIGAT Val Val Val/Ile 

  T 1878-1941     
 3 C/E 1991-2414     
  A 2585-2789 DAWCIGAV Trp Phe Leu 

  T 2959-3022     
 4 C/E 3072-3487     

  A 3666-3876 DVEFIGAV Lys Arg Arg 

  T 4036-4099     
 5 C 4119-4553     
  A 4724-4934 DVEFIGAV Lys Arg Arg 

  T 5094-5157     
 6 C 5177-5611     

hcaB  A 149-353 DAATIAIV Tyr Tyr His 

  T 513-576     
 7 C/E 626-1049     
  A 1220-1430 DVEFIGAV Lys Arg Arg 

  T 1590-1653     

  C 1678-2112     

 

Table S19. Monoisotopic calculated and detected m/z of protonated isotopologues of 7 and 8 found in 

labeling experiments of strain Xenorhabdus sp. XPB 63.3. Absolute and relative deviations from the 

calculated m/z are given. 

compound isotopologue sum formula (H
+
) calc. m/z det. m/z error [Da] error [ppm] 

7 
12

C/
14

N C38H74O7N19 908.6013 908.6018 0.0005 0.53 

 
13

C/
14

N 
13

C38H74O7N19 946.7288 946.7337* 0.0049 5.17 

 
12

C/
15

N C38H74O7
15

N19 927.545 927.5509* 0.0059 6.34 

 
13

C/
14

N + 4*
12

C6Arg 
13

C14C24H74O7N19 922.6483 922.6563* 0.008 8.71 

 
13

C/
14

N + 
12

C6Leu 
13

C32C6H74O7N19 940.7087 940.7165* 0.0078 8.31 

  
13

C/
14

N + 
12

C5Val 
13

C33C5H74O7N19 941.712 941.7201* 0.008 8.53 

8 
12

C/
14

N C39H76O7N19 922.617 922.6172 0.0002 0.25 

 
13

C/
14

N 
13

C39H76O7N19 961.7478 961.7527* 0.0049 5.06 

 
12

C/
15

N C39H76O7
15

N19 941.5606 941.5668* 0.0062 6.54 

 
13

C/
14

N + 4*
12

C6Arg 
13

C15C24H76O7N19 937.6673 937.6752* 0.008 8.49 

 
13

C/
14

N + 
12

C6Leu 
13

C33C6H76O7N19 955.7277 955.7354* 0.0078 8.12 

  
13

C/
14

N + 
12

C6Ile 
13

C33C6H76O7N19 955.7277 955.7353* 0.0076 7.95 
* measured without internal calibration 
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Fig. S1. Derivatization of Arg sidechains with acetylacetone to form Pyo.
7
 

 

 

Fig. S2. Positive ion mode MALDI-FTMS-mass spectra of labeling experiments for the verification of 

the tandem MS results regarding the structure of 1 and 2. Strain X. budapestensis DSM 16342 was 

cultivated in U
12

C/U
14

N- (a), U
13

C/U
14

N- (b), U
12

C/U
15

N- (c), and U
12

C/U
14

N-medium supplemented 

with [
2
H3]leucine (d). 

 

 



 

 

184 

Fig. S3. Positive ion mode MALDI-FTMS-mass spectra of labeling experiments for the verification of 

the tandem MS results regarding the structure of 1 and 2. Strain X. budapestensis DSM 16342 was 

cultivated in U
13

C/U
14

N-medium (a) and either 
12

C6-arginine (b), 
12

C4-putrecine, or 
12

C8-

phenylethylamine were supplemented.  

 

 

Fig. S4. Domain organization of BicA identified in the genome of X. budapestensis DSM 16342. The 

length of the bicA gene is 16848 bp.  
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Fig. S5. MALDI-MS analysis of culture supernatants from a) E. coli DH10B (control) and b) E. coli 

DH10B pCola-tacI-bicA, pCK4-mtaA. Both cultures were fed with putrescine as well as 

phenylethylamine which led to the production of compounds 1 and 2 when bicA and the gene of the 

phosphopantetheinyl transferase mtaA were expressed. This clearly identified BicA as the NRPS 

responsible for bicornutin A1 (1) and A2 (2) production in X. budapestensis DSM 16342. 
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Fig. S6. [D10]L-leucine labeling experiments of heterologously produced bicornutin A in strains a) E. 

coli DH10B and b) E. coli DH10B ΔilvE. According to Bode et al.,
3
 the configuration of the single 

leucine in bicornutin A was determined to be L by analysis of the mass shifts. As can be seen in b), the 

incorporation of [D10]leucine strongly exceeds the incorporation of [D9]leucine (arrow, 3.7 % 

abundance) in case of the E. coli DH10B ΔilvE strain, demonstrating the stereochemistry. Briefly, a 

D-leucine in bicornutin A would result the incorporation of [D9]leucine, since epimerization of L-

leucine would result in the loss of the deuterium at the α-carbon of [D10]leucine. ilvE encodes a 

transaminase which is responsible for the initial step of leucine degradation by conversion of leucine 

into 2-keto-4-methyl pentanoic acid. Hence it also catalyses the back reaction, [D10]L-leucine would 

by time be converted into 2-keto-4-methyl pentanoic acid and back into [D9]L-leucine, thus preventing 

the determination of the stereochemistry, as demonstrated in a) where [D10]leucine as well as 

[D9]leucine are incorporated.  
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Fig. S7. COSY (in bold) and selected HMBC correlations (arrows) of 1 as deduced by NMR analysis 

(see Table S7). For NMR spectra see the Annex at the end of the supplemental information. 
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Fig. S8. Ion trap-tandem mass spectra of all compounds resembling the neutral loss pattern of 1. 

Concordances in the neutral loss fragmentation pattern were used to identify bicornutin A-like 

compounds out of a database comprising the tandem mass spectra of all compounds detectable in the 

culture supernatants of more than fifty Xenorhabdus and Photorhabdus strains. For identified neutral 

loss fragments compare Table S9. 

 

 

 

 

Fig. S9. MALDI-CID-tandem mass spectrum of acetylacetone derivatized 3 from strain X. indica 

DSM 17382. Annotated with dashed and dashed/dotted lines are y-and b-ions, respectively. The 

derived primary structure is depicted in the insert. 
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Fig. S10. MALDI-CID-tandem mass spectrum of acetylacetone derivatized 4 from strain X. indica 

DSM 17382. Annotated with dashed and dashed/dotted lines are y-and b-ions, respectively. The 

derived primary structure is depicted in the insert.  

 

 

 Fig. S11. Positive ion mode MALDI-FTMS-mass spectra of labeling experiments in strain X. indica 

DSM 17382 for verification of the structure of 3 and 4. Strain X. indica DSM 17382 was cultivated in 

U
12

C/U
14

N- (a), U
13

C/U
14

N- (b), U
12

C/U
15

N- (c), and U
12

C/U
14

N-medium supplemented with 

[
2
H3]leucine (d). 
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Fig. S12. Positive ion mode MALDI-FTMS-mass spectra of labeling experiments in strain X. indica 

DSM 17382 for verification of the structure of 3 and 4. Strain X. indica DSM 17382 was cultivated in 

U
13

C/U
14

N-medium (a) and either 
12

C6-arginine (b), 
12

C5-valine (c), 
12

C6-leucine (d), or 
12

C6-isoleucine 

(e) were supplemented. 

 

Fig. S13. MALDI-HCD-tandem mass spectrum of acetylacetone derivatized 4 from strain X. indica 

DSM 17382 with one incorporated [
2
H9]leucine. Annotated with dashed and dashed/dotted lines are y-

and b-ions, respectively. The derived primary structure is depicted in the insert. The positions of Ile 

could be unambiguously determined since the only Leu in 4 was not isobaric to the three expected Ile 

(see Fig. S10).  
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Fig. S14. a) MALDI-CID-ITMS tandem mass spectrum of acetylacetone derivatized 6 from strain X. 

miraniensis DSM 17902 as well as a schematic depiction of the identified fragments (b). c) MS
3
 

spectrum of fragment 1024.73 Da (in a) demonstrates, that signals generated in MS
2
 experiments of 6 

still contain isobaric fragments of different primary structure, thus structure elucidation required the 

analysis of limited pronase digestions. 
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Fig. S15. Positive ion mode MALDI-FTMS-mass spectra of labeling experiments in strain X. 

miraniensis DSM 17902 for verification of the structure of 5 and 6. Strain X. miraniensis DSM 17902 

was cultivated in U
12

C/U
14

N- (a), U
13

C/U
14

N- (b), U
12

C/U
15

N- (c), and U
12

C/U
14

N-medium 

supplemented with L-[
2
H3]leucine (d). 

 

  

Fig. S16. Positive ion mode MALDI-FTMS-mass spectra of labeling experiments in strain X. 

miraniensis DSM 17902 for verification of the structure of 5 and 6. Strain X. miraniensis DSM 17902 

was cultivated in U
13

C/U
14

N-medium (a) and either 
12

C6-arginine (b), 
12

C6-histidine (c), 
12

C5-valine 

(d), 
12

C6-leucine (e), or 
12

C6-isoleucine (f) were supplemented. 
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Fig. S17. Positive ion mode MALDI-FTMS mass spectrum of a limited pronase digestion of an 

enriched fraction of compounds 5 and 6 from strain X. miraniensis DSM 17902. After endopeptidase 

catalyzed ring opening (linearized 6: 1006.65 Da, cyclic 6 indicated by an arrow), the initial loss of 

one arginine- (850.55 Da) or one histidine-residue (869.59 Da) was detected. Tandem mass 

spectrometric analysis of the fragments with 869.59 Da and 850.69 Da (Fig. 13 and 14, respectively) 

revealed that the fragment with 713.49 Da exclusively results from a further digestion of the fragment 

with 869.59 Da. Stars indicate fragments of 5 that correlate to the adjacent fragment of 6. 
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Fig. S18. MALDI-Ion trap tandem mass spectrum of the fragment with 869.59 Da resulting from a 

limited pronase digestion of 6 (Fig. S17). According to this tandem mass spectrum, considering the 

initial loss of one histidine residue that resulted in the formation of fragment 869.59 Da, the following 

partial primary structure of 6 was derived as HRR. The arrow symbolizes the precursor ion mass. 

Neutral loss signals were abundant, since no derivatization of Arg to Pyo was performed. 

 

 

Fig. S19. Ion trap MS
3
 spectrum of the fragment 850.55 Da resulting from MS

2
 fragmentation of the 

linear pronase cleavage product of 5. According to this tandem mass spectrum, considering the initial 

loss of one arginine residue that resulted in the formation of fragment 850.55 Da (similar to the 

pronase cleavage product of 5 with 850.55 Da), the partial primary structure of 5 was derived as 

RHRR. 
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Fig. S20. MALDI-HCD-FTMS tandem mass spectrum of the 699.48 Da fragment of a limited pronase 

digestion of 5 from X. miraniensis DSM 17902 (a). To facilitate differentiation between N- and C-

terminal sequence ions (b- and y-ions) the tandem mass spectrum of the TMTzero-labeled pronase 

fragment (923.62 Da, note the arrow) was acquired. Annotated with dashed and dashed/dotted lines 

are y-and b-ions, respectively, as well as the derived amino acid residues. Pluses symbolize neutral 

losses of NH3, stars neutral losses of CN2H2, and § neutral losses of CH5N3 from the adjacent b-ion. 

An a represents a-ions resulting from fragmentation at the same peptide bond as the close-by b-ion. 

The primary structure of the pronase fragment of 5 as well as the identified b- and y-ions are depicted 

under b. Neutral loss signals were abundant, since no derivatization of Arg to Pyo was performed. 
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Fig. S21. MALDI-HCD-FTMS tandem mass spectrum of the 713.49 Da fragment of a limited pronase 

digestion of 6 from X. miraniensis DSM 17902 (a). To facilitate differentiation between N- and C-

terminal sequence ions (b- and y-ions) the tandem mass spectrum of the TMTzero-labeled pronase 

fragment (937.64 Da, note the arrow) was acquired. Annotated with dashed and dashed/dotted lines 

are y-and b-ions, respectively, as well as the derived amino acid residues. Pluses symbolize neutral 

losses of NH3, stars neutral losses of CN2H2, and § neutral losses of CH5N3 from the adjacent b-ion. 

An a represents a-ions resulting from fragmentation at the same peptide bond as the close-by b-ion. 

