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Summary 

The application of natural products (NPs) as drugs and lead compounds has greatly 

improved human health over the past few decades. Despite their success, we still 

need to find new NPs that can be used as drugs to combat increasing drug 

resistance via new modes of action and to develop safer treatments with less side 

effects. 

Entomopathogenic bacteria of Xenorhabdus and Photorhabdus that live in mutualistic 

symbiosis with nematodes are considered as promising producers of NPs, since 

more than 6.5% of their genomes are assigned to biosynthetic gene clusters (BGCs) 

responsible for production of secondary metabolites. The investigation on NPs from 

Xenorhabdus and Photorhabdus can not only provide new compounds for drug 

discovery but also help to understand the biochemical basis involved in mutualistic 

and pathogenic symbiosis of bacteria, nematode host and insect prey. 

Nonribosomal peptides (NRPs) are a large class of NPs that are mainly found in 

bacteria and fungi. They are biosynthesized by nonribosomal peptide synthetases 

(NRPSs) and display diverse functions, representing more than 20 clinically used 

drugs. Although a large number of NRPs have been identified in Xenorhabdus and 

Photorhabdus, the advanced genome sequencing and bioinformatic analysis indicate 

that these bacteria still have many unknown NRPS-encoding gene clusters for NRP 

production that are worth to explore. Therefore, this thesis focuses on the discovery, 

biosynthesis, structure identification, and biological functions of new NRPs from 

Xenorhabdus and Photorhabdus. 

The first publication describes the isolation and structure elucidation of seven new 

rhabdopeptide/xenortide-like peptides (RXPs) from X. innexi, incorporating putrescine 

or ammonia as the C-terminal amines. Bioactivity testing of these RXPs revealed 

potent antiprotozoal activity against the causative agents of sleeping sickness 

(Trypanosoma brucei rhodesiense) and malaria (Plasmodium falciparum), making 

them the most active RXP derivatives known to date. Biosynthetically, the initial 

NRPS module InxA might act iteratively with a flexible methyltransferase activity to 

catalyze the incorporation of the first five or six N-methylvaline/valine to these 

peptides. 
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The second publication focuses on the structure elucidation of seven unusual 

methionine-containing RXPs that were found as minor products in E. coli carrying the 

BGC kj12ABC from Xenorhabdus KJ12.1. To confirm the proposed structures from 

detailed HPLC-MS analysis, a solid-phase peptide synthesis (SPPS) method was 

developed for the synthesis of these partially methylated RXPs. These RXPs also 

exhibited good effects against T. brucei rhodesiense and P. falciparum, suggesting 

RXPs might play a role in protecting insect cadaver from soil-living protozoa to 

support the symbiosis with nematodes. 

The third publication presents the identification of a new peptide library, named 

photohexapeptide library, which occurred after the biosynthetic gene phpS was 

activated in P. asymbiotica PB68.1 via promoter exchange. The chemical diversity of 

the photohexapeptides results from unusual promiscuous specificity of five out of six 

adenylation (A) domains being an excellent example of how to create compound 

libraries in nature. Furthermore, photohexapeptides enrich the family of the rare 

linear D-/L-peptide NPs. 

The fourth publication concentrates on the structure elucidation of a new 

cyclohexapeptide, termed photoditritide, which was produced by P. temperata Meg1 

after the biosynthetic gene pdtS was activated via promoter exchange. Photoditritide 

so far is the only example of a peptide from entomopathogenic bacteria that contains 

the uncommon amino acid homoarginine. The potent antimicrobial activity of 

photoditritide against Micrococcus luteus implies that photoditritide can protect the 

insect cadaver from food competitor bacteria in the complex life cycle of nematode 

and bacteria. 

The last publication reports a new family of cyclic lipopeptides (CLPs), named 

phototemtides, which were obtained after the BGC pttABC from P. temperata Meg1 

was heterologously expressed in E. coli. The gene pttA encodes an MbtH protein that 

was required for the biosynthesis of phototemtides in E. coli. To determine the 

absolute configurations of the hydroxy fatty acids, a total synthesis of the major 

compound phototemtide A was performed. Although the antimalarial activity of 

phototemtide A is only weak, it might be a starting point towards a selective P. 

falciparum compound, as it shows no activity against any other tested organisms. 
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Zusammenfassung 

Der Einsatz von Naturstoffen als klinisch genutzte Wirkstoffe oder Leitstrukturen hat 

in den letzten Jahrzehnten das Leben der Menschen in vielerlei Hinsicht beeinflusst 

und verbessert. Trotz bereits erzielter Erfolge und gleichzeitig durch sie „ermutigt“, 

müssen aber weitere Naturstoffe mit neuen Wirkmechanismen zur Bekämpfung 

verstärkt auftretender Resistenzen oder Wirkstoffe mit verbesserter Wirksamkeit bzw. 

Verträglichkeit gefunden werden. 

Entomopathogene Bakterien der Gattung Xenorhabdus und Photorhabdus leben in 

mutualistischer Symbiose mit Nematoden der Gattung Steinernema bzw. 

Heterorhabditis. Mehr als 6,5 % ihres Genoms codieren für Biosynthesegencluster 

(BGC), die für die Biosynthese von Naturstoffen, sogenannter Sekundärmetabolite, 

verantwortlich sind. Die Analyse der von Xenorhabdus und Photorhabdus gebildeten 

Naturstoffe führt einerseits zur Entdeckung einer Vielzahl biologisch aktiver 

Verbindungen und ermöglicht andererseits ein besseres Verständnis der 

biochemischen Abläufe in der Bakterium-Nematoden-Symbiose und der 

Entomopathogenität dieses Komplexes. 

Nematoden der Gattungen Steinernema bzw. Heterorhabditis haben einen 

komplexen Lebenszyklus: Bodenlebende, infektiöse Dauerlarven der Fadenwürmer 

beherbergen in ihrem Darm Bakterien der Gattung Xenorhabdus bzw. Photorhabdus. 

Sie dringen über den Darmkanal, das Tracheensystem oder durch Durchbrechen der 

Kutikula in das Insekt ein und geben ihre Bakterien in das Hemocoel ab. Aus dem 

infektiösen Stadium (IJ) entwickeln sich adulte, eierlegende Fadenwürmer (J4-

Stadium). Die aus den Eiern geschlüpften Fadenwürmer durchlaufen den Zyklus J1-

J4 etwa zwei- bis dreimal. Sind schließlich die Nährstoffe des Insektenkadavers 

verbraucht, entwickeln sich neue infektiöse Dauerformen, die von Bakterien besiedelt 

werden und zu Tausenden den Kadaver auf der Suche nach neuen Opfern 

verlassen. 

Die symbiotischen Bakterien tragen wesentlich zur Reproduktion der Nematoden bei. 