The primary structure of the pronase fragment of 6 as well as the identified b- and y-ions are depicted 

under b. The position of the isobar leucine and isoleucine residues was assumed from the primary 

structure of pronase fragment with 699.48 Da from 5 (Fig. 4), since the valine residue is replaced by 

the isoleucine residue. Neutral loss signals were abundant, since no derivatization of Arg to Pyo was 

performed. 
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Fig. S22. NRPS HcaA and HcaB, which might be responsible for the production of HCTA-peptide A 

(5) and B (6) identified in the genome of X. miraniensis DSM 17902. According to the domain 

architecture of the NRPS, the biosynthesis was predicted as depicted for compound 5. Whether this 

gene cluster encodes the NRPS responsible for biosynthesis of 5 and 6 was not confirmed by cluster 

manipulation or heterologous expression but no other biosynthesis gene cluster with the expected 

domain architecture was identified in the genome. Moreover, similarities with BicA from X. 

budapestensis as well as the structural similarity between 1 and 5/6 justifies this biosynthetic 

prediction. 
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Fig. S23.Positive ion mode MALDI-FTMS-mass spectra of labeling experiments in strain 

Xenorhabdus sp. XPB 63.3 for verification of the structure of 7 and 8. Strain Xenorhabdus sp. XPB 

63.3 was cultivated in U
12

C/U
14

N- (a), U
13

C/U
14

N- (b), U
12

C/U
15

N- (c), and U
12

C/U
14

N-medium 

supplemented with L-[
2
H3]leucine (d). 

 

 

Fig. S24. Positive ion mode MALDI-FTMS-mass spectra of labeling experiments in strain 

Xenorhabdus sp. XPB 63.3 for verification of the structure of 7 and 8. Strain Xenorhabdus sp. XPB 

63.3 was cultivated in U
13

C/U
14

N-medium (a) and either 
12

C6-arginine (b), 
12

C5-valine (c), 
12

C6-leucine 

(d), or 
12

C6-isoleucine (e) were supplemented.  
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Fig. S25. Positive ion mode MALDI-FTMS mass spectrum of a limited pronase digestion of an 

enriched fraction of compounds 7 and 8 from strain Xenorhabdus sp. XPB 63.3. Fragment-ions 557.39 

Da and 401.29 Da were also found in the limited pronase digestion of 6. Tandem-MS experiments of 

the pronase-fragments of 8 verified the identity of the fragments from 8 and 6 from X. miraniensis 

DSM 17902 (data not shown). Stars indicate fragments of 7 that correlate to the adjacent fragment of 

8. 
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Annex (NMR spectra of bicornutin A1 (1) 
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Annex: Ectracted ion chromatograms ([M+H]

+
 469.2 Da) of the advanced Marfey´s analysis of a hydrolysate of 1 (a+b) and a L-arginine standard (c+d) 

derivatized with L- and both L- and D-FDLA. The detected ratio between L- and D-arginine in the hydrolyzate of 1 was 1:2.4. 
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Annex: Ectracted ion chromatograms ([M+H]
+
 426.2 Da) of the advanced Marefey´s analysis of a hydrolyzate of 1 (a+b) and a L-leucine standard (c+d) 

derivatized with L- and both L- and D-FDLA. 
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Ketosynthases are essential for fatty acid and polyketide biosynthesis and several different 

classes of these enzymes have been described. They can be part of large multifunctional 

enzymes like the type I polyketide synthases (PKS) and type I fatty acid synthases or they 

exist as stand-alone enzymes as in the type II fatty acid synthases, type II PKS, or chalcone 

synthases (type III PKS).
1
 In type II fatty acid and polyketide biosynthesis, functionally 

different ketosynthase classes are known, which either catalyze the first (KS III or FabH) or 

the consecutive elongation steps (FabF and FabB).
1,2

 Despite of their different functions, all 

ketosynthases are members of the thiolase protein family and catalyze C-C bond formation. 

However, recently the first member of the KS III class has been described that is a functional 

malonyltransferase.
3
 

Here we report a novel and widespread class of ketosynthases catalyzing the formation of 2,5-

dialkylcyclohexane-1,3-diones (CHD) from two fatty acid derived precursors. CHD can be 

further oxidized to 2,5-dialkylresorcinols (DAR) by an aromatase whose corresponding gene 

is always encoded adjacent to the gene of the ketosynthase. Since different biosynthesis gene 

clusters in 89 bacteria have been identified as using this novel biosynthesis pathway have 

been identified, CHD and DAR can be regarded as an unexplored class of natural products. 

The only known examples for DAR are resorstatin (1), DB-2073 (2),
4-6

 stemphol (3),
7
 

microcarbonin A (4),
8
 resorcinin (5), and isopropylstilbene (IPS) (6) and derivatives thereof 

from entomopathogenic Photorhabdus strains.
9-11 

The flexirubins (7), found in several taxa of 

the gliding bacteria, are DAR derivatives connected to a polyene acyl chain showing 

antibacterial and anti-cancer activity.
12,13

 

Hitherto, the only example of CHD natural products are the chiloglottones (chiloglottone 1 

(8)), which were identified in orchids of the genus Chiloglottis where they act as pheromones 

to fool its pollinator, the wasp Neozeleboria cryptoides.
14

 

 

Results and Discussion 

Identification of CHD compounds from Photorhabdus 

When we analyzed the secondary metabolome of the γ-proteobacterium Photorhabdus sp. PB 

68.1 and Photorhabdus temperata subsp. thracensis, we identified three novel CHD 

derivatives (9-11). Their structures were elucidated by HR-ESI-MS (Table S4) and detailed 

1D and 2D NMR analysis and (Table S5, Figure S1). As NMR assignments were difficult due 

to keto-enol tautomerism, 9-11 were methylated to allow their full NMR assignment (Table 

S6, Figure S1). Additionally, the DAR compounds 12 and 13 were isolated from 

Photorhabdus sp. PB 68.1 and their structures were confirmed by NMR (Table S5, Figure 

S1). The structures 9-11 might be possible precursors or shunt products of 6, 12, and 13. 

According to the current hypothesis, DAR are formed by a DarA (also named StlC) catalyzed 

head-to-head-condensation of two ACP-bound β-keto-ACP-precursors (ACP = acyl carrier 

protein).
5.10

 The term head-to-head-condensation refers to the fact, that both substrates are 

cyclized in the area of the fatty acid head-structure, where biosynthesis and degradation take 

place. However, this mechanism would not allow the formation of CHD compounds like 9 

and 10 as intermediates. Alternatively, a consecutive Claisen-condensation and Michael-
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addition of a β-keto- and an α,β-unsaturated-precursor would allow the formation of a CHD 

compound as proposed in the biosynthesis of,
8,14

 subsequently leading to the formation of 

DAR via oxidation.  

 

DarB is a CHD forming ketosynthase 

Based on this hypothesis, we decided to analyze the activity of DarAB using heterologously 

produced proteins from our model organism and flexirubin producer Chitinophaga pinensis 

DSM 2588. As previously described for darABC (darC encodes an acyl carrier protein 

(ACP)) from Pseudomonas chlororaphis subsp. aurantiaca,
5
 the heterologous expression of 

darABC from C. pinensis (cpin_6851, cpin_6850, and cpin_6845, respectively) in 

Escherichia coli led to the production of the DAR compounds 14-17 (Figures 1a) whose 

structures were determined by HR-MS (Table S4) and NMR (Table S7, Figure S2). On the 

other hand, the expression of darBC did not result in the formation of DAR but led to the 

identification of the CHD compounds 18-21 (Figures 1d) whose structures were also 

determined by HR-MS (Table S4) and NMR analysis (Table S8, Figure S2). Regarding 18-21 

to be precursors of 14-17, supports the DAR biosynthesis via CHD formation. In this 

mechanism, the conserved ketosynthase DarB catalyses the cyclization of a β-keto-acyl- with 

a α,β-unsaturated acyl-precursor, resulting in the formation of a 4-carboxy-CHD, which is 

subsequently decarboxylated and oxidized. As expected, 4-carboxy-derivatives of all CHD 

were detected after heterologous expression of darBC (22-25) (Figures 1f) whose structures 

were determined from MS data only, as they were produced only in trace amounts. No 

carboxy-CHD were detected when darA was additionally overexpressed (Figure 1e), 

indicating that DarA converts carboxy-CHD or the carboxy-CHD-thioester-intermediates into 

the corresponding DAR. The CHD themselves (Figure 1d) might result from spontaneous 

thioester hydrolysis and decarboxylation of carboxy-CHD. 

The DarAB homologues from Azoarcus BH72 (Figure S3), P. chlororaphis subsp. aurantiaca 

(Figure S4), and Photorhabdus asymbiotica (Figure S5) were also analyzed and led to the 

identification of additional carboxy-CHD, CHD and DAR compounds (Table S4). Thus, 

DarB-homologues from different organisms seem to exhibit different specificities for the 

length of the cyclized fatty acid-derived precursors. Interestingly, the simultaneous 

overexpression of darA from C. pinensis and darB from P. chlororaphis subsp. aurantiaca 

also resulted in the conversion of 30 into the corresponding DAR 32 (Figure S4 I), indicating 

that a cross-reaction between DarA and DarB from different organisms is possible.  
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Figure 1. HPLC/MS chromatograms of extracts from E. coli Bl21 (DE3) Star expressing darABC (a, 

c, and e) and darAB (b, d, and f) from C. pinensis. In a and b, c and d, and e and f extracted ion 

chromatograms (EIC) of the DAR compounds 14-17 (continuous lines), the CHD compounds 18-21 

(broken lines), and the carboxylated CHD compounds 22-25 (dotted lines) are shown, respectively. 

Chromatogram f is enlarged 10-fold relative to the intensities of b and d. Chromatograms a, c, and e 

are enlarged 80-fold relative to the intensities of b and d. 



 

 

214 

 

 

((Structures found after heterologous expression of darABC from C. pinensis)) 

 

In vitro reconstitution of the CHD biosynthesis 

To confirm the proposed mechanism for CHD-formation by DarB and to show that the in vivo 

formation of CHD is independent of additional E. coli components, an in vitro assay with 

purified His
6
-DarB-fusion protein was conducted. The putative substrate β-keto-palmitoyl-

coenzyme A (CoA) was generated in situ as recently described.
15

 Addition of DarB and the 

second substrate butenoyl-CoA to β-keto-palmitoyl-CoA resulted in the production of 20 and 

24 (Figure S6I, Table S6) as proposed (Figure 2). We also tested whether DarB can act as 

FabF by producing β-keto-palmitoyl-CoA from myristoyl-CoA and malonylated ACP but 

here no production of 20 was observed (Figure S6I). Thus the ketosynthase-homologue DarB 

seems to have lost its ability to catalyze chain-elongation-reactions in favor of the ability to 

catalyze the CHD formation from CoA-bound fatty acid biosynthesis or degradation 

intermediates. In vivo experiments (Figure 1) imply an aromatase-activity of DarA, which 

oxidizes CHD to the corresponding DAR. In accordance with our finding, all described DarA-

homologues exhibit a weak similarity with flavin adenine dinucleotide (FAD) containing 

enzymes like flavodoxin and WrpA.
16,17
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Figure 2. In vitro production of CHD 20 by DarB from C. 

pinensis using an acyl-CoA-oxidase and FadB as previosly 

described for the production of β-keto-palmitoyl-CoA.
15

 The 

conversion of 20 or 24 into 16 was shown by heterologous 

expression of darABC in E. coli (Figure 1). 
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Sequence alignments and homology modeling using the crystal structure of FabH from 

Aquifex aeolicus VF5 and Staphylococcus aureus resulted in good models for the DarB 

homologues from C. pinensis DSM 2588, P. chlororaphis subsp. aurantiaca, and P. 

asymbiotica (Figure S8) and allowed the identification of the catalytic triad as C123-H297-

N332 in DarB from C. pinensis DSM 2588 (Figure S8)
18

 as was supported by a loss or 

decrease in CHD production after production of C123A and N332A DarB variants in E. coli 

(Figure S6II). As DarB shows a dead-end alkyl-chain tunnel connected to the active site 

(Figure S9), a flip-flop catalysis mechanism with an open and closed conformation as it has 

been described for FabH from M. tuberculosis can be assumed.
19

 In contrast to the FabH 

catalysis mechanism, the DarB model from C. pinensis DSM 2588 exhibits an additional 

cavity, which allows access of a second CoA-bound precursor to the active site (Figure S11). 

This observation is in accordance with MALDI-MS data showing that DarB can non-

covalently bind two CoA-bound precursors (Figure S11). 

 

DarA and DarB homologues are widespread 

A database search for DarAB led to the identification of 89 homologues in other bacteria 

(Table S10) counting only strains encoding both DarA and DarB in close proximity. A 

phylogenetic analysis of these DarB-homologues together with other ketosynthases revealed 

that DarB represents a novel clade of ketosynthases (Figures 3, S12, S13). Comparison of the 

phylogenetic trees of all identified DarA and DarB homologues (Figure S14) suggests their 

coevolution. 
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Figure 3. Phylogenetic tree (PHYML) comprising different ketosynthases. Details are listed in Table 

S11 and a zoomed version of the DarB branch is shown in Figure S14. The arrow points to DarB from 

the Gram-positive Nocardia brasiliensis ATCC 700358. 

Moreover, darAB are always part of operons (Figure S15) as shown for example by a putative 

microcarbonin (4) biosynthesis gene cluster (Figure S15g) encoding two predicted desaturase 

genes, a gene cluster in Methylobacterium sp. 4-46 (Figure S15j) encoding two type I PKS, 

which might produce the required DarB substrates (Figure S17), the only gene cluster in a 

Gram-positive bacterium Nocardia brasiliensis ATCC 700358 (Figure S15f), and a putative 

flexirubin biosynthesis gene cluster
20 

in the human pathogen Myroides odoratus (Figure 

S15k).  
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Considering the large number of bacterial genomes encoding DarAB homologues, CHD or 

DAR compounds appear to be a widespread natural product class, most of which remain to be 

identified. Among the 89 bacterial strains identified, 39 and five are human and animal 

pathogens, respectively, including 15 Neisseria strains. Another nine strains live in 

association with other organisms. Thus one might speculate about a conserved function of 

these compounds as virulence factors as shown for the antibiotic and anti-cancer active 

flexirubins,
13

 the pluripotent isopropylstilbene (6) or as signaling compounds (e.g. 8
14

). 

Additionally, resorstatin (1) has been described as a growth-stimulator for mammalian cells.
21

 

The simultaneous production of flexirubin and resorstatin exhibiting antagonistic activities, 

might indicate that DAR natural products play a role in the modulation of eukaryotic host 

cells, an idea supported by other known activities of these compounds.
11,13,22,23

 Thus the 

isolation of compounds corresponding to the identified biosynthesis gene clusters must be a 

future goal in order to assign their biological functions.
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Text for TOC 

Overlooked but widespread! A new class of ketosynthases (DarB) involved in the 

biosynthesis of cyclohexane-1,3-diones and dialkylresorcinols has been identified and 

characterized in detail using heterologous expression, in vitro experiments, and homology 

modeling. The presence of homologues in 89 different bacteria including several pathogens 

reveals that DarB as well as the corresponding natural products might be widespread thus 

presenting a new but so far overlooked pathway to natural products. 
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7.3.1 Supplemental Information 

 

Materials and methods 

Cultivation of strains: All strains used in this study were cultivated in liquid or solid LB-

medium (pH 7.5, 10 g/l tryptone, 5 g/l yeast extract and NaCl) or TB medium (pH 7.5, 12 g/l 

tryptone, 24 g/l yeast extract, 4 ml/l glycerol and 0.17 M KH2PO4/0.72 M K2HPO4). 

Photorhabdus strains were cultivated at 30 °C in LB-medium and E. coli strains at 37 °C in 

LB-medium for extraction and TB-medium for plasmid preparation. Kanamycin (50 µg/ml) 

and chloramphenicol (34 µg/ml) were used as resistant markers.  

Molecular-biological methods: Molecular-biological work was performed according to 

standard procedures.
1
 Polymerase chain reactions (PCRs) were performed with 

oligonucleotides obtained from Sigma Aldrich and listed in Table S1. Generally, the phusion 

high-fidelity polymerase (Thermo-scientific) was used according to the manufacturer´s 

instructions. For amplification of genes from Azoarcus BH72, the PCR-mixture contained GC 

buffer and additionally 4% DMSO, and 1 M betain. DNA-isolation from agarose-gels was 

performed by means of the GeneJet
TM

 Gel Extraction Kit (Fermentas) and plasmid isolations 

with the GeneJet
TM 

Plasmid Miniprep Kit (Fermentas). All plasmids (Table S2) were 

sequenced at the SeqIT GmbH (Germany, Kaiserslautern) in order to construct the 

corresponding E. coli strains (Table S3). 

Heterologous expression of genes in E. coli BL21 DE3 Star: For heterologous expression 

of genes, the sequenced plasmids were transformed into E. coli BL21 DE Star. Strains were 

cultivated overnight in LB medium containing the necessary antibiotics. Overnight-cultures 

were used for inoculation of cultures in a dilution of 1:100. Strains were grown to an optical 

density (OD595) of 0.6- 0.8 and isopropyl-β-D-1-thiogalactopyranoside (IPTG) was added to a 

final concentration of 0.1 mM. Strains were cultivated for 68 h and further processed as 

described below. For analytical purposes, 50 ml cultures were cultivated in 300 ml-flasks. For 

isolation of 2,5-dialkyl-cyclohexane-1,3-dions and 2,5-dialkyl-resorcinols, multiple 500 ml-

cultures were cultivated in 5 l-flasks. 

Analytical scale culture extraction: For extraction of compounds from liquid cultures, 

cultures were acidified by means of hydrochloric acid to a pH of 1-2. One culture volume of 

ethyl acetate was added and the mixture was shacked in a separating funnel. The organic 

phase was filtrated and evaporated to dryness under reduced pressure. The extract from a 50 

ml-culture was diluted in 1 ml methanol and an 1:10-dilution was used for LC-MS analysis as 

described below.  

Analytical LC-MS: Extracts were analyzed as described previously,
2
 using a Dionex 

UltiMAte 3000 system coupled to an Bruker AmaZon X mass spectrometer and an Acquity 

UPLC BEH C18 1.7 μm RP column (Waters) using an acetonitrile/0.1 % formic acid in H2O 

gradient ranging from 5 to 95 % in 22 min at a flow rate of 0.6 mL min
-1

 or an Thermo LTQ 

Orbitrap Hybrid FT mass spectrometer and a XBridge C18 1.7 μm RP column (Waters).  
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Preparative extraction and purification: For the isolation of heterologously produced 

compounds 14-16 and 18-20, the ethyl acetate extract of 6 L (7.3 g) of E. coli BL21 (DE3) 

Star DarBC (cpin_6850/6845) was dissolved in 22ml of a 70% dimethyl sulfoxide (DMSO)-, 

20% methanol- and 10% isopropanol-mixture. The extract of 3 L (4.4 g) of E. coli BL21 

(DE3) Star DarABC (cpin_6850/6851/6845) was solved in 15ml of the solvent-mixture 

mentioned above. The following preparative HPLC-setup was used: 4ml per injection, using 

the Dionex SFM CTC Pal Prep Injector and Fraction Collector, two Varian Prep Star SD-1 

pumps with a flow of 95ml/min, a Dionex Ultimate 3000 pump for the addition of 3.33% 

TFA buffer with a flow rate of 2.5 ml/min and for the make up a flow of 1ml/min acetonitrile, 

a Jasco UV 975, an Agilent G1968D Active Splitter, a Varian 380LC ELSD and a Xselect 

CSH Prep C18 5µm OBD 50x50 column. The fractions were freeze dried using a rotary 

evaporator to give 1.5 mg of 14 (Rt 12.0 min), 8.7 mg of 15 (Rt 12.4 min), 7.7 mg of 16 (Rt 

13.3 min) as well as 14.2 mg of a mixture containing 18 (Rt 11.8 min) and 20 (Rt 13.7 min) 

and 1.5 mg of 19 (Rt 12.3 min). 

For extraction of compounds 10, 11, 12, 13 from Photorhabdus sp. PB68.1, the strain was 

cultivated in 5 L of LB-medium with of 2% Amberlite™ XAD16 at 30 °C. After three days, 

the cultures were harvested by removal of the XAD16 resin and compounds were eluted from 

the resin by addition of methanol with constant agitation. The eluate was filtered and dried 

using a rotary evaporator. For compounds 10 and 12, the extract was dissolved in 25 ml H2O 

and extracted thrice with 25 ml ethyl acetate. The organic phase was dried, dissolved in 10 ml 

methanol, to be extracted thrice with 7.5 ml n-heptane. Compounds 10 and 12 were then 

additionally pre-purified using a Biotage AB Flashsystem and a FLASH 40+M KP-Sil-

column under utilization of a compound-optimized gradient of n-hexane and ethyl acetate.  

For the extraction of compound 9 from Photorhabdus temperata subsp. tracensis, the strain 

was cultivated in 1 L LB-medium (2% Amberlite™ XAD16) at 30 °C for 3 days. After 

extraction of the XAD16 resign with methanol and evaporation to dryness, a manually packed 

silica gel column with a stepwise chloroform/methanol-gradient was used for prepurification 

of the extract which yielded 123 mg of the 9-containing fraction.  

Compounds 9, 10 and 12 were isolated with a Waters Bridge XBridgeTM Prep C18 5 μm 

OBD
TM 

19 x 150 mm Column (S/N) and a Waters HPLC-MS-system as described in the 

following: Waters 3100 Mass Detector, Waters 2998 Photodiode Array Detector, Waters SFO 

System Fluidics Organizer, Waters 515 HPLC Pump, Waters 2545 Binary Gradient Module, 

Waters Selector Value, Waters 2767 Sample Manager. The purification was performed at a 

flow rate of 17 ml/min with an acetonitrile-water (0.001 % NH4OH each) gradient: 0-12 min 

25-28 %, 12-13 min 28-30 %, 13-19 min 40 %, 19-31 min 70% (% acetonitrile). The 

combined fractions were dried using a rotary evaporator to give 8 mg, 40.4 mg, and 163.8 mg 

of 9, 10 and 12, respectively. 

For the isolation of compounds 11 and 13 from Photorhabdus sp. PB68.1 (5.07 g), the 

XAD16 extract was dissolved in 16ml of a 70% DMSO, 20% methanol- and 10% 

isopropanol-mixture. The following preparative HPLC-setup was used: 4ml per injection, 

using the Dionex SFM CTC Pal Prep Injector and Fraction Collector and a sample sandwich 

method, two Varian Prep Star SD-1 pumps with a flow of 95ml/min using a acetonitrile-water 
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gradient from 0-1min 5%, 1-16min 5-95%, 16-19min 95%, a Dionex Ultimate 3000 pump for 

the addition of 3.33% TFA buffer with a flow rate of 2.5ml/min and for the make up a flow of 

1ml/min acetonitrile, a Jasco UV 975, an Agilent G1968D Active Splitter, a Varian 380LC 

ELSD and a Xselect CSH Prep C18 5µm OBD 50x50 column. The fractions were freeze 

dried. In a second chromatographic step the fraction (7.6 min Rt) containing 11 and 13 was 

purified with a Luna 5µ Phenyl-Hexyl 100A 75mm x 30mm column and a Waters 

AutoPurification HPLC System including a 2767 Sample Manager, a 2545 Binary Gradient 

Module, a System Fluidics Organizer, a 2998 PDA Detector and a 3100 Mass Detector. The 

purification was performed under a flow rate of 30ml/min with a methanol-water gradient: 0-1 

min 75%, 1-10 min 75-95%, 10-13 min 95%. Formic acid was added to the solvents in a 

concentration of 0.1%. Fractions were dried using a rotary evaporator to give 28 and 19 mg of 

11 and 13, respectively. 

Methylation of compounds 9-11: 10-14 mg of the isolated compounds 9-11 were dissolved 

in a 1:1 mixture of methanol/benzene and 10 eq TMSCHN2 (2 M in n-hexane) were added 

dropwise at 0°C with constant stirring. Portions of 5, 2.5, and 2.5 eq of TMSCHN2 were 

added every 20 min and the reaction was stirred for additional 3 h at 0°C. After evaporation to 

dryness, the product was purified by means of a Biotage AB Flashsystem equipped with a 

FLASH 12+M KP-Sil-column. 

NMR: 
1
H, COSY, HSQC and HMBC NMR spectra were obtained on a Bruker Advance 

AV400 MHz- and 
13

C spectra were obtained at a AV 300MHz spectrometer and a AV400 

MHz spectrometer and the solvent peaks were used as references of the chemical shift 

(CDCl3: 7.26 ppm for the 
1
H NMR and 77.00 ppm for the 

13
C NMR spectra; d6- DMSO: 2.50 

for the 
1
H NMR and 39.50 for the 

13
C NMR spectra). 

MALDI-MS: For MALDI-analysis, extracts were diluted in 70 % acetonitrile (ACN) with 0.1 

% trifluoracetic acid (TFA). All samples were mixed 1:2 with 1 µl of a 20 mM 4-chloro-α-

cyanocinnamic acid (ClCCA)
3,4

 in 70 % ACN and spotted onto a polished stainless steel 

target and air-dried. MALDI-MS and MALDI-MS
2
 analysis was performed with a MALDI 

LTQ Orbitrap XL (Thermo Fisher Scientific, Inc., Waltham, MA) equipped with a nitrogen 

laser at 337 nm. For acquisition of precision-masses, matrix-signals were used for internal 

calibration. Spectra were analyzed and possible sum formulas were calculated by using Qual 

Browser (version 2.0.7; Thermo Fisher Scientific, Inc., Waltham, MA). For MALDI-MS of 

entire proteins, the method of Fenyo et al.
5
 was used and measured on a Voyager-DE STR 

mass spectrometer (Applied Biosystems, Darmstadt, Germany). 