Ins Hemocoel ausgeschieden replizieren sie rasch und es kommt zu einer Sepsis 

des Insekts. Zur Verteidigung der Nahrungsquelle und damit auch zur Sicherstellung 

der eigenen und der Vermehrung und Entwicklung der Nematoden produzieren sie 

Naturstoffe, die das Immunsystem des Insekts überwinden und Toxine, die das 

Insekt innerhalb von 48 Stunden töten. Der Kadaver wird von den Bakterien durch 
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die Produktion bioaktiver Verbindungen vor Fressfeinden wie anderen Bakterien, 

Pilzen und Protozoen geschützt. Gleichzeitig werden auch Substanzen produziert, 

die die Nematodenentwicklung unterstützen. Die genauere Erforschung der in 

diesem komplexen Lebenszyklus wirksamen Naturstoffe führt nicht nur zur 

Entdeckung neuer Wirkstoffe, sondern ermöglicht auch einen tieferen Einblick und 

Aufklärung der biochemisch ökologischen Aspekte dieser mutualistischen und 

pathogenen Symbiose zwischen Bakterium, Nematode und Insekt. In den letzten 

zehn Jahren wurden über 40 Naturstoffklassen in Xenorhabdus und Photorhabdus 

identifiziert, für deren Biosynthese nicht-ribosomale Peptidsynthetasen (NRPS), 

Polyketidsynthasen (PKS) oder entsprechende NRPS-PKS-Hybride verantwortlich 

sind. 

NRPS sind große multimodulare Enzymkomplexe. Entsprechende Module bewirken 

die Aktivierung und Verknüpfung einzelner Aminosäuren zu einer Peptidkette. Jedes 

Modul enthält multiple Domänen, die verschiedene enzymatische Aktivitäten 

katalysieren: das Initiationsmodul einer NRPS besteht mindestens aus einer 

Adenylierungsdomäne (A) und einer Thiolierungsdomäne (T). Elongationsmodule 

enthalten eine zusätzliche Kondensationsdomäne (C). Ein Elongationsmodul besteht 

aus C-, A- und T-Domänen. Epimerisierungs- (E), Methyltransferase- (MT) und 

Formyltransferase- (FT) Domänen können als zusätzliche Domänen auftreten. Die 

von NPRS synthetisierten nicht-ribosomalen Peptide (NRP) bilden eine große Klasse 

der Naturstoffe, hauptsächlich synthetisiert von Bakterien und filamentösen Pilzen. 

Diese Peptide sind in ihrer Struktur vielgestaltig. Neben den 20 proteinogenen 

Aminosäuren sind auch bis zu 100 nicht-proteinogene Bausteine zu finden. Weitere 

Modifizierungen wie Acylierung, Glycosylierung oder Heterozyklisierung kann durch 

entsprechende Domänen der NRPS die chemische Struktur des NRP bestimmen. Je 

nach Aktivität der Terminations-Domäne einer NRPS kann die finale Struktur der 

Peptide linear oder zyklisch oder von zyklisch-verzweigter Struktur sein, wie z. B. 

makrozyklische Lactame oder Lactone. Bis zu 30 NRP sind derzeit in klinischer 

Anwendung und werden als Antibiotika, Fungizide, Krebsmedikamente oder 

Immunsuppressiva eingesetzt.  

Auch in Photorhabdus und Xenorhabdus bilden NRPS kodierende 

Biosynthesegencluster (BGC) die bisher größte Klasse der Naturstoffe. Diese 

strukturell und funktional vielfältigen Peptide sind entscheidend für den komplexen 
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Lebenszyklus von Bakterien und Nematoden. Durch Genomsequenzierungen der 

Bakterien und anschließender bioinformatischer Analyse gelingt das Auffinden 

zahlreicher bisher unbekannter Gencluster für die Biosynthese vielversprechender 

neuer NRP. Die Isolierung und Aufklärung korrespondierender Naturstoffe kann 

jedoch erschwert sein, wenn das Gencluster unter Laborbedingungen nur schwach 

exprimiert oder still ist, weil aktivierende Signale des natürlichen Ökosystems fehlen. 

Der Schlüssel zur Überwindung dieses Problems ist die gezielte Aktivierung der 

entsprechenden Gencluster. Hierzu wurden verschiedene Strategien wie der 

Austausch des natürlichen gegen einen induzierbaren Promotor und heterologe 

Expression angewendet. Nach der erfolgreichen Aktivierung der 

Naturstoffbiosynthese ist die Aufklärung ihrer chemischen Struktur über verschiedene 

analytische Methoden notwendig.  

Diese Arbeit beschreibt die Entdeckung und Biosynthese neuer NRP aus 

Xenorhabdus und Photorhabdus durch biologische und chemische Methoden. 

Beginnend mit der Genomsequenzierung und bioinformatischer Analyse, erfolgte die 

gezielte Aktivierung der BGC durch Promotoraustausch und heterologe Expression. 

Die Strukturaufklärung neu entdeckter Naturstoffe gelang durch 

Fütterungsexperimente, HPLC-MS- und NMR Analyse, sowie die „advanced Marfey’s 

Methode“ und chemische Synthese. 

Rhabdopeptid-/Xenortid-ähnliche Peptide (RXP) sind eine strukturell diverse 

Naturstoffklasse, die bisher nur in Xenorhabdus und Photorhabdus identifiziert 

wurde. Sie bestehen aus zwei bis acht Aminosäuren Valin, Phenylalanin und Leucin, 

wobei Valin am häufigsten eingebaut wird. Oft zeigen sie eine N-methylierung und 

Phenylalanin oder Tryptamin bilden das C-terminale Amin. Der RXP-BGC codiert für 

zwei bis vier Proteine, die für einzelne Module der NRPS kodieren. Die hohe 

chemische Diversität der RXP resultiert aus dem iterativen und flexiblen Gebrauch 

dieser Modul-Untereinheiten während der Biosynthese. Bei genauerer HPLC-MS-

Analyse der Xenorhabdus- und Photorhabdus-Kulturextrakte wurden sieben neue 

RXP aus X. innexi identifiziert, die in ihrer chemischen Struktur typischerweise 

Putrescin oder Ammonium anstelle der bereits bekannten terminalen Amine 

Phenylethylamin und Tryptamin als C-terminales Amin aufweisen. Diese neuen RXP 

sind Thema der ersten Publikation. Im Vergleich zu bisher bekannten Derivaten 

dieser Naturstofffamilie zeigten diese RXP die beste antiprotozoische Aktivität gegen 
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Erreger der Schlafkrankheit (Trypanosoma brucei rhodesiense) und Malaria 

(Plasmodium falciparum). Eine Besonderheit der Biosynthese dieser RXP liegt in der 

iterativen Funktion des initialen NRPS-Moduls InxA, das neben einer flexiblen 

Methyltransferaseaktivität auch den Einbau von fünf bis sechs Molekülen N-Methyl-

Valin/Valin katalysiert. 

Als Nebenprodukte bei der heterologen Expression des BGC kj12ABC aus 

Xenorhabdus KJ12.1 in E. coli wurden sieben weitere ungewöhnliche Methionin-

enthaltenden RXP entdeckt. Die zweite Publikation beschreibt die Aufklärung ihrer 

chemischen Struktur über detaillierte HPLC-MS-Analyse. Außerdem wurde für die 

Synthese dieser speziellen, partiell methylierten RXP eine einfache Festphasen-

Peptidsynthese entwickelt. Im Aktivitätstest zeigten diese Peptide eine gute Wirkung 

gegen Trypanosoma brucei rhodesiense und Plasmodium falciparum. Diese 

Wirksamkeit könnte zur Verteidigung des Insektenkadavers gegen bodenlebende 

Protozoen und somit zum Schutz der Nematodenentwicklung und folglich der 

Symbiose beitragen. 