Phylogenetic analysis and in silico analysis of DarAB: For identification of DarAB-

homologues, the primary structures of the DarAB-homologues from Chitinophaga pinensis 

DSM 2588 were used for a blastp-identification (protein-protein-BLAST) of additional 

homologues. A list comprising strains identified in the database that contained a DarA- as 

well as a DarB-homologue was generated which includes the identity (%) as well as the 

positives (%) compared to DarA and DarB from C. pinensis. The vicinity of darAB in the 

genomes of several identified DarAB-positive strains was investigated. Phylogenetic trees 

comprising all DarA-homologues as well as several known ketosynthases were generated 

using different algorithms. A 1000 bootstrap RAxML phylogenetic tree as well as a 500 
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bootstrap PHYML phylogenetic tree were calculated using a ClustalW-alignment with 10 gap 

opening- and 0.3 gap extension-costs. Furthermore, phylogenetic trees of all identified DarA-

homologues were calculated using the geneious tree builder with the UPGMA-tree build 

method included in the Geneious software (Biomatters Ltd., Neuseeland). 

Modeling of DarB: The protein sequence of DarB from C. pinensis DSM 2588 and 

Pseudomonas chlororaphis subsp. aurantiaca and StlD from P. asymbiotica were loaded into 

the Molecular Operating Environment (MOE) 2011.10 (1). Then a BLAST search was 

performed to find an appropriate template crystal structure.
6
 For homology modeling the 

crystal structure coordinates of 3-oxoacyl-[acyl-carrier-protein] synthase III (FabH) from 

Aquifex aeolicus VF5 (PDB-ID: 2EBD) and Staphylococcus aureus (1ZOW) were used. The 

sequence identities of DarB from C. pinensis DSM 2588 and DarB from P. chlororaphis 

subsp. aurantiaca with their reference structure 2EBD were 19.1 % and 19.9 %, respectively, 

as well as 21.7 % for DarB from P. asymbiotica with 1ZOW. To avoid deletions or insertions 

in conserved regions the alignments were inspected and corrected manually if necessary. A 

series of 10 models each was constructed with MOE using a Boltzmann-weighted randomized 

procedure combined with specialized logic for the handling of sequence insertions and 

deletions.
7,8

 The model with the best packing quality function was selected for full energy 

minimization. MOE packing scores for DarB from C. pinensis DSM 2588 and DarB from P. 

chlororaphis subsp. aurantiaca were 2.23202 and 2.4157, respectively, as well as 2.4157 for 

StlD from P. asymbiotica, using Merck Molecular Force Field 99 x (MMFF99X). The stereo-

chemical qualities of the model were assessed using Ramachandran plots: DarB from C. 

pinensis DSM 2588: 3.6 % outliner, 11% allowed, and 85.4 % core; DarB from P. 

chlororaphis subsp. aurantiaca: 1.8 % outlier, 15.7 % allowed, and 82.5 % core; StlD from P. 

asymbiotica: 3.7 % outliner, 7.5 % allowed, and 88.8 % core. 

Acyl-coenzyme A-oxidase/FadB-coupled DarB-in vitro assay: Acyl-coenzyme A (CoA)-

oxidase (Mlut_11700 from Micrococcus luteus), FadB from E. coli, ACP (Cpin_6845), ACPS 

(Cpin_1865), and Cpin_6850 (DarB) were isolated as described below. The E. coli BL321 

(DE3) Star strains with one of the respective overexpression plasmids were cultivated to an 

OD600 of 0.6-0.8. IPTG was added to a final concentration of 0.1 mM and the strains were 

cultivated at 16°C overnight. After centrifugation, the cell pellets were frozen at -20°C. Cells 

were lysated according to the freeze-thaw method, by addition of a lysation puffer (500 mM 

NaCl, 20 mM imidazole, 20 mM tris(hydroxymethyl)aminomethane (Tris) pH 7.5) which 

additionally contained 0,005 volumes of protease inhibitor cocktail set (Calbiochem), 

lysozyme (10 kU/ml), and benzonase (2,5 U/ml). The cell lysates were filtered through 0.6 µ 

syringe filters and applied to an ÄKTAexplorer™-System (GE Healthcare) equipped with a 

His Trap
TM

 HP 1ml affinity-chromatography column. Binding- and elution-puffer contained 

500 mM NaCl, 20 mM imidazole, 20 mM Tris pH 7.5 and 500 mM NaCl, 500 mM imidazole, 

20 mM Tris pH 7.5, respectively. Eluted fractions were analyzed by means of ultra-thin layer 

(UTL)-MALDI-mass spectrometry, as mentioned above. Protein concentrations were 

determined by means of a Nanovue Plus Spectrophotometer. Proteins were stored at -80 °C in 

a storage puffer which contained 100 mM NaCl, 50 mM Tris, 1 mM dithiothreitol, 1 mM 

EDTA, 10% glycerol. 
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To generate β-keto-palmitoyl-CoA acid as one substrate for the DarB-catalyzed cyclization 

reaction with the second α,β-unsaturated-fatty acid substrate (Butenoyl-CoA), the FadEB-in 

vitro assay described by Goh et al. was performed.
9
 Acyl-CoA-oxidase (Mlut_11700) 

generated α,β-unsaturated-palmitoyl-CoA which then was converted into β-keto-palmitoyl-

CoA by FadB (EcDH1_4135). Briefly, an 180 µl FadE-assay was performed under the 

following conditions: 1µM acyl-CoA-oxidase, 150 µg/ml BSA, 0.1 mM FAD, 1.5 mM 

palmitoyl-CoA, 101 µM CoA, and 1 mM β-mercaptoethanol. After 3h shaking at 30 °C, 2 U 

catalase were added and the shaking at 30 °C was continued for additional 30 min. 

Consecutively, an coupled FadB/DarB-assay was performed using the following mixture: 50 

µl of the FadE-assay, 400 µg/ml BSA, 100 mM NAD, 1 µM DarB, 1mM butenoyl-CoA, and 

2.5 µM FadB. Two controls were performed, where either DarB or butenoyl-CoA was 

replaced by water. The mixture was shaken for 18 h at 37 °C. The assay mixtures were 

desalted by means of 1 ml C18-C18E-solid phase extraction cartridges (Phenomenex, 

Germany). Briefly, cartridges were conditioned with 1 ml methanol and equilibrated with 0.1 

% trifluoroacetic acid (TFA). 100 µl of the coupled FadB/DarB-assays mixtures were mixed 

with 900 µl 0.1 % TFA and loaded onto separate SPE-cartridges. After washing with 1 ml 0.1 

% TFA, compounds were eluted with 500 µl 50 % ACN and 99.9 % ASCN/0.1 % TFA. After 

evaporation to dryness with a vacuum centrifuge, samples were diluted in 50 µl ACN and a 

1:10 dilution was analyzed by means of LC-MS. The undiluted samples were additionally 

analyzed by means of MALDI-MS. 

DarB-FadF-myristoyl-CoA-assay 

To test whether DarB can elongate myristoyl-CoA with a C2-elongation-unit from 

malonylated ACP and thereby generate β-keto-palmitoyl-CoA, which is in turn converted into 

a carboxy-CHD by cyclization with butenoyl-CoA, the following assay was performed: 25 

µM ACP (Cpin6845), 0.1 µM ACPS (Cpin_1876), 0.2 µM FabD (Photorhabdus 

luminescens), 1 µM DarB, 1 mM myristoyl-CoA, 2 mM malonyl-CoA, 1 mM butenoyl-CoA, 

and 101 µM CoA were shaken for 18 h at 37 °C in a 120 mM potassium phosphate buffer (pH 

7.5) and prepurified by means of C18E-solid phase extraction cartridges as described above. 
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Table S1. Oligonucleotides used in this work. 

Gene Oligonucleotide 5 → 3´-sequence 

cpin_6850 cpin_KS_1 

CATGCATATGAAGGAAGTTTATATTAC

AAGGCTTGC 

cpin_6850 cpin_KS_i 

GATGCTCGAGGTCAGATTAAGTGAAGG

TAAGAGG 

cpin_6851 cpin_cyc_1 

CATGCCATGGTGATGATTGAACGACCT

AAGATCCTG 

cpin_6851 cpin_cyc_i 

GATGAAGCTTACATGACCAATCCCGAA

GACTTAG 

cpin_6845 

cpin6845_ACP-

ohneHis_1 

CAAATCATGAAAGAAGAGTTAAAACAA

AAATTG 

cpin_6845 cpin6845_ACP_i 

CCTAAAGCTTCCTGTTATAAACACACGT

TC 

azo0292 azo_KS_1 

GATACATATGGCTGAGGCGCGCGCGGT

C 

azo0292 azo_KS_i 

CATGCTCGAGCGTCGATATCCATCGCG

GCCCTC 

azo0293 azo_cyc_1 

CGCTCCATGGTCGTGAAGAAAGTCCTC

GTCGTCC 

azo0293 azo_cyc_i 

GTACAAGCTTTCGATGTCGTCGTTGCCG

AC 

darB Psau_KS_Fw_NdeI CATATGAGTGAATCGTTTGCCTATATT 

darB Psau_KS_Rv_XhoI CTCGAGCGGGTTATTGCGCCAGG 

cpin_6850 

C124A 
cpin6850_C124A_1 

GGTGCAGCCGCTGCCGGTATGC 

cpin_6850 

C124A 
cpin6850_C124A_i 

CGGCAGCGGCTGCACCTGTAG 

cpin_6850 

N333A 
cpin6850_N333A_1 

GTAGGTGCAGTAGGTACCGCATCTCC 

cpin_6850 

N333A 
cpin6850_N333A_i 

ACCTACTGCACCTACTTTAGTCAGGTTG

G 
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Table S2. Plasmids used in this work. 

Plasmid Genotype Reference 

pCOLADuet-1 ColA ori, Km
r
, T7lac promoter Merck Millipore 

pACYCDuet-1 CloDF13 ori, Cm
r
, T7lac promoter Merck Millipore 

pCola-cpin_6850, 

cpin_6845 
ColA ori, Km

r
, T7lac promoter, cpin_6850 this work 

pACYC-

cpin_6851 
CloDF13, Cm

r
, T7lac promoter, cpin_6851 this work 

pCola-azo0292 ColA ori, Km
r
, T7lac promoter, azo0292 this work 

pACYC-azo0293 CloDF13 ori, Cm
r
, T7lac promoter, azo0293 this work 

pCola-darB ColA ori, Km
r
, T7lac promoter, darB this work 

pCola-cpin_6850 ColA ori, Km
r
, T7lac promoter, cpin6850 this work 

pCola-cpin_6850 

C124A 

ColA ori, Km
r
, T7lac promoter, cpin_6850 

C124A 
this work 

pCola-cpin_6850 

N333A 

ColA ori, Km
r
, T7lac promoter, cpin_6850 

N333A 
this work 

pBAD-stlCDE 

 

pBR322 ori, Amp
r
, AraC, stlCDE  

P. asymbiotica 
this work 
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Table S3. Strains used in this work. 

Strain Genotype Reference 

E. coli DH10B 

F_ mcrA Δ (mrr-hsdRMS-mcrBC), 80lacZ Δ, 

M15, 8
 

Δ lacX74 recA1 endA1 araD 139 Δ (ara, leu)7697 

galU galK λ rpsL (Strr) nupG 

E. coli BL21 (DE3) Star F– ompT hsdSB(rB–, mB–) gal dcm rne131 (DE3) Invitrogen 

Photorhabdus tracensis subsp. temperata DSM 15199 DSMZ 

Photorhabdus sp. PB 

68.1 
Wild type strain from Thailand 

9
 

SWF1 
BL21 (DE3) Star:pCOLADuet-1, pACYCDuet-

1,Kmr, Cm
r
 

this work 

SWF2 
BL21 (DE3) Star:pCola-

cpin_6850/cpin_6845,Kmr, Cm
r
 

this work 

SWF3 

BL21 (DE3) Star:pCola-

cpin_6850/cpin_6845,pACYC-cpin_6851,Km
r
, 

Cm
r
 

this work 

SWF4 BL21 (DE3) Star:pCola-azo0292,Kmr this work 

SWF5 
BL21 (DE3) Star:pCola-azo0292,pACYC-

azo0293, Km
r
, Cm

r
 

this work 

SWF6 BL21 (DE3) Star:pCola-darB, Km
r
 this work 

SWF7 
BL21 (DE3) Star:pCola-darB,pACYC-cpin_6851, 

Km
r
, Cm

r
 

this work 

SWF8 BL21 (DE3) Star:pCola-cpin_6850 , Km
r
 this work 

SWF9 BL21 (DE3) Star:pCola-cpin_6850 C124A, Km
r
 this work 

SWF10 BL21 (DE3) Star:pCola-cpin_6850 N333A, Km
r
 this work 

SWF11 BL21 (DE3) Star:pACYC-cpin_6851, Cm
r
 this work 

SWF12 BL21 (DE3) Star:pACYC-azo0293, Cm
r
 this work 

SWF13 E. coli DH10B pBAD-stlCDE P. asymbiotica this work 
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Table S4. MS data of the investigated CHDs and DARs, which were found after heterologous 

expression of DarAB-homologues from C. pinensis (Cpin), Azoarcus BH72 (Azo), P. aurantiaca 