Durch Genomanalyse von P. asymbiotica PB68.1 wurde die NRPS PhpS-identifiziert. 

Sie besteht aus sechs Modulen. Es wurde folglich die Synthese eines Hexapeptids 

erwartet, das jedoch in der Analyse der Extrakte nicht identifiziert werden konnte. 

Erst durch einen Promotoraustausch vor dem Gen phpS wurde die Biosynthese der 

Photohexapeptide aktiviert, die in der dritten Publikation beschrieben sind. Die 

chemische Diversität dieser Photohexapeptide resultiert aus einer außergewöhnlich 

promiskuitiven Spezifität der Adenylierungs-Domänen (A) der NRPS und stellt ein 

sehr gutes Beispiel für die natürliche Entstehung von Peptid-Bibliotheken dar 

(insgesamt können 32 verschiedene Derivate entstehen). Weiterhin bereichern die 

Photohexapeptide die Familie der, unter den Naturstoffen eher selten vertretenen, 

linearen D-/L-Peptide. 

Im Genome von P. temperata MEG1 codiert das pdtS-Gen für eine bisher 

unbekannte NRPS bestehend aus sechs Modulen. Die Aktivierung des BGC gelang 

durch Promotoraustausch und die Entdeckung des Photoditritid ist Thema der vierten 

Publikation. Photoditritid ist das erste beschriebene Peptid eines entomopathogenen 

Bakteriums, das als Bausteine zwei Reste der ungewöhnlichen Aminosäure 

Homoarginin enthält. Photoditritid zeigt Aktivität gegen Micrococcus luteus, was 
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möglicherweise auch auf eine antimikrobielle Wirksamkeit auch im komplexen 

Lebenszyklus von Bakterium und Nematode schließen lässt.  

Bioinformatische Analysen von P. temperata Meg1 führten zur Entdeckung von zwei 

weiteren NRPS PttBC. PttBC besteht aus insgesamt fünf Modulen mit einer C-starter 

Domäne (Cstart) im Initiationsmodul von PttB. Ein weiteres Gen pttA, 0.8 kbp 

stromaufwärts kodiert für ein MbtH-Protein, dessen Aktivität für die Biosynthese der 

Phototemtide essentiell ist. Die Identifizierung eines entsprechenden 

Lipohexapeptids aus Extrakten von P. temperata Meg1 sowie entsprechenden 

Promotoraustauschmutanten (pCEP-pttA) war erfolglos. Erst durch heterologe 

Expression von pttABC gelang in E. coli die pttA-kodierte MbtH-abhängige 

Expression einer neuen Familie zyklischer Lipodepsipeptide (CLP). In der letzten 

Publikation sind die Entdeckung, Expression, Strukturaufklärung und Totalsynthese 

dieser neuen Phototemtide beschrieben, die somit ein exzellentes Beispiel für die 

Anwendung aller Methoden zur Entdeckung und Aufklärung eines Naturstoffs 

darstellen. Obwohl Phototemtide A nur eine schwache Aktivität gegen Plasmodium 

falciparum aufweist, könnte dies die Ausgangsverbindung für die Entwicklung eines 

spezifischen Wirkstoffs gegen diesen Erreger sein, da es in den getesteten 

Organismen keine weitere Wirkung zeigt.  
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1  Introduction 

1.1  Xenorhabdus and Photorhabdus 

Xenorhabdus and Photorhabdus are rod-shaped, motile, facultative anaerobic, and 

non-sporulating Gram-negative Gammaproteobacteria, belonging to the family of 

Enterobacteriaceae.1,2 They live in a unique mutualistic symbiosis with the 

entomopathogenic nematodes of the genera Steinernema and Heterorhabditis, 

respectively.3 The nematode−bacteria complex is highly pathogenic for a broad range 

of insects and has been applied to various insect pest control in organic farming 

owing to the advantage of this method in their timely and precise application in 

comparison to the synthetic insecticides.4,5 Additionally, the complex is essential for 

the life cycle and reproduction of both nematodes and bacteria.6,7 Therefore, the 

nematode−bacteria complex is well known as a model system for the investigation of 

mutualistic and pathogenic symbiosis.8–10  

The nematodes of Steinernema and Heterorhabditis share a quite similar life cycle.6 

The basic principle of the nematode−bacteria life cycle, as shown in Figure 1, has 

been known for a long time.11 In nature, the bacteria are carried as symbionts in the 

intestine of the free-living infective juvenile (IJ) stage of the nematodes.6 The IJ, a 

modified third stage juvenile (J3), represents a non-feeding, non-developing, and 

non-reproductive stable “dauer” form of the nematode that can survive for long 

periods of time in the soil before entering an insect prey.6,12 The symbionts are able 

to persist for many weeks within the IJs until becoming pathogenic when released 

within the insect hemocoel.6 Once the IJs enter the prey through natural openings or 

insect cuticles, the bacteria are released by the IJs that now undergo a complex life 

cycle involving four different juvenile stages (J1−J4), starting from the IJ stage and 

subsequently developing into the reproducing egg-laying adults via the J4 stage.6,12 

This life cycle is usually repeated 2−3 times.6 When the food source is depleted, a 

new generation of IJs receive the recolonization with Xenorhabdus or Photorhabdus 

before they exit the cadaver and start their search for a new insect prey.6 
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Figure 1. Schematic overview of the life cycle of the entomopathogenic 

nematode−bacteria complex. The infective juvenile (IJ) of the nematode carries the 

bacteria and invades the insect. After entering the insect, the bacteria are released 

by the IJ. The bacteria replicate and kill the insect. The IJ recovers into reproducing 

egg-laying adults via J4 juveniles. From their eggs, the cycle starts via J1−J4 and is 

repeated about 2−3 times. When the food source is depleted, the pre-IJ develops and 

is recolonized by the bacteria. They finally exit the exploited insect cadaver (grey) as 

new IJ generation in search of a new prey. Adapted from12. 

 

The symbiotic bacteria of Xenorhabdus and Photorhabdus are vital for the life cycle 

and reproduction of the entomopathogenic nematodes.6,7 Released into the insect 

hemocoel, the bacteria replicate rapidly. To ensure the survival of bacteria and their 

nematode host, the bacteria start to produce a large number of toxins and secondary 

metabolites to conquer the immune system of the insect and also kill the prey within 

48 h.13–15 After the death of the insect, the bacteria produce compounds to protect the 

prey cadaver from food competitors, like bacteria, fungi, protozoa and natural 

predators.15,16 In the meantime, the bacteria secret lytic enzymes to break down the 

insect cadaver which provides nutrient as well as an ideal environment for the growth 

and development of bacteria and nematodes.10,17 
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1.2  Natural Products from Xenorhabdus and Photorhabdus 

The entomopathogenic lifestyle of the nematodes and bacteria makes Xenorhabdus 

and Photorhabdus a promising source of new potentially bioactive natural products 

(NPs) that are desperately needed for drug discovery and development.14,15 

Moreover, Genome-sequencing projects have revealed that more than 6.5% of the 

overall genome sequence can be assigned to biosynthetic gene clusters (BGCs) of 

secondary metabolites.18 Although in nature, Xenorhabdus and Photorhabdus have 

only been isolated from infected insects or their nematode hosts,19 it is of great 

fortune for NP scientists and microbiologists that the bacteria can also be cultivated 

without their host in the laboratory. All these advantages have attracted NP scientists’ 

attention for exploring new bioactive NPs from Xenorhabdus and Photorhabdus. 

During the past few decades, more than 40 classes of NPs have been reported from 

several members of Xenorhabdus and Photorhabdus (Table 1). Some of them have 

been identified to play important roles in the complex life cycle of nematodes and 

bacteria. According to the life cycle, the functions of several selected NPs (Figure 2) 

will be described in the following paragraphs. 

 

 

Figure 2. Structures of selected natural products from Xenorhabdus and 

Photorhabdus.  
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After entering the insect, the nematode−bacteria pair must first overcome the 

extensive insect immune system, including cellular immune response and humoral 

immune response. The cellular immune response comprises phagocytosis, 

nodulation and encapsulation and the humoral response involves the expression of 

antimicrobial peptides as well as the proteolytic cascade of prophenoloxidase 

(proPO) that results in formation of melanized nodules and toxic reactive 

compounds.20 Bacterial peptidoglycan fragments and lipopolysaccharide are bound 

by recognition molecules in the insect hemolymph activating the proteolytic cascade 

of the proPO.20,21 These proteins mediate an immune response that finally activates 

the phenoloxidase (PO) that is responsible for melanization and encapsulation of the 

pathogen.22 Xenorhabdus and Photorhabdus produce a number of compounds 

specifically inhibiting several of the insect immune pathways. Rhabduscin, a tyrosine 

derivative functionalized with a 4-acetylamino-4-deoxyglycosyl and an isocyano 

group, is produced in almost all Xenorhabdus and Photorhabdus strains.23 It was 

found to decorate the bacterial cell surface and to inhibit the PO activity, thereby 

protecting the bacterial cell.24 Besides, a hydroxamate siderophore, putrebactin, was 

identified from X. budapestensis recently.25 Hydroxamate siderophores are known to 

be potent inhibitors of histone deacetylases (HDACs).26 HDAC complexes are a key 

activation mechanism that transcriptionally regulate the production of antimicrobial 

peptides in eukaryotes like insects.27 Repression of HDACs would therefore 

significantly hamper the ability of the insect to mount an effective antimicrobial 

peptide-based immune response.28 

To kill the insect prey, Xenorhabdus and Photorhabdus produce several bioactive 

NPs involved in insect pathogenicity. The indole derivatives xenocyloins, originally 

isolated from X. bovienii,29,30 are also identified in many other Xenorhabdus strains.23 

In X. bovienii, they were produced mainly by the more virulent primary variant and 

showed activity against insect hemocytes, hence contributing to the overall virulence 

of X. bovienii against insects.30 P. luminescens and P. temperata produce a family of 

α-pyrone moiety containing small molecules, the photopyrones, involved in a new 

cell−cell communication system.31 This system consists of endogenously produced 

photopyrones as signaling molecules and PluR, a LuxR-like receptor.31,32 The binding 

of photopyrones to PluR leads to the expression of the Photorhabdus clumping factor 

operon (pcfABCDEF) that causes clumping of cells and results in insect toxicity.31,32 
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Following insect killing, Xenorhabdus and Photorhabdus produce NPs to protect the 

nutrient-rich insect cadaver from food competitors, such as bacteria, fungi, and 

protozoa, to allow the nematodes to continue their life cycle. Fabclavines, an unusual 

class of peptide−polyketide−polyamine hybrids, were isolated and characterized from 

X. budapestensis and X. szentirmaii.33 As they show broad-spectrum activity against 

bacteria, fungi, as well as other eukaryotic cells, they might act as “protection factors” 

against all kinds of food competitors in the soil or the gut of the insect prey.33 

Rhabdopeptide/xenortide-like peptides (RXPs), a unique class of nonribosomally 

derived linear peptides, are widespread and structurally diverse in Xenorhabdus and 

Photorhabdus.34 They are prominently produced during insect infection and are most 

abundant after insect death.35 The activity of RXPs against hemocytes confirmed the 

involvement of RXPs in pathogenesis against insects.35 Furthermore, RXPs are 

active against different protozoa.34,36 Therefore, the biological diversity of RXPs might 

serve as a multipotent arsenal that facilitates Xenorhabdus and Photorhabdus strains 

to conquer different insect prey and food competitors.15 

Xenorhabdus and Photorhabdus also produce NPs to support nematode 

development. Isopropylstilbene has been identified in all Photorhabdus strains 

investigated so far.37 It is a cross-kingdom signal required for the recovery of the 

nematode IJ stage into other developmental stages.37 Besides, isopropylstilbene has 

antibacterial and antifungal activities, indicating its role in protecting the insect 

cadaver from microbial saprophytes living in the soil.38,39 Furthermore, 

isopropylstilbene has a function as a PO inhibitor to counter host immune reactions.40 

Thereby, it might play an essential role in both mutualism and pathogenicity and is 

thus a central building block in the interplay between bacteria, nematodes, and insect 

larvae.37 

Biosynthetically, most NPs from Xenorhabdus and Photorhabdus are derived from 

nonribosomal peptide synthetases (NRPSs), polyketide synthases (PKSs), or hybrids 

thereof. As summarized in Table 1, the largest class of NP BGCs so far identified in 

Xenorhabdus and Photorhabdus are NRPSs that perform nonribosomal peptide 

(NRP) synthesis. These structurally and functionally diverse peptides are crucial to 

the complex life cycle of nematode and bacteria. The advanced genome sequencing 

combined with genome mining indicates that the bacteria of Xenorhabdus and 
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Photorhabdus still have a large number of unknown NRPS-encoding gene clusters 

for peptide production that need to be explored. 

 

Table 1. Summary of natural product classes identified from the original strains of 

Xenorhabdus or Photorhabdus and their biosynthetic gene types 

Natural products Source strain Type Refs 

Ambactin X. miraniensis NRPS 41 

Anthraquinones P. luminescens PKS 39,42 

Benzylideneacetone X. nematophila unknown 43 

Bicornutins X. budapestensis NRPS 44 

Chaiyaphumines Xenorhabdus sp. PB61.4 (most likely) NRPS 45 

Dihydrophenylalanines P. luminescens other 46 

Fabclavines X. budapestensis, 

X. szentirmaii 

NRPS−PKS 33 

GameXPeptides P. luminescens NRPS 47 

Glidobactins P. asymbiotica NRPS−PKS 48 

HCTA-peptides X. miraniensis, 

Xenorhabdus sp. XPB 63.3 

NRPS 44 

Hydroxamate siderophores X. szentirmaii, 

X. budapestensis 

Photorhabdus KK1.3 

siderophore 25 

Indigoidine P. luminescens resorcinol 49 

Isopropylstilbene P. luminescens resorcinol 37 

Kolossins P. luminescens NRPS 50 

Lumiquinone P. luminescens PKS 51 

Lumizinones P. luminescens unknown 52 

Mevalagmapeptides P. luminescens NRPS 53 

N-acetyl dipeptides P. luminescens unknown 52 

Odilorhabdins X. nematophila NRPS 54 

Oxindole X. nematophila unknown 55 

PAX-peptides X. nematophila NRPS 56,57 

Pepteridines P. luminescens NRPS−pteridine 58 
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Table 1 (Contd.) 