(Pau), and P. asymbiotica (Pas). Compounds from Photorhabdus sp. PB68.1 (PB68.1) Photorhabdus 

temperata  subsp. tracensis (Ptra) were isolated from the strains themselves. Measurements were 

generally performed with internally calibrated high-resolution MALDI-Orbitrap-MS. Masses marked 

with an asterix were measure with a high resolution ESI-TOF-MS or an ESI-Orbitrap-MS and masses 

marked with an apostrophe were measured with a ESI-ion trap MS. (n.d. = not detected) 

Source 

Compoun

d 

sum 

formula  

calc. m/z 

[M+H
+
] 

det. m/z 

[M+H
+
] 

error 

[Da] 

error 

[ppm] 

Ptra 9 C17H20O2 257.15361 257.2´ 

  PB68.1 10 C17H22O2 259.16926 259.2´ 

  

 
11 C15H26O2 239.20056 239.2´ 

  

 
12 C17H20O2 257.15361 257.2´ 

  

 
13 C15H24O2 237.18491 237.1771´ 

  Cpin 14 C17H28O2 265.21621 265.215865 -0.00035 -1.3 

 
15 C19H30O2 291.23186 291.23245 0.00059 2.0 

 
16 C19H32O2 293.24751 293.24823 0.00072 2.5 

 
17 C21H34O2 319.26316 319.2´ 

  

 
18 C17H30O2 267.23186 267.23233 0.00047 1.8 

 
19 C19H32O2 293.24751 293.24803 0.00052 1.8 

 
20 C19H34O2 295.26316 295.26353 0.00037 1.3 

 
21 C21H36O2 321.27881 321.27902 0.00021 0.7 

 
23 C20H32O4 337.23734 337.2´ 

  

 
24 C20H34O4 339.25299 339.2´ 

  Azo 26 C19H34O2 295.26316 295.26341 0.00025 0.8 

 
27 C19H32O2 293.24751 293.2´ 

  

 
28 C20H34O4 339.25299 339.2´ 

  Pau 29 C13H22O2 211.16926 211.1689* -0.00036 -1.7 

 
30 C15H26O2 239.20056 239.20071 0.00015 0.6 

 
31 C16H26O4 283.19039 283.1´ 

  

 
32 C15H24O2 237.18491 237.2´ 

  Pas  33 C13H22O2 211.16926 211.16951* 0.00025 1.2 

 
34 C15H26O2 239.20056 239.20062* 6E-05 0.3 

 
35 C17H30O2 267.23186 267.2321* 0.00024 0.9 

 
36 C19H34O2 295.26316 295.2634* 0.00024 0.8 

  37 C21H38O2 323.29446 323.29472* 0.00026 0.8 
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Table S5. 9 und 10 in CD3OD (500 MHz), 11 in D6-DMSO (300 MHz), 12 in CDCl3, 500 MHz), 13 in DMSO (400 MHz). 

 9 (Enol) 10 (Enol) 11 (Diketone) 12 13 

No 
13

C 
1
H 

13
C 

1
H 

13
C 

1
H 

13
C 

1
H 

13
C 

1
H 

1 nd  nd  203.8  154.6  156.0  

2 120.9  120.8 2.87, m nd nd 117.9  116.9  

3 nd  nd  204.5  154.6  156.0  

4 41.1 2.36, dd (17, 11) 

2.47, dd (17, 5) 

40.8 2.15, dd (17, 11) 

2.45, dd (17, 5) 

45.9 2.46, dd (7, 14) 

2.78, dd (14, 3) 

108.7 6.18, s 106.7 6.02, s 

5 37.8 2.85, m 29.6 1.99, m 30.1 1.76, m 140.9  140.0  

6 41.1 2.36, dd (11, 17) 

2.47, dd (17, 5) 

40.8 2.15, dd (17, 11) 

2.45, dd (17, 5) 

44.0 2.67,dd (14, 3) 

2.87, dd (14, 5.5) 

108.7 6.18, s 106.7 6.02, s 

7 133.1 6.22, dd (16, 7) 37.7 1.66, m 36.2 1.43, m 37.2 2.75, m 35.2 2.24, t (7.7) 

8 130.7 6.46, d (16) 32.9 2.65, m 24.3 1.32, m 37.4 2.86, m 28.6 1.43, m 

9 138.5  140.9  38.6 1.16, m 141.7  38.1 1.12, m 

10 127.0 7.35, d (7.5) 128.3 7.17, d (7.6) 27.8 1.52, m 128.4 7.18, d (6.7) 27.3 1.49, m 

11 129.6 7.27, t (7.6) 128.5 7.24, t (7.6) 22.5 0.84, d 128.4 7.28, d (7.0) 22.5 0.81, d (6.7) 

12 128.4 7.18, t (7.6) 126.2 7.14, t (7.3) 22.5 0.86, d 126.0 7.20, t (7.0) 22.5 0.81, d (6.7) 

13 129.6 7.27, t (7.6) 128.5 7.24, t (7.6) 35.0 2.40, m 128.4 7.28, d (7.0) 23.4 3.33, heptett 

(7.1) 

14 127.0 7.35, d (7.5) 128.3 7.17, d (7.6) 16.2 0.94, d (7.0) 128.4 7.18, d (6.7) 20.8 1.16, d (7.1) 

15 24.1 3.14, heptett (6.5) 30.5 3.10, heptett (7.3) 16.0 0.94, d (7.0) 24.4 3.40, heptett (7.3) 20.8 1.16, d (7.1) 

16 20.4 1.13, d (6.5) 20.4 1.10, d (7.0)   20.6 1.34, d (7.3)   

17 20.4 1.13, d (6.5) 20.3 1.10, d (7.0)   20.6 1.34, d (7.3)   
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Table S6. NMR data of methylated CHDs from Photorhabdus PB68.1. 9-Me in CDCl3 (500 MHz), 

10-Me and 11-Me in D6-DMSO (400 MHz). 

 9-Me 10-Me 11-Me 

No 
13

C 
1
H 

13
C 

1
H 

13
C 

1
H 

1 197.1  196.5  196.7  

2 124.8  122.0  122.0  

3 170.6  172.2  172.3  

4 31.7 2.41, dd (17, 10) 

2.76, dd (17, 5) 

30.8 2.29, m 

2.78, dd (17, 4) 

30.9 2.23, m 

2.74, m 

5 36.7 2.88, m 32.2 1.90, m 32.6 1.90, m 

6 43.0 2.53, dd (16, 4) 

2.27, dd (16, 12) 

42.8 2.29, m 

2.00, m 

43.0 1.97, m 

2.23, m 

7 131.5 6.15, dd (16, 7) 36.7 1.64, m 23.6 1.29, m 

8 130.2 6.45, d (16) 32.0 2.64, t (8.0) 35.2 1.29, m 

9 138.8  141.9  38.5 1.14, m 

10 126.2 7.34, d (7.3) 128.2 7.22, m 27.3 1.52, m 

11 128.6 7.30, t (7.8) 128.3 7.28, m 22.5 0.86, d (6.5) 

12 127.6 7.22, t (7.3) 125.7 7.16, m 22.5 0.86, d (6.5) 

13 128.6 7.30, d (7.8) 128.3 7.28, m 22.6 3.06, heptett (7.0) 

14 126.2 7.34, d (7.3) 128.2 7.22, m 20.3 1.02, d (7.0) 

15 23.3 3.19, heptett 

(6.5) 

22.6 3.06, heptett 

(7.0) 

20.5 1.02, d (7.0) 

16 20.2 1.10, d (6.5) 20.3 1.02, d (7.0)   

17 20.4 1.10, d (6.5) 20.5 1.02, d (7.0)   

O-CH3 55.0 3.80, s 55.1 3.79, s 55.1 3.78, s 

  



 

 

231 

Table S7. NMR data of DAR isolated after heterologous expression of DarABC from C. pinensis 

DSM 2588 in E. coli. 14, 15, and 16.
 1

H-spectra were measured on a 400 MHz-spectrometer and 
13

C-

spectra on a 300 MHz-spectrometer and compounds were solved in D6-DMSO. 

 14  15 16 

No 
13

C 
1
H 

13
C 

1
H 

13
C 

1
H 

1 155.9  155.6  155.9  

2 112.2   112.0   112.3   

3 155.9 8.76, s 155.6 8.80, s 155.9 8.76, s 

4 107.0 6.06, s 106.9 6.07, s 106.9 6.06, s 

5 134.8   134.8   134.9   

6 107.0 6.06, s 106.9 6.07, s  106.9 6.06, s 

7 20.9 2.06, s 20.9 2.08, s 20.9 2.06, s 

8 22.5 2.41, t (7.5) 22.4 2.44, t (7.3) 22.5 2.41, t (7.4) 

9 28.8 1.37, m 28.5 1.41, m 28.9 1.37, m 

10 28.7* 1.24, m 29.3 1.31, m 28.7* 1.24, m 

11 29.0* 1.24, m 26.7 2.00, m 29.0* 1.24, m 

12 29.1* 1.24, m 129.4 5.32, m 29.1* 1.24, m 

13 29.1* 1.24, m 129.8 5.32, m 29.1* 1.24, m 

14 29.2* 1.24, m 26.5 2.00, m 29.1* 1.24, m 

15 31.3 1.24, m 28.5 1.25, m 29.1* 1.24, m 

16 22.1 1.24, m 29.1 1.25, m 29.2* 1.24, m 

17 13.9 0.86, t (6.8) 31.1 1.25, m 31.3 1.24, m 

18   22.0 1.25, m 22.1 1.24, m 

19   13.9 0.86, t (7.0) 13.9 0.86, t (6.3) 

OH  8.76, s  8.80, s  8.76, s 

* = interchangeable  
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Table S8. NMR data of CHDs isolated after heterologous expression of DarBC from C. pinensis DSM 

2588 in E. coli. 18, 19 and 20. 
1
H-spectra were measured on a 400 MHz-spectrometer and 

13
C-spectra 

on a 300MHz-spectrometer and compounds were solved in CDCl3. 

 18 (Dion) 19 (Dion) 21 (Dion) 

No 
13

C 
1
H 

13
C 

1
H 

13
C 

1
H 

1 205.5   199.1   204.6   

2 66.6 3.28, m 115.7   70.7 3.67, m 

3 205.5   176.6   204.6   

4 
47.1 

2.35, m 

2.75, m 
40.8 

2.14, m 

2.50, m 
47.4 

2.40, m 

2.75, m 

5 25.1 2.35, m 21.8 2.18, m 24.4 2.50, m 

6 
47.1 

2.35, m 

2.75, m 
42.2 

2.79, m 

2.25, m 
47.4 

2.40, m 

2.75, m 

7 20.3 1.02, m 21.0 1.08, d (5.4) 20.1 0.99, d (7.2) 

8 24.6 1.79, m 21.6 2.26, m 35.2 1.86, m 

9 28.8* 1.33, m 29.7* 1.35, m 28.7* 1.35, m 

10 29.0* 1.25, m 28.7* 1.35, m 28.8* 1.35, m 

11 29.0* 1.25, m 27.3 2.00, m 29.0* 1.35, m 

12 29.1* 1.25, m 129.0 5.35, m 29.0* 1.35, m 

13 29.6* 1.25, m 130.1 5.35, m 27.2 2.00, m 

14 29.6* 1.25, m 27.3 2.00, m 129.8 5.35, m 

15 29.7* 1.25, m 29.7* 1.35, m 130.4 5.35, m 

16 22.6 1.25, m 29.7* 1.29, m 27.2 2.00, m 

17 14.0 0.87, t (6.5) 31.8 1.29, m 29.3* 1.35, m 

18   22.6 1.29, m 29.5* 1.29, m 

19   14.1 0.89, m 31.7 1.29, m 

20     22.6 1.29, m 

21     14.1 0.88, t (6.1) 

* = interchangeable  
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Table S9. Internally calibrated high-resolution MALDI-MS data of the CHD and carboxy-CHD, 

which were identified in the DarB-in vitro assay. (n.d. = not detected) 

Compound sum formula  
calc. m/z 

[M+H
+
] 

det. m/z 

[M+H
+
] 

error [Da] error [ppm] 

295 C19H34O2 295.26316 295.2633 0.00014 0.47415329 

267 C17H30O2 267.23186 n.d. 
  

339 C20H34O4 339.25299 339.25334 0.00035 1.04052141 
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Table S10. List of all identified organisms from the NCBI database that contained a DarA- as well as a DarB-homologue. Notes: red, human pathogen or isolated 

from human sample; yellow, animal pathogen or isolated from animal; orange, flexirubin producer; green, plant/sponge-associated. 

Organism DarB Identity 

[%] 

Positives[

%] 
DarA Identity 

[%] 

Positives 

[%] 

Source 

Aequorivita sublithincola DSM 14238 Aeqsu_0932 54 74 Aeqsu_0933 39 57 quartz stone sublithic cyanobacterial community, 

Anarctica 
Aggregatibacter aphrophilus ATCC 33389 ATCC33389_0196 44 62 ATCC33389_0195 41 57 case of infectious endocarditis 

Aggregatibacter aphrophilus F0387 HMPREF9335_01583 44 62 HMPREF9335_01584 41 57 case of infectious endocarditis 

Aggregatibacter aphrophilus NJ8700 NT05HA_1737 44 62 NT05HA_1736 41 57 case of infectious endocarditis 

Aggregatibacter segnis ATCC 33393 HMPREF9064_0174 44 62 HMPREF9064_0175 44 60 Human oral cavity 

Arcobacter butzleri JV22 HMPREF9401_0244 46 67 HMPREF9401_0243 39 56 Gastrointestinal tract 

Arcobacter nitrofigilis DSM 7299 Arnit_2310 45 64 Arnit_2309 40 57 roots of the marshplant Spartina alterniflor, Canada 

Azoarcus BH72 Azo0292 49 67 Azo0293 43 58 Kallar grass endophyte 

Bacteroidetes oral taxon 274 str. F0058 HMPREF0156_01383 50 74 HMPREF0156_01382 33 58 human oral microflora 

Bizionia argentinensis JUB59 BZARG_2045 54 73 BZARG_2046 36 58 seawater in Antarctica 

Capnocytophaga gingivalis ATCC 33624 CAPGI0001_0843 50 73 CAPGI0001_2416 37 56 periodontal lesion 

Capnocytophaga ochracea DSM 7271 Coch_0547 48 73 Coch_0548 40 58 human oral cavity 

Capnocytophaga ochracea F0287 HMPREF1977_1456 49 73 HMPREF1977_1455 40 58 human oral 

Capnocytophaga ochracea str. Holt 25 HMPREF1319_0374 49 73 HMPREF1319_0373 40 58 human oral 

Capnocytophaga sp. CM59 HMPREF1154_2288 50 72 HMPREF1154_0138 39 58 Human 

Capnocytophaga sp. oral taxon 335 str. F0486 HMPREF1320_1701 48 73 HMPREF1320_1700 40 58 human oral 

Capnocytophaga sp. oral taxon 338 str. F0234 HMPREF9071_0527 55 73 HMPREF9071_1849 37 59 Human oral cavity 

Capnocytophaga sp. oral taxon 412 str. F0487 HMPREF1321_1154 48 73 HMPREF1321_1155 41 60 human oral 

Capnocytophaga sputigena ATCC 33612 CAPSP0001_1216 48 73 CAPSP0001_1213 40 57 periodontal lesion 

Chitinophaga pinensis DSM 2588 Cpin6850 100 100 Cpin_6851 100 100 infusion of litter from the base of a pine tree, Australia 

Chryseobacterium gleum ATCC 35910 HMPREF0204_10987 51 72 HMPREF0204_10986 36 57 High vaginal swab 

Chryseobacterium sp. CF314 PMI13_02465 50 72 PMI13_02464 37 57 Populus deltoides, root nodule 

Cytophaga hutchinsonii ATCC 33406 Chu_0390 50 71 CHU_0391 40 59 sugarcane piles 

Dechloromonas aromatica RCB Daro_2368 48 66 Daro_2367 39 56 sediments  from the Potomac River, USA 

delta proteobacterium MLMS-1 MldDRAFT_4065 45 61 MldDRAFT_0843;MldDRAF
T_3884 

34/33 49/49 Mono Lake California 

Desulfotalea psychrophila LSv54 DP1817 45 66 DP3069 23 42 arctic sediments, Svalbard 

Desulfurivibrio alkaliphilus AHT2 DaAHT2_1139 44 62 DaAHT2_0003 30 47 sediment from a highly alkaline saline soda lake in Egyp 

Dyadobacter fermentans DSM 18053 Dfer_5797 52 71 Dfer_5796 39 61 surface sterilized stems of Zea mays 

Eikenella corrodens ATCC 23834 EIKCOROL_00456 42 62 EIKCOROL_00268 40 59 Sputum 

Fischerella sp. JSC-11 FJSC11DRAFT_3961 52 71 FJSC11DRAFT_3962 35 54  
Flavobacterium columnare ATCC 49512 Fcol_11845 57 75 FCOL_11850 37 59 Skin lesion of  Salmo trutta, France 

Flavobacterium johnsoniae UW101 Fjoh_1102 54 74 Fjoh_1103 35 56 Soil 

Flavobacterium psychrophilum JIP02/86 FP2279 54 73 FP2280 38 58   
Flavobacterium sp. CF136 PMI10_02641 55 72 PMI10_02642 36 55 Populus deltoides, root nodule 

Flavobacterium sp. F52 FF52_12311 55 74 FF52_12316 36 59 Rhizosphere of Capsicum annuum L. cv. Maccabi 
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Fluviicola taffensis DSM 16823 Fluta_1447 49 69 Fluta_1446 39 59 freshwater bacterium, UK 

Haemophilus parainfluenzae ATCC 33392 HMPREF9417_0595 43 63 HMPREF9417_0596 40 57 Septic finger 

Haemophilus pittmaniae HK 85 HMPREF9952_1824 43 63 HMPREF9952_1825 41 57 Human saliva 

Hirschia baltica ATCC 49814 Hbal_2902 49 69 Hbal_2903 37 54 brackish water, Germany 

Kingella oralis ATCC 51147 GCWU000324_02596 43 62 GCWU000324_02598 38 52 human dental plaque 

Lacinutrix sp. 5H-3-7-4 Lacal_2074 51 71 Lacal_2073 37 57 subseafloor sediments, Japan 

Leadbetterella byssophila DSM 17132 Lbys_1508 53 72 Lbys_1509 43 61 Cotton-waste composts, South Korea 

Mannheimia haemolytica serotype A2 str. BOVINE COK_0379 45 65 COK_0380 40 56 Bos taurus 

Mannheimia haemolytica serotype A2 str. OVINE COI_2002 45 64 COI_2001 40 56 Ovis aries 

Methylobacterium sp. 4-46 M446_0174 49 67 M446_0173 32 51 Root nodule bacteria isolated from Lotononis bainesii 

Microcystis aeruginosa PCC 9808 MICAG_1820011 51 70 MICAG_1820012 35 56 cyanobacteria found in fresh water 

Mucilaginibacter paludis DSM 18603 Mucpa_6793 54 72 Mucpa_6792 36 54 Sphagnum peat bog, Siberia, Russia 

Myroides odoratimimus CCUG 10230 HMPREF9712_01161 53 72 HMPREF9712_01160 36 58 human 

Myroides odoratimimus CCUG 3837 HMPREF9711_01694 53 72 HMPREF9711_01695 36 58 human 

Myroides odoratimimus CIP 103059 HMPREF9716_01579 53 70 HMPREF9716_01580 38 60 human 

Myroides odoratus DSM 2801 Myrod_1723 53 70 Myrod_1724 38 60   
Neisseria flavescens NRL30031/H210 NEIFLAOT_02523 46 65 NEIFLAOT_02525 41 55 Human skin sample 

Neisseria flavescens SK114 NEIFL0001_0036 46 65 NEIFL0001_0039 40 55 Human skin sample 

Neisseria macacae ATCC 33926 HMPREF9418_1128 44 64 HMPREF9418_1131 38 55 oropharynx of rhesus monkey 

Neisseria mucosa C102 HMPREF0604_01363 46 64 HMPREF0604_01365 40 54 sputum from  patient with Cystic Fibrosis 

Neisseria shayeganii 871 HMPREF9371_1043 42 62 HMPREF9371_1041 41 57 human wound 

Neisseria sicca ATCC 29256 NEISICOT_02133 44 64 NEISICOT_02135 38 55 Pharyngeal mucosa of healthy man 

Neisseria sicca VK64 HMPREF1051_1749 44 64 HMPREF1051_1746 39 55 Human respiratory tract, healthy 

Neisseria sp. GT4A_CT1 HMPREF1028_00835 44 64 HMPREF1028_00832 38 55 oral swab taken from patient with Crohn's Disease 

Neisseria sp. oral taxon 014 str. F0314 HMPREF9016_01947 44 64 HMPREF9016_01944 38 55 human dental plaque 

Neisseria subflava NJ9703 NEISUBOT_03200 47 65 NEISUBOT_03198 41 54 Oral cavity of a healthy individual 

Neisseria wadsworthii 9715 HMPREF9370_1914 43 61 HMPREF9370_1915 38 55 human wound 

Niabella soli DSM 19437 NiasoDRAFT_0547 51 71 NiasoDRAFT_0546 34 55 Soil, Jeju Island, Republic of Korea 

Nocardia brasiliensis ATCC 700358 O3I_37171 36 57 O3I_37166 30 46 human 

Owenweeksia hongkongensis DSM 17368 Oweho_0889 52 71 Oweho_0890 34 53 Sea water (sand filtered); China, Hong Kong 

Photorhabdus asymbiotica Pau_02401 49 70 PAU_02402 40 57   
Photorhabdus asymbiotica subsp. asymbiotica ATCC 

43949 
PA-RVA6-3077 49 70 PA-RVA6-3076 40 57 blood of an patient with endocarditis 

Photorhabdus luminescens subsp. laumondii TTO1 Plu2164 49 69 Plu_2163 40 57 Isolated from the Heterorhabditis bacteriophora 

Pseudoalteromonas arctica A 37-1-2 ParcA3_01010000342

8 

44 61 ParcA3_010100003423 39 56 seawater, Spitzbergen 

Pseudoalteromonas spongiae UST010723-006 PspoU_010100018642 47 65 PspoU_010100018637 37 52 Sponge Mycale adhaerens Hong Kong waters 

Pseudomonas chlororaphis O6 PchlO6_4243 50 68 PchlO6_4244 39 55 soil in Utah, USA 

Pseudomonas chlororaphis subsp. Aurantiaca DarB 50 68 DarA 38 55  
Pseudomonas chlororaphis subsp. aureofaciens 30-84 Pchl3084_3967 50 68 Pchl3084_3968 40 56 root of wheat, Kansas, USA 

Pseudomonas fulva 12-X Psefu_0435 47 66 Psefu_0434 42 60 rice paddy, Japan 

Pseudomonas mendocina NK-01 MDS_0597 47 66 MDS_0596 41 57 farmland soil in Tianjin, China 

Pseudomonas sp. GM17 PMI20_00702 50 68 PMI20_00701 40 56 Populus deltoides, root nodule 
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Pseudomonas stutzeri DSM 10701 PSJM300_17945 45 64 PSJM300_17950 39 58 anaerobic enrichment from soil, USA 

Rhodoferax ferrireducens T118 Rfer_3974 47 66 Rfer_3975 39 56 subsurface sediments collected in Oyster Bay, VA, USA 

Sideroxydans lithotrophicus ES-1 Slit_0359 47 66 Slit_0358 43 58 iron contaminated groundwater in Michigan, USA 

Sulfurimonas gotlandica GD1 CBGD1_514 49 69 CBGD1_588 34 58 Baltic Sea 

Sulfurimonas gotlandica GD1 SMGD1_1386 49 69 SMGD1_1387 34 58 Baltic Sea 

Sulfurospirillum barnesii SES-3 Sulba_2257 46 66 Sulba_2258 40 57 freshwater marsh sediment, Massie Slough, NV, USA 

Sulfurospirillum deleyianum DSM 6946 Sdel_2118 45 66 Sdel_2119 39 56 anoxic mud from a german lake 

Tannerella forsythia ATCC 43037 BFO_3187 52 70 BFO_3186 24 47 Human periodontal pocket 

Variovorax paradoxus EPS Varpa_2231 45 66 Varpa_2230 45 58   
Variovorax paradoxus S110 Vapar_3389 46 66 Vapar_3390 42 57   

Variovorax sp. CF313 PMI12_02025 46 67 PMI12_02024 44 59 Populus deltoides, root nodule 

Weeksella virosa DSM 16922 Weevi_1554 51 72 Weevi_1553 37 58 Human urine 

Zobellia galactanivorans zobellia_2074 54 72 Zobellia_2075 39 58 dead algae 

 

 

 

<
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Table S11. List of all ketosynthases used for generation of the phylogenetic trees. The list comprises 

the locus name, the organism, and the access number of all proteins. 