Natural products Source strain Type Refs 

Phenazines X. szentirmaii phenazine 59 

Photolose P. luminescens NRPS−carbohydrate 60 

Photopyrones P. luminescens, P. temperata other 31,32 

Phurealipids P. luminescens other 61 

Pyrrolizixenamides X. stockiae NRPS 62 

Rhabdopeptides/Xenortides X. nematophila, 

X. cabanillasii 

NRPS 35,36,63 

Rhabdoplanins X. bovienii unknown 64 

Rhabduscin P. luminescens, 

X. nematophila 

other 24 

RILXIRRpeptides X. indica NRPS 44 

Simple amides X. nematophilus, 

X. doucetiae 

other 65,66 

Szentiamides X. szentirmaii NRPS 67 

Taxlllaids X. indica NRPS 68 

Tilivallines X. eapokensis NRPS 69 

Xefoampeptides X. beddingii NRPS 23 

Xenematides X. nematophila NRPS 63,70 

Xenoamicins X. doucetiae, X. mauleonii NRPS 71 

Xenobactin Xenorhabdus sp. PB30.3 unknown 72 

Xenocoumacins X. nematophila NRPS−PKS 73,74 

Xenocyloins X. bovienii other 29,30 

Xenofuranones X. szentirmaii unknown 75 

Xenolindicins X. indica NRPS 41 

Xenorhabdins X. doucetiae NRPS 53,76 

Xenotetrapeptide X. nematophila NRPS 77 

Xentrivalpeptides Xenorhabdus sp. 85816 unknown 78 
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1.3  Nonribosomal Peptide Synthetases 

Nature has evolved several solutions for the directed polymerization of amino acids 

into peptides under the formation of amide bonds. Ribosomal synthesis is a 

fundamental process for the synthesis of peptides. NRP synthesis performed by 

dedicated NRPSs is another major alternative biosynthesis pathway that is mainly 

found in bacteria and fungi.79 NRPs are a large class of structurally diverse NPs, 

which contain not only the 20 proteinogenic amino acids but also hundreds of 

different building blocks in comparison with peptides and proteins produced by 

ribosomal synthesis.80 Further modifications, such as methylation, acylation, 

glycosylation, heterocyclic ring formation, and epimerization, can be conducted by 

the corresponding enzymes that are commonly embedded in NRPSs.81 Moreover, 

the released peptides can be linear, cyclic, or branched-cyclic leading to macrocyclic 

lactams or lactones.81 The enormous structural diversity confers the bioactive 

diversity of NRPs for many biological targets. The usefulness of nearly 30 clinically 

used drugs from NRPs is evident.79 Their predominant use is as antibacterials 

(vancomycin), followed by antitumor drugs (bleomycin), antifungals (enniatin), animal 

food additives (bacitracin), immunosuppressants (cyclosporine), or in obstetrics 

(ergometrine), and pain treatment (ergotamine).79 

The study of NRP synthesis started in the early 1960s when researchers investigated 

how certain cyclic peptides containing D-amino acids were synthesized by Bacillus 

species.82 In the past few decades, biochemical and structural biology studies have 

gained mechanistic insights into NRPSs, the highly complex enzymatic assembly line 

of NRPs.79 Although peptides synthesized by NRPSs are highly diverse in structure, 

most of them share a common mode of synthesis, the multienzyme thiotemplate 

mechanism.80,83 NRPSs are large multienzyme machineries consisting of modules, in 

which each module performs the activation and coupling of a single amino acid to the 

growing peptide chain. Each module comprises multiple domains that catalyze 

different enzymatic activities. Initial modules consist of at least one adenylation (A) 

domain and one thiolation (T) domain; elongation modules contain in addition a 

condensation (C) domain. Therefore, the domain sequence for a minimal initial 

module is A-T and for a minimal elongation module C-A-T.84 The C, A and T domains 

in a minimal elongation module are called core domains. The essential enzymatic 
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activities for one complete elongation in NRP synthesis are illustrated in Figure 3 and 

described in more detail in the following sections. 

 

 

Figure 3. Essential enzymatic activities of NRPS core domains. Domains in action 

are highlighted. (a) Amino acid recognition and activation with ATP by the A domain; 

(b) Covalent attachment of the activated aminoacyl adenylate onto the free thiol 

group of the T domain-bound Ppan cofactor; (c) Peptide elongation by the C domain, 

which catalyzes an attack of the nucleophilic amine of the acceptor substrate onto the 

electrophilic thioester of the donor substrate. The acceptor site of the C domain is 

indicated by a, the donor site by d. Domains: A: adenylation, T: thiolation, C: 

condensation; ATP: adenosine triphosphate; AMP: adenosine monophosphate; PPi: 

pyrophosphate; Ppan: 4’-phosphopantetheinyl. Adapted from80. 

 

1.3.1  Core Domains 

Adenylation domains 

The adenylation (A) domain (ca. 60 kDa) belongs to the ANL (Acyl-CoA synthetases, 

NRPS adenylation domains, and Luciferase enzymes) superfamily of adenylating 
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enzymes, which catalyze two partial reactions: the initial adenylation of a carboxylate 

to form an acyl-AMP intermediate, followed by a second partial reaction, the 

formation of a thioester.85 Likewise, in NRP synthesis, the selection and activation of 

amino acid substrates as the initial step are fulfilled by the A domain in a two-step 

chemical reaction.79,80 First, the A domain catalyzes the formation of an aminoacyl 

adenylate intermediate by Mg2+−ATP consumption and the release of pyrophosphate 

(PPi) (Figure 3a).80 Second, the activated aminoacyl-AMP is converted into a 

covalently bound thioester by a nucleophilic attack of the free thiol group of the T 

domain-bound 4’-phosphopantetheinyl (Ppan) cofactor (Figure 3b).80 As the 

aminoacyl-AMP is prone to nonproductive hydrolysis, the A domain protects the high-

energy intermediate from bulk water.79 Thus, A domains can be described as a 

gatekeeper in NRP synthesis. 

A domains consist of an approximately 50 kDa N-terminal core domain (Acore) and an 

approximately 10 kDa C-terminal subdomain (Asub), which are flexibly linked by a 

hinge region of about five residues.79 The specific binding of an amino acid and 

Mg2+−ATP occurs within the Acore domain close to the Acore−Asub interface.79 Although 

all A domains only show 30−60% sequence identity, they share 10 highly conserved 

“core motifs” (A1−A10).86 These consensus motifs play important structural and 

functional roles and have led to the establishment of a specificity-conferring code for 

A domains.87–89 Bioinformatic algorithms have been developed for the prediction of 

potential A domain substrates and, thus, the structures of NRPS-derived peptides by 

genome mining approaches.90,91 However, it should be noted that the accuracy of the 

predictions varies depending on the amino acid.92 Furthermore, relaxed substrate 

specificity of A domains have been observed in several NRPS systems, which might 

be a strategy used by NRP-producing organisms to increase NP diversity within a 

single NRPS.70,93,94 

Various NRP BGCs contain small MbtH-like protein encoding genes. These small 

proteins are usually encoded near the NRPS genes or gene clusters. Genetic 

inactivation experiments have indicated that MbtH-like proteins are often required for 

the efficient production of NRPs.95,96 Strikingly, MbtH-like protein paralogues from 

other NRPS gene clusters within the genome can partially complement each other 

such that NRP production is not compromised.95 Several biochemical studies have 

shown that MbtH-like proteins interact with A domains where they stimulate 



Introduction 

12 
 

adenylation reactions.97–99 To date, the mechanism of MbtH-like proteins as well as 

their role in NRP synthesis in general still remains vague, but their importance in 

future biotechnological approaches is already evident.79 

Thiolation domains 

The thiolation (T) domain (ca. 10 kDa), also referred to as peptidyl carrier protein 