KS Organism Access-number KS Organism Access-number 

DpsC S. peucetius AAA65208 Coch_0547 C. ochracea YP_003140666 

TylGI KSQ S. fradiae AAB66504 COI_2002 M. haemolytica ZP_05992665 

FrnI S. roseofulvus AAC18104 COK_0379 M. haemolytica ZP_05988513 

AknE2 S. galilaeus AAF70109 cpin1855 C. pinensis YP_003121552 

OleAI KSQ S. antibioticus AAF82408 cpin6850 C. pinensis YP_003126452 

CouN2 S. rishiriensis AAG29787 DaAHT2_1139 D. alkaliphilus YP_003690456 

ZhuH 1MZJ S. sp. R1128 AAG30195 DarB: P. chlororaphis AAN18032 

AviN S. viridochromogenes AAK83178 Daro_2368 D. aromatica YP_285574 

CalO4 M. echinospora AAM70354 Dfer_1997 D. fermentans YP_003086385 

CloN2 S. roseochromogenes AAN65231 Dfer_5797 D. fermentans YP_003090150 

NanA8 S. nanchangensis AAP42874 DP1817 D. psychrophila YP_065553 

HedT S. griseoruber AAP85336 EIKCOROL_0045

6 

E. corrodens ZP_03712789 

FdmS S. griseus AAQ08929 EncA S. maritimus AAF81728 

FabH S. echinatus AAV84077 EncB S. maritimus AAF81729 

ChlB3 S. antibioticus AAZ77676 FabF B. subtilis NP_389016 

ChlB6 S. antibioticus AAZ77679 FabF S. avermitilis BAC70003 

PlaP2 Streptomyces. sp. Tu6071 ABB69750 FabF C. pinensis ACU62401 

CosE S. olindensis ABC00733 FabF E. coli NP_287229 

MerA S. violaceusniger ABJ97437 FabF Methylobacterium 

sp. 4-46 

YP_001771620 

AlnI Streptomyces. sp CM020 ACI88883 FabF N. punctiforme YP_001867862 

PokM2 S. diastatochromogenes ACN64832 FabF P. luminescens NP_930065 

ActIA S. coelicolor A3(2) SCO5087 FabH A. pernix NP_148228 

ActiB S. coelicolor A3(2) SCO5088 FabH E. coli NP_287225 

TamAI Streptomyces sp. 3079 ADC79637 FabH A. fabrum NP_354198 

Aeqsu_0932 A. sublithincola YP_006417450 FabH A. fulgidus NP_071237 

AntD (Plu4191) P. luminescens NP_931374 FabH N. punctiforme YP_001865657 

Arnit_2310 A. nitrofigilis YP_003656468 FabH P. luminescens NP_930069 

ATCC33389_0196 A. aphrophilus EGY32238 FabH S. avermitilis BAC73499 

azo0292 DarB A. sp. BH72 YP_931796 FabHA B. subtilis NP_389015 

BAB72048 S. galilaeus BAB72048 FabHB B. subtilis NP_388898 

BAS R. palmatum AAK82824 Fcol_11845 F. columnare YP_004942963 

BFO_3187 T. forsythia YP_005015826 FF52_12311 Flavobacterium sp. F52 ZP_10481912 

BPS (PLN03172) H. androsaemum Q8SAS8 Fjoh_1102 F. johnsoniae YP_001193454 

BZARG_2045 B. argentinensis ZP_08820341 FJSC11DRAFT_39

61 

Fischerella sp. JSC-11 ZP_08987753 

BenQ Streptomyces sp. 

A2991200 

CAM58805 Fluta_1447 F. taffensis YP_004344279 

CAPGI0001_0843 C. gingivalis ZP_04056582 FP2279 F. psychrophilum YP_001297136 

CAPSP0001_1216 C. sputigena ZP_03390203 GCWU000324_02

596 

K. oralis ZP_04603113 

CBGD1_514 S. gotlandica ZP_05070248 Hbal_2902 H. baltica YP_003061270 

CerJ S. tendae AEI91069 HMPREF0156_01

383 

Bacterioidetes oral 

taxon 274 str. F0058 

ZP_06983320 

CHS H. 

(PLN03173) 

H. androsaemum Q9FUB7 HMPREF0204_10

987 

C. gleum ZP_07085127 

Chs-like R. baltica NP_868579 HMPREF0604_01

363 

N. mucosa ZP_07993739 

CHS9 M. sativa AAA02827 HMPREF1028_00

835 

Neisseria sp. 

GT4A_CT1 

ZP_08888860 

CHU_0390 C. hutchinsonii YP_677020 HMPREF1051_17

49 

N. sicca EIG27057 
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KS Organism Access-number KS Organism Access-number 

HMPREF1154_2288 Capnocytophaga sp. 

CM59 

ZP_10880679 ParcA3_01010000342

8 

P. arctica ZP_10280196 

HMPREF1319_0374 Capnocytophaga 

ochracea 

EJF43732 PAU_02401 P. asymbiotica YP_003041237 

HMPREF1320_1701 Capnocytophaga 
taxon 335 str. F0486 

EJF37460 Pchl3084_3967 P. chlororaphis EJL05977 

HMPREF1321_1154 Capnocytophaga 

taxon 412 str. F0487 

ZP_10366882 PchlO6_4243 P. chlororaphis ZP_10172862 

HMPREF1977_1456 Capnocytophaga 

ochracea 

ZP_07866642 PKS10 M. tuberculosis NP_216176 

HMPREF9016_0194
7 

Neisseria oral taxon 
014 str. F0314 

ZP_06980826 PKS11 M. tuberculosis NP_216181 

HMPREF9064_0174 A. segnis ZP_07888807 Plu2164 P. luminescens NP_929424 

HMPREF9071_0527 Capnocytophaga oral 

taxon 338 str. F0234 

ZP_08201061 Plu1885 P. luminescens NP_929153 

HMPREF9335_0158

3 

A. aphrophilus EHB89432 PMI10_02641 Flavobacterium sp. 

CF136 

ZP_10730768 

HMPREF9370_1914 N. wadsworthii ZP_08940206 PMI12_02025 Variovorax sp. 
CF313 

ZP_10567997 

HMPREF9371_1043 N. shayeganii ZP_08886538 PMI13_02465 Chryseobacterium 

sp. CF314 

ZP_10726507 

HMPREF9401_0244 A. butzleri ZP_07890833 PMI20_00702 Pseudomonas sp. 

GM17 

ZP_10707840 

HMPREF9417_0595 H. parainfluenzae ZP_08147854 Psefu_0435 P. fulva YP_004472512 

HMPREF9418_1128 N. macacae ZP_08684521 PSJM300_17945 P. stutzeri AFN79642 

HMPREF9711_0169

4 

M. odoratimimus EKB04829 PspoU_010100018642 P. spongiae ZP_10300425 

HMPREF9712_0116

1 

M. odoratimimus ZP_09523568 Q54206 S. glaucescens Q54206 

HMPREF9716_0157
9 

M. odoratimimus EKB07937 Rfer_3974 R. ferrireducens YP_525203 

HMPREF9952_1824 H. pittmaniae ZP_08755481 RppA S S. antibioticus BAB91443 

Lacal_2074 Lacinutrix sp. 5H-3-7-

4 

YP_004580348 RppA S. avermitilis NP_828307 

Lbys_1508 L. byssophila YP_003997574 RppB S. antibioticus BAB91444 

M446_0174 Methylobacterium sp. 
4-46 

YP_001767187 Sdel_2118 S. deleyianum YP_003305165 

MDS_0597 P. mendocina YP_004378380 SimA1 S. antibioticus AAK06784 

MICAG_1820011 M. aeruginosa CCI22605 SimA2 S. antibioticus AF324838_4 

MJ1546 M. jannaschii NP_248554 Slit_0359 S. lithotrophicus YP_003522988 

MldDRAFT_4065 Δ proteobacterium 
MLMS-1 

ZP_01289639 SMGD1_1386 S. gotlandica EHP29910 

Mucpa_6793 M. paludis ZP_09618305 STS P. quinquefolia AAM21773 

MXAN_6639 M. xanthus YP_634756 Sulba_2257 S. barnesii YP_006405107 

Myrod_1723 M. odoratus ZP_09672239 TcmK S. davawensis CCK26894 

NcnA S. arenae AAD20267 TcmL S. glaucescens AAA67516 

NcnB S. arenae AAD20268 Varpa_2231 V. paradoxus YP_004154548 

NEIFL0001_0036 N. flavescens ZP_04757628 Vapar_3389 V. paradoxus YP_002945272 

NEIFLAOT_02523 N. flavescens ZP_03720660 EryAII S. erythraea YP_001102990 

NEISICOT_02133 N. sicca ZP_05318975 FabH S. erythraea YP_001107471 

NEISUBOT_03200 N. subflava ZP_05983976 FabH S. griseus YP_001826619 

NiasoDRAFT_0547 N. soli ZP_09632794 FabB S. boydii YP_001881145 

NP_344945 S. pneumoniae NP_344945 FabF T. thermophilus YP_143679 

NP_415613 E. coli NP_415613 Zobellia_2074 Z. galactanivorans YP_004736513 

NP_416826 E. coli NP_416826 FabB A. 

pleuropneumoniae 

ZP_00134992 

NP_626634 S. coelicolor A3(2) NP_626634 CalO4 S. aurantiaca ZP_01462124 

NP_645683 S. aureus NP_645683 FabF E. albertii ZP_02902779.1 

NT05HA_1737 A. aphrophilus YP_003008155 NdasDRAFT_3133 N. dassonvillei ZP_04334033.1 

O3I_37171 N. brasiliensis ZP_09843377 FabB Citrobacter sp. 
30_2 

ZP_04562837 

Oweho_0889 O. hongkongensis YP_004988545 AknE2 S. galilaeus ZP_04991255.1 

PA-RVA6-3077 P. asymbiotica CAR66906    
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Supplemental figures 

 

Figure S1. Selected COSY (bold lines) and HMBC correlations (arrows) of 9-13, 9-Me, 10-Me, and 

11-Me. 
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Figure S2. Selected COSY (bold lines) and HMBC correlations (arrows) of 14-16 and 18-20.  



 

 

241 

 



 

 

242 

Figure S3. I: HPLC/MS-chromatograms of extracts from E. coli Bl21 (DE3) Star with different 

heterologously expressed genes from Azoarcus BH72 whose corresponding proteins exhibited high 

similarities to DarAB from P. chlororaphis subsp. aurantiaca (P. aurantiaca). EICs of CHD 26 (m/z 

295.2) and the expected mass of the corresponding DAR 27 (m/z 293.2) produced after heterologous 

expression of azo0292 (DarB) (a) or azo0292 (DarB) and azo0293 (DarA) are depicted. 

Chromatogram c) shows the EIC of carboxy-CHD 28 (m/z 339.2) after expression of DarB (blue) and 

DarAB (red). Chromatograms b and c are enlarged 20- and 50-fold relative to the intensity of a), 

respectively. II: Structures of the CHD, carboxy-CHD, and DAR isolated from E. coli BL21 (DE3) 

Star after heterologous expression of darB and darA from Azoarcus BH72. III: ESI-MS
2
-spectra of a) 

26 and b) 28 as well as the corresponding structures and the observed fragments. 
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Figure S4. I: HPLC/MS-chromatograms of extracts from E. coli Bl21 (DE3) Star with heterologously expressed darB from P. chlororaphis subsp. aurantiaca 

(P. aurantiaca) (a, c) and together with the darC-homologue cpin_6851 from C. pinensis DSM 2588 (b, d). EICs of CHDs 29 (m/z 211.2) and 30 (m/z 239.2) as 

well as the expected masses of the corresponding DAR are depicted in a and b. DAR 32 (m/z 237.2) was detectable while no DAR-derivative of CHD 29 

(expected m/z 209.2) could be found (m/z 209.2). EICs of the carboxy-CHD 31 (m/z 283.2) are depicted in c and d. Chromatogram b is enlarged 10-fold and c+d 

49-fold relative to the intensities of a.. II: CHDs (29, 30), a carboxylated CHD (31), and a DAR (32) which were identified after heterologous expression of the 

genes darB from P. chlororaphis subsp. aurantiaca (P. aurantiaca) and darA from C. pinensis DSM 2588. III: ESI-MS
2
-spectra of a) 30 and b) 32 as well as the 

corresponding structures and the observed fragments. 
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Figure S5. HPLC/MS-chromatograms of extracts from E. coli DH10B with heterologously expressed 

stlCDE from P. asymbiotica (a) and the control with the empty vector (b). Depicted are the structures 

of the identified substances as well as their compound numbers, detected masses are listed in table S4. 

The double peaks might result from keto-enol-tautomerism and the subsequent formation of 

diastereomers at C2 and C5. 
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Figure S6. I: HPLC/MS-chromatograms of the FadEB-DarB in vitro assay. Depicted are extracted ion 

chromatograms of CHD 20 and the carboxylated CHD 24. Assay a) contained in situ generated β-

ketopalmitoyl-CoA (Mlut_11700- and FadB-activity) butenoyl-CoA, and DarB. The controls (b,c) did 

not contain DarB (b) or butenoyl-CoA (c). Chromatogram d) was generated from the in vitro DarB-

FadF-myristoyl-CoA-assay. Compounds 20 and 24 could not be detected in all three controls (b-d). 

All Chromatograms were drawn to the same scale. II: HPLC/MS-chromatograms of extracts from E. 

coli Bl21 (DE3) Star with heterologously expressed cpin_6850 (DarB) (a) and the following 

cpin_6850-mutants obtained by in vitro mutagenesis: b) C124A, c) N333A. The abscissa-intensity for 

a) were 4.82*10
8 
and 4.82*10

6 
for b), c), and d). 
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Figure S7. Modeled protein structures of DarB from Chitinophaga pinensis DSM 2588 (a), 

Pseudomonas chlororaphis subsp. aurantiaca (b), and StlD from Photorhabdus asymbiotica (c). 