(PCP) domain, is the smallest core domain in NRPS. The T domain is located C-

terminal to the A domain and is the only NRPS domain without an autonomous 

catalytic activity.80 Conformational flexibility is an inherent trait as well as an essential 

requirement for the communication and choreography of NRPS domains.79 The T 

domain can be regarded as the paradigm for this functional flexibility.79 The active 

holo form of the T domain with its Ppan cofactor can be described as the flexible 

robot arm of the NRPS assembly line that covalently sequesters and transfers the 

amino acyl-/peptidyl-thioester intermediates to all the catalytic centers that are 

required for modification, condensation, or release.79,100 

Structural studies of the T domains revealed that the T domain is a distorted four-

helix bundle with an extended loop between the first two helices.101,102 The highly 

conserved serine residue (GxxS core motif), the site of cofactor binding, is located at 

the interface between this loop and the second helix.101 The active holo form of the T 

domain is derived from its apo form with the conserved serine residue being 

posttranslationally modified by a phosphopantetheine transferase (PPTase).101 As 

PPTase-mediated installment of Ppan cofactor is a functional prerequisite, PPTases 

play an essential role in NRP synthesis.103,104 

Condensation domains 

The condensation (C) domain (ca. 50 kDa) belongs to the superfamily of 

chloramphenicol acetyltransferases80 and is located in between the upstream T and 

downstream A domain. As the name suggests, a C domain catalyzes condensation 

reaction of two activated and T domain-bound substrates by forming an amide bond. 

It mediates the nucleophilic attack of the downstream T domain-bound acceptor 

amino acid using its free α-amino group on the α-carboxyl group of the upstream T 

domain-bound donor amino acid or peptide for peptide elongation (Figure 3c).80,105 

The C domains can be differentiated according to their stereoselectivity: LCL domains 
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promote the coupling of two L-amino acids, whereas DCL domains catalyze the 

condensation of an upstream D-amino acid and a downstream L-amino acid.106 

The C domain consists of two subdomains, an N-terminal and a C-terminal 

subdomain.107 The N-terminal part of the C domain is called donor site and the C-

terminal part acceptor site. Structural study revealed that the C domain is a V-shaped 

pseudodimer of two subdomains that form a central cleft at their interface.107 

Sequence alignments, along with biochemical characterizations of C domains, 

suggested a highly conserved HHxxxDG motif (the so-called “His motif”) that is 

involved in catalytic activity of C domains.105 The His-motif is located at the interface 

of both subdomains; a solvent channel runs through the domains to allow access to 

the His motif.107 The second histidine in this motif has been proposed to act as a 

general base to promote nucleophilic attack of the α-amino group on the 

thioester108,109 or to stabilize the tetrahedral transition state.110,111 To establish the 

binding between two T domain-bound substrates, the donor and acceptor Ppan arms 

have to penetrate from opposite sides to reach the conserved active-site motif 

HHxxxDG of the C domain.79,84 The crystal structure of the internal T-C domain 

showed that C and T domains are connected by an 18 residue linker and domain-

domain interactions are mediated via hydrogen bonds, salt bridges and hydrophobic 

patches.110 

Interestingly, it has been suggested that C domains play the role of a second 

selectivity filter during NRP synthesis.112 In the case of incorrect substrate selection 

by the A domain, a second proofreading at the C domain minimizes the error rate of 

an NRPS.79 The substrate selectivity testing of C domain donor and acceptor sites 

with chemically activated amino acids revealed that the acceptor site of the C domain 

can act as its major selectivity filter according to the side chain and chirality of amino 

acids.112 Due to the lack of substrate-bound C domain structures, efforts to deduce a 

specificity-conferring code equivalent to that of A domains have been proved 

challenging.79 

In addition to “standard” C domains, there is a separate phylogenetic subtype of C 

domains, termed starter condensation (Cstart) domains. A Cstart domain is located in 

the NRPS initiation module, where it catalyzes the acylation of the first incorporated 

amino acid.113 A Cstart domain transfers an acyl carrier protein (ACP)-bound fatty acid 

from fatty acid biosynthesis to the first amino acid114,115 and can be found in the 
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NRPSs of lipopeptides, such as anikasin,116 daptomycin,117 and taxlllaids.68 The 

crystal structure of the Cstart domain revealed no major structural differences from 

internal C domains, with the exception of N- and C-terminal subdomains that are in a 

more closed conformation.118 

1.3.2  Editing Domains 

The versatile functions of NRPs owe to their diverse structures that arise from the 

ability of NRPSs to incorporate various building blocks as well as to install additional 

modifications during and after NRP assembly.79 While the amino acid is covalently 

tethered onto the T domain, several editing domains can carry out the 

modifications.80 These modifications often confer beneficial properties to NRPs that 

are important for biological activity.80 

Epimerization domains 

The majority of NRPs incorporated with D-amino acids obtain beneficial properties, 

for example, predetermining bioactive conformations or lowering their proteolytic 

susceptibility.79 Although some A domains are capable of activating D-amino acids 

which are provided by cytosolic racemases, for example, in the cyclosporine 

synthetase,119,120 most stereochemical transformations are performed in situ on T-

domain-tethered substrates by NRPS-integrated epimerization (E) domains (ca. 50 

kDa).121 These specialized domains are typically embedded into the NRPS assembly 

line between T and DCL domains and share conserved sequence motifs as well as the 

same overall protein fold with their evolutionary ancestor C domains.111,113 The 

enzymes promote epimerization of the α-carbon of the T domain-bound L-amino 

acids or C-terminal amino acids of the growing polypeptide to afford a racemate of L- 

and D-amino acid.122 Specific incorporation of only the D-amino acid into the growing 

peptide chain is ensured by the downstream C domain.112 

In addition to E and C domains, there are dual condensation/epimerization (C/E) 

domains (ca. 51 kDa) with epimerization and DCL activity,123 thereby explaining D-

configured building blocks in NRPs despite the absence of E domains in the 

corresponding NRPS modules.50 The usual module sequence in the assembly line is 

C/E-A-T. The dual C/E domain catalyzes the epimerization of the L-amino acid 

incorporated by the upstream module into its D configuration and subsequently 

promotes condensation of the downstream T domain-bound acceptor amino acid with 
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the D-amino acid.86 Strikingly, dual C/E domains lack the catalytically important 

glutamate residue of E domains,113,123 which suggests that these bifunctional 

catalysts have evolved a distinct mechanism that allows two reactions in the same 

catalytic pocket.79 Dual C/E domains harbor a second HHxxxD motif in helix a1,113 

which covers the active site His residue and hence may modulate its catalytic 

properties.79 

Methyltransferase domains 

Some NRPs such as cyclosporine,124 pristinamycin125 and rhabdopetides34 exhibit N-

methylation of backbone amino groups that is by far the most abundant methylation 

type. The N-methylation during NRP biosynthesis represents a stable modification 

that has a significant impact on polarity, hydrogen-bonding capabilities, proteolytic 

stability, and conformational freedom.126 The majority of N-methylations are catalyzed 

by methyltransferase (MT) domains (ca. 45 kDa), which are integrated into the A 

domains.79 The most frequent insertion point is the region between the core motifs A8 

and A9 located in the flexible Asub hinge domain, but an integration between the core 

motifs A2 and A3 of the Acore domain has also been reported.127 The MT domain 

catalyzes the transfer of the S-methyl group from the cosubstrate S-adenosyl 

methionine (SAM) to the backbone amino group of the T domain-bound substrate by 

releasing S-adenosyl homocysteine (SAH) as a by-product.79 

Formyltransferase domains 

Similar to the transfer of fatty acids to the N-terminal substrates there are domains 

that transfer a formyl residue to the activated substrates of the first A domains. These 

domains are termed formyltransferase (FT) domains and are commonly located in the 

initiation modules with the module sequence FT-A-T, as observed in the synthesis of 

several NRPs, such as linear gramicidin,128,129 anabaenopeptilide,130 and kolossin.50 

The N-terminal valine residue of linear gramicidin decorated with a formyl group is 

the most prominent and well-characterized example of N-formylation in NRP 

biosynthesis.129 The attachment of the formyl group to valine is catalyzed by the 

small FT domain (ca. 20 kDa) located at the N-terminus of the initiation module of 

linear gramicidin synthetase (LgrA), in the presence of the cofactor N10-

formyltetrahydrofolate (fTHF).129 The formyl group is essential for linear gramicidin 

synthesis to proceed and for the important antibacterial activity.131 
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Further Modifications 

Besides epimerization, methylation and formylation, further modifications can be 

introduced into the NRPs by optional domains, including cyclization (Cy), oxidase 

(Ox), ketoacyl reductase (KR), and monooxygenases (MOx) domains. For further 

information concerning these modification domains and the underlying principles 

please refer to the reviews.79,80 

1.3.3  Peptide Release Domains 

Once synthesized, the NRP reaches the final T domain as a thioester and has to be 

cleaved off from the NRPS assembly line in order to release the mature product and 

to regenerate the multienzyme complex for the next catalytic cycle.132 Nature 

employs several different domains to catalyze the mature peptide release;79 two most 

widely used domains are described in detail in the next subsections. 

Thioesterase domains 

The most common way to release the covalently bound final peptide from the NRPS 

assembly line is via thioesterase (TE) domains (ca. 30 kDa), particularly present in 

most bacteria NRPSs.133,134 TE domains are located C-terminally to the T domain of 

the termination module80 and belong to the α/β-hydrolase superfamily.135 A 

conserved catalytic triad, composed of three amino acid residues in the binding 

pocket, is responsible for the enzymatic acitivity.136 In the catalytic reaction, the active 

site serine residue, or in some cases cysteine, attacks the N-terminal peptidyl-T-

domain thioester and thus temporarily anchors the oligopeptide through an 

intermediate ester bond to the TE domain.79,137 For peptide release from the TE 

domain, there are two major routes.135 One is hydrolysis in which water acts as the 

nucleophile to attack the carbonyl carbon of (peptidyl)acyl-O-TE, and a linear product 

is released. Another major route of product release is intramolecular cyclization. In 

this mechanism, a hydroxyl or an amino group of the (peptidyl)acyl chain acts as an 

internal nucleophile to attack the carbonyl carbon of (peptidyl)acyl-O-TE, and a cyclic 

product is released. TE domains provide a source of diversity in cyclization, as a 

variety of groups can be the nucleophile in the reaction, for example, the N-terminal 

backbone amino group of peptides (head-to-tail cyclization),138 side chain hydroxyl or 

amino group of the peptides or fatty acids (branched cyclic molecule).132,139,140  
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Terminal condensation domains 

Alternatively, peptide release can be catalyzed by terminal condensation (Cterm) 

domains instead of TE domains. There are two different modes of action of such Cterm 

domains.141 The first type of Cterm domain mediated peptide release is most often 

encountered in fungal NRPS systems,142 which use the Cterm domains to catalyze the 

condensation between the N-terminal and C-terminal residue of the peptide chain 

resulting in a cyclic final product, for example, cyclosporine A119 and apicidin.143 The 

other type of Cterm domains release the final peptide by amination of the C-terminal 

residue of the peptide resulting in a linear final product.35 Hereby, the Cterm domains 

catalyze the formation of a terminal amide bond between the T domain-bound linear 

peptide and an amine that is freely available in the cytosol. 

RXP NRPSs in bacteria of Xenorhabdus and Photorhabdus harbor the second type 

of Cterm domains.34 They are involved in the condensation reaction of amines such as 

phenylethylamine, tryptamine, or tyramine to release the final peptide; these natural 

amines might be derived from the decarboxylation of the three aromatic amino acids 

phenylalanine, tryptophan and tyrosine, respectively.34,35 There are two structurally 

different Cterm domains in RXP NRPSs. Besides the Cterm domain as the final domain 

at the end of the module as in X. nematophila,35 a stand-alone C domain is observed 

as the last module in Xenorhabdus KJ12.1.34 

Structural data of a Cterm domain that catalyzes the peptide release via cyclization 

from TqaA is available.144 Analogous to the standard C domains, the catalytic activity 

of the TqaA Cterm domain is dependent on the His residue.79 Furthermore, the X-ray 

structures of the TqaA Cterm domain revealed the same overall protein fold with 

canonical C domains, but a more compact arrangement of the two subdomains to 

each other, thereby blocking the non-functional acceptor site and corresponding 

solvent channel.144 

Other release mechanisms 

In addition to the above mentioned domains that act to release the mature peptides 

from ultimate T domains in NRP biosynthesis, several alternative release 

mechanisms, for example, terminal reductase (R) domain-mediated release 

mechanisms, R domain- or TE domain-mediated Dieckmann-type cyclization, 

terminal BtrH-like domain-mediated peptide release, and product release with 
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unknown mechanism, have been observed. For more information, please refer to the 

reviews.79,135 

1.3.4  Types of NRPSs 

The NRPS systems can be simply classified into three groups, linear NRPSs (type A), 

iterative NRPSs (type B), and nonlinear NRPSs (type C), according to their 

biosynthetic logic.81 These groups are briefly introduced in the following subsections. 