Models a and b were calculated on basis of the crystallized structure of FabH from Aquifex aeolicus 

VF5 (2ebd) and c) based on the crystal structure of FabH from Staphylococcus aureus (1zow). 

Structural deviations were 1.9 Å, 1.364 Å, and 1.075 Å for a, b, and c, respectively. d shows 

superimposed structures of 2ebd and the modeled structure of DarB from C. pinensis DSM 2588, 

where blue color indicates consensus areas and red indicates where the structure of DarB deviates 

from 2ebd.  
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Figure S8. Catalytic triad identified in the modeled structure of DarB from Chitinophaga pinensis 

DSM 2588 comprising the residues Cys123, His297, and Asn332. The picture furthermore shows the 

thioester-bound carboxy-CHD 24 in dark green color which is placed in the active center cavity and 

covalently bound to Cys123. The probability of presence of 24 was calculated assuming the covalent 

binding to Cyc123. 
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Figure S9. Picture of the cavities close to the active site in the modeled DarB structure from C. pinensis DSM 2588. Depicted is the catalytic triad residue 

Cys123 and the bound carboxy-CHD 24. Two possible positions of the alkyl-chain of 24 were computed. In a), the alkyl-chain occupies a dead end cavity which 

is only accessible through the active site. In b), the alkyl-chain of 24 occupies the cavity that connects the active site to the solvent (The solvent accessible tunnel 

is highlighted by a white arrow). Considering that the postulated flip-flop mechanism for Mycobacterium tuberculosis FabH also applies for DarB-like 

enzymes,
[10]

 where both, the CoA-bound starting-unit as well as the ACP-bound elongation-unit enter the active site through the same cavity, the alkyl-chain of 

24 should occupy the dead-end cavity (red arrow). Otherwise, assuming that the long chain-β-keto-CoA precursor is first bound to the active site Cys123, 

butenoyl-CoA would not have free access to the active site, where the cyclization reaction likely takes place. 
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Figure S10. Larger scaled picture of the cavities surrounding the catalytic triad of the modeled DarB structure from C. pinensis DSM 2588. β-keto-palmitic acid 

is bound to Cys123 in thioester linkage and its alkyl-chain is placed in the tunnel which connects the active site to the solvent. The second precursor of the 

cyclization reaction butenoyl-CoA enters the active site via a second opening which allows the butenoyl-residue to approach the β-keto-palmitic acid at about ~ 

9.7 Å. Considering possible protein rearrangements once β-keto-palmitic acid is bound to Cys123, it might be possible that the cyclization takes place. This 

conception is concordant with the observation that DarB can simultaneously bind a β-keto- and a α,β-unsaturated alkyl-precursor, as shown in Figure S16. 

. 
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Figure S11. MALDI-MS mass spectra of the doubly charged His
6
-DarB (a) from C. pinensis DSM 

2588 incubated with β-keto-butanoic acid (852.14 Da) (b), butenoyl-CoA (836.15 Da) (c), and β-keto-

butanoic acid as well as butenoyl-CoA (d). Comparison of mass spectra a, b, and c reveals that minute 

proportions of accessible DarB-protein are noncovalently loaded with the precursors of the cyclization 

reaction, if only one of the two necessary precursors is available. However, addition of β-keto-

butanoic acid as well as butenoyl-CoA, which did not result in the formation of a CHD, resulted in the 

formation of DarB-species which were loaded with both precursors. Furthermore, the proportion of 

singly loaded precursor also increased in comparison to b) and c). This demonstrates that one DarB-

monomer seems to be capable to load two of the CoA-bound precursors of the cyclization reaction, 

which did not take place with β-keto-butanoic acid, probably due to a stabilization of the proton in γ-

position, preventing the condensation with the α-position of butenoyl-CoA. 
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Figure S12. Phylogenetic three (RAxML) comprising ketosynthases from various biosynthetic 

pathways. Fatty acid biosynthesis KS (FabH, FabB, and FabF) and secondary metabolite biosynthesis 

KS (Chalcone-like-PKS, type I-PKS, type II-PKS KSα and KSβ, ChlB6, CerJ, and DpsC-like-KS). The 

names, accession numbers and organisms of origin of all ketosynthases in this tree are listed in Table 

S11. The numbers at the branches indicate the obtained bootstrap proportions. 
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Figure S13. Enlarged view of the DarB-branch of the phylogenetic tree shown in Figure 5. Stars 

indicated DarB-homologues that were analyzed in detail in this work. 
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Figure S14. Comparative depiction of phylogenetic trees generated from all identified DarA- 

and DarB-homologues in this work. Red lines indicate DarAB-pairs from the same organism 

that do not share the same phylogenetic neighborhood as the other part of the DarAB-pair 

from the organism. Only three pairs of DarAB were found, that did not share the same 

phylogenetic neighborhood as the other part of the respective DarAB-pair.  

 



 

 

254 

 

Figure S15. Identified gene clusters encoding DarA and DarB. Chitinophaga pinensis DSM 2588 (a), 

Azoarcus BH72 (b),  Photorhabdus asymbiotica (c), Photorhabdus luminescens subsp. laumondii 

TTO1 (d), Neisseria sicca ATCC 29256 (e), Nocardia brasiliensis ATCC 700358 (f), Microcystis 

aeruginosa PCC 9808 (g), Haemophilus parainfluenzae ATCC 33392 (h), Pseudomonas chlororaphis 

subsp. aurantiaca (i), Methylobacterium sp. M4-46 (j), and Myroides odoratus DSM 2801 (k). 
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7.4. Additional publications (not part of the thesis) 

7.4.1. Determination of the absolute configuration of peptide natural products by 

using stable isotope labeling and mass spectrometry 

 

Authors: Helge B. Bode,* Daniela Reimer, Sebastian W. Fuchs, Ferdinand Kirchner, 

Christina Dauth, Carsten Kegler, Wolfram Lorenzen, Alexander O. Brachmann, and 

Peter Grün 

 

Published in: Chem. Eur. J. 2012, 18 (8), 2342-2348. 

 

Online Access: http://onlinelibrary.wiley.com/doi/10.1002/chem.201103479/full 

 

Contribution: Development of a strategy to differentiate between leucine- and isoleucine 

residues in peptide natural products by means of the feeding of labeled precursors into the 

producing strain of interest and consecutive MS
n
-experiments. Normally only a minor fraction 

of the produced NPs harbors the labeled building blocks in all the possible positions in the 

peptide´s primary structure. Therefore a strategy was developed, which allows the deduction 

of the position of leucine- and isoleucine-residues based on the fragmentation of the normally 

most abundant isotopomere, which is the one with only a single incorporated labeled building 

block. 
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Declaration on the contribution of the authors to the following publication 

Titel: “Determination of the absolute configuration of peptide natural products by using stable isotope labeling and mass spectrometry” 

 Beiträge des Promovierenden und der Co-Autoren/innen 

(1) Entwicklung und Planung 

 

HBB 90 %, DR 5%, SWF 5% 

(2) Durchführung der einzelnen 

Untersuchungen/Experimente 

 

SWF hat alle MS-Experimente mit Entolysin durchgeführt.  

(3) Erstellung der 

Datensammlung und Abbildung 

 

 

SWF hat 100 % der Daten zur Strukturaufklärung von Entolysin gesammelt und abgebildet. 

(4) Analyse/Interpretation der 

Daten 

 

SWF hat 100 % der Daten zur Strukturaufklärung von Entolysin analysiert und interpretiert. 

(5) Übergeordnete 

Einleitung/Ergebnisse/Diskussion 

 

SWF hat 100 % des Abschnittes zur Strukturaufklärung von Entolysin geschrieben.  



 

 

258 

8. Curriculum vitae 

 

Sebastian Winfried Fuchs 

Date of birth: 24.08.1984 

Place of birth: Hanau 

Citizenship: German 

 

Contact: Anne Frank Straße 7 

63526 Erlensee 

Germany 

+49-(0)6183 6468 

+49-(0)170-8258326 

s__fuchs@web.de 

 

Education and Studies 

10/2009-05/2013 Promotion at the institute for molecular biosciences in 

the group of Professor Dr. Helge B. Bode at the Goethe-

university, Frankfurt, Germany. Thesis: „Investigation of 

the biosynthesis of bacterial natural products“ 

06/2009 Diploma in biology. Final mark 1.0, with distinction. 

 

09/2008-06/2009 Diploma thesis with the major subject biochemistry          

in the group of Professor Dr. K.-D. Entian at the Goethe-

university, Frankfurt, Germany. In collaboration with the 

group of Professor Dr. M. Karas. 

Thesis: „Investigation of the quorum-sensing regulated 

biosynthesis of the lantibiotic subtilin in Bacillus 

subtilis“ 

10/2004-06/2009 Studies in biology at the Goethe-university, Frankfurt. 

Intermediate diploma (equivalent to bachelor´s degree), 

mark 1.3. 

 

08/1991-06/2004 Abitur and school education at the Kopernikusschule, 

Freigericht, Germany and the Grundschule I, 

Langendiebach. 

 

 

 

 

 

 



 

 

259 

 

Publications 

Fuchs, S. W.; Jaskolla, T. W.; Bochmann, S.; Kötter, P.; Stein, T.; Wichelhaus, T.; Karas, 

M.; Entian, K.-D. Entianin, a Novel Subtilin-Type Lantibiotic from Bacillus subtilis DSM 

15029
T 

with High Antimicrobial Potential. Appl. Environ. Microbiol. 2011, 77, 1698-1707. 

Fuchs, S. W.; Proschak, A.; Jaskolla, T. W.; Karas, M.; Bode, H. B. Structure elucidation and 

biosynthesis of lysine-rich cyclic peptides in Xenorhabdus nematophila. Org. Biomol. Chem. 

2011, 9, 3130-3132. 

Bode, H. B., Reimer, D., Fuchs, S. W., Kirchner, F., Dauth, C., Kegler, C., Lorenzen, W., 

Brachmann, A. O., Grün, P. Determination of the absolute configuration of peptide natural 

products using stable isotope labeling and mass spectrometry. Chem. Eur. J. 2012; 18 (8), 

2342-8. 

Fuchs, S. W., Sachs, C. C., Kegler, C., Nollmann, F. I., Karas, M., Bode, H. B. Neutral Loss 

Fragmentation Pattern Based Screening for Arginine-Rich Natural Products in Xenorhabdus 

and Photorhabdus. Anal. Chem. 2012, 84 (16), 6948-55. 

Fuchs, S. W., Bozhüyük, K. A. J., Kresovic, D., Grundmann, Dill, V, Bode, H. B. Formation 

of 1,3-cyclohexanediones and resorcinols catalyzed by a widely occurring ketosynthase. 

Angew. Chem. Int. Ed. 2013, 52 (15): 4108-12. 

 

Oral presentations 

Fuchs, S. W. Fragmentation Pattern Based Screening for Natural Product Classes of the 

Genera Photorhabdus and Xenorhabdus. VAAM Workshop – Biology of bacteria producing 

natural products, Bonn (Germany), September 2011. 

 

Poster presentations and short oral presentation 

Fuchs, S. W., Schöner, T., Kronenwerth, M., Brachmann, A. O., and Bode, H. B. 

Biosynthesis of dialkylresorcinols and flexirubins. 24. Irseer Naturstofftage, Kloster Irsee 

(Germany), February 2012. 

Fuchs, S. W., Sachs, C. C., Kegler, C., Nollmann, F. I., Karas, M., Bode, H. B. Neutral Loss 

Fragmentation Pattern Based Screening for Arginine-Rich Natural Products in Xenorhabdus 

and Photorhabdus. Sommer-Symposium des Naturstoffzentrums Rheinland-Pfalz, Mainz 

(Germany), September 2012. 

 

 

 



 

 

260 

9. Declaration on oath 

 

Herewith I confirm that I wrote the present thesis personally and independently and did not use 

any unnamed source or aid.  

I furthermore declare that I have not attended a previous PhD-thesis. 

 

 

Frankfurt am Main, June 2013      Sebastian Winfried Fuchs 

  



 

 

261 

Eidesstattliche Versicherung 

 
 

 

Ich erkläre hiermit an Eides Statt, dass ich die vorgelegte Dissertation über „Investigation of the 

biosynthesis of bacterial natural products ” selbständig angefertigt und mich anderer Hilfsmittel als der 

in ihr angegebenen nicht bedient habe, insbesondere, dass alle Entlehnungen aus anderen Schriften mit  

Angabe der betreffenden Schrift gekennzeichnet sind. Ich versichere, nicht die Hilfe einer 

kommerziellen Promotionsvermittlung in Anspruch genommen zu haben.  

 

Weiterhin erkläre ich, dass ich mich bisher keiner Doktorprüfung unterzogen habe. 

 

 

 

 

Frankfurt am Main, den.................................           ............................................ 

             (Unterschrift) 

 

 

 

 

 

  



 

 

262 

 

 

 

 

 

 

 
 