Type A − linear NRPSs 

As mentioned before, NRP synthesis by an NRPS is often compared to a molecular 

assembly line, where each NRPS module incorporates one amino acid into the 

elongating peptide chain, based on the collinearity rule. This rule is true for linear 

NRPSs, which are also called type A NRPSs81 and represent the most common form 

of NRPSs. Examples for this type A NRPSs are the tyrocidine,145 surfactin,146 and 

cyclosporine synthetases.119 

Type B − iterative NRPSs 

Some NRPS machineries reuse dedicated modules multiple times during a full 

biosynthetic cycle.79 These iterative NRPSs are called type B NRPSs81 and they are 

less common than type A NRPSs. In many cases, they cause molecular symmetry of 

the products, for example, enterobactin, a cyclic trimer of dihydroxybenzoylserine 

units.147 Mechanistically, the iterative biosynthesis affords a repetitive utilization of 

modules and requires a so-called “waiting position” for the reaction intermediates.79 

This storage function of product intermediates can be either fulfilled by T domains 

(e.g. T3 of bassianolide synthetase) or by terminal TE domains (e.g. in gramicidin S 

synthetase).79,148,149 A reasonable explanation why nature makes use of an iterative 

mode may be that large and energetically more costly NRPSs with their high 

susceptibility to misfolding and proteolysis are preferably avoided.79 

Type C − nonlinear NRPSs 

A further variation of the iterative mechanism is the nonlinear mode (type C),81 which 

relies on the fact that one domain, not an entire module, is used more than once 

during NRP biosynthesis.79 This type C often has one unusual C, A or T core 

domain;150 for example, in mannopeptimycin assembly in which one A domain 
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provides the respective substrate not only for its intramodular T2 domain but also for 

the T3 domain of the C-terminal module.151 Due to the complexity of domain interplay, 

more precise distinctions can be performed only with progress in understanding the 

underlying biosynthetic logic in nonlinear NRPSs.81 
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1.4  Discovery of Nonribosomal Peptides 

As mentioned earlier, the highly complex assembly line of NRPSs produce 

structurally and functionally diverse NRPs, which are widely used in medicine for the 

treatment of a range of clinical diseases. Due to the urgent need of new drugs 

against the increasing drug resistance, NRPs will continue to act as invaluable 

source of lead compounds for drug discovery. 

However, traditional bioactivity-based screening of extracts from cultures of 

microorganisms that are recognized as prolific producers of bioactive NPs has 

yielded disappointing returns due to the tendency to rediscover already known 

metabolites.152,153 Fortunately, NRPS gene clusters are comparatively easy to identify 

because of their large multidomain organization by modern genome mining 

approaches.79 The large and complex products of NRPSs are also easy to predict by 

a variety of bioinformatic tools, which potentially allow rapid assessment of product 

novelty.154 Thereby, microbial genome sequencing, in combination with bioinformatic 

analysis, is one exciting approach to identify new NRP BGCs probably also 

producing novel and bioactive NRPs. Recent advances in genome sequencing and 

bioinformatics have revealed that many microorganisms have a far greater potential 

to produce specialized metabolites than it has been discovered by classic screening-

based methods.153 

Nevertheless, the potential of microbes to produce such novel NPs has been 

hampered by the fact that many specialized metabolite BGCs are silent or expressed 

at very low levels under standard laboratory conditions due to their tight control in 

response to either direct or indirect environmental signals.155,156 Hence activating the 

expression of silent BGCs is the key to achieve the full potential of genomics-driven 

approaches for the discovery of novel microbial NPs.157 To reach this important goal, 

many strategies have been developed. 

Following activation of a BGC, an essential stage in NP discovery is the elucidation of 

their structures that is necessary for detailed biological activity studies and 

structure−activity relationship investigations. The structure elucidation often comes 

along with compound isolation, which usually can be achieved by chromatographic 

and spectroscopic methods. 
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A typical workflow for genomics-driven discovery of NPs, most useful for NRPs 

derived from gene clusters expressing NRPSs, is illustrated in Figure 4. The 

identification and activation of novel NRPSs, coupled with the isolation and 

characterization of their metabolic products, currently represents one of the most 

promising avenues for the discovery of new NRPs.153 The methods used for 

pathway-specific activation of NRPSs and structure elucidation of their products, 

which have been addressed in this thesis, are described in the next sections. Most 

methods can also be applied to other classes of BGCs and their products. For more 

methods, including new developments of analytical technologies, please refer to 

recent reviews.153,158–160 

 

 

Figure 4. Overview of the workflow for genomics-driven discovery of NPRs. NRPS-

encoding gene clusters are first identified from genomic sequences by bioinformatics. 

Silent NRPS gene clusters are then activated by different activation strategies. 

Structures of new NRPs are elucidated by using a combination of different analytical 

methods. The obtained data can further guide the next round of genome mining. 

Adapted from158. 
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1.4.1  Activation of Silent NRPS Gene Clusters 

Promoter exchange 

Promoter exchange strategies usually involve the replacement of the natural 

promoter of a gene cluster of interest with a strong constitutive promoter or an 

inducible promoter whose regulation is well understood.53,153 This method can be 

applied in the native host and takes advantage of the intact elements in BGCs, for 

example, precursor supply and end-product export.158 As a pathway-specific 

approach, such strategy is particularly useful for BGCs when information pertaining to 

the structural novelty of their products can be gleaned from predictive bioinformatic 

analysis.153 

As an example, promoter exchange has been used to activate a silent BGC in 

Burkholderia pseudomallei, in which a constitutive promoter was introduced upstream 

of a putative operon encoding a hybrid PKS−NRPS biosynthetic pathway, triggering 

expression of the operon and inducing the production of burkholderic acid that may 

function as a signaling molecule involved in quorum sensing.161 Promoter exchange 

has also been used to activate silent BGCs in Photorhabdus and Xenorhabdus 

through exchanging the natural promoter against the well-known arabinose-inducible 

promoter PBAD.53,138 The inducible systems allow the analysis of induced versus non-

induced conditions and thus can mimic an “overproducing mutant” and a “knock-out 

mutant” in single strain grown under two different conditions, leading to a more 

reliable identification of NPs, such as GameXPeptides, xenoamicins, and 

indigoidine.53 Very recently, by exchanging the native promoter of a desired BGC 

against an inducible promoter in deletion mutants of the gene encoding the global 

regulator Hfq, almost exclusive production of the corresponding NPs from the 

targeted BGCs in Photorhabdus, Xenorhabdus and Pseudomonas was observed 

including the production of several new NPRs derived from previously 

uncharacterized NRPSs.162 This approach can act as an efficient tool for specialized 

metabolite production enabling direct bioactivity testing.162 

Heterologous expression 

Heterologous expression is an alternative pathway-specific approach for BGC 

activation. In contrast to a promoter exchange, this method involves the expression of 

an intact BGC in a heterologous host. The tight regulation of silent BGCs can be 
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relieved by either direct cloning or refactoring using well-characterized promoters.158 

Moreover, heterologous hosts possess significant growth advantages over most 

native hosts and therefore make activation of BGCs even from unculturable 

organisms possible.158 

The strategy of heterologous expression has been used, for example, to activate a 

silent large NRPS gene cluster (67 kbp) from the marine actinomycete 

Saccharomonospora sp. CNQ-490 by transformation-associated recombination 

cloning and transferring it into the model heterologous host Streptomyces coelicolor, 

resulting in the discovery of two novel lipopeptide antibiotics, taromycin A and 

B.163,164 In addition, a cryptic NRPS gene cluster from Paenibacillus lavae was cloned 

by RecET recombination system and activated by heterologous expression in E. coli, 

resulting in the production of the novel compound sevadicin.165 

It is important to note that correct NRP biosynthesis might be impossible, if it is 

dependent on essential building blocks that cannot be synthesized by the 

heterologous host. For example, expression of the GameXPeptide producing NRPS 

from P. luminescens in E. coli results in the production of derivatives without p-

aminophenylalanine, as this building block is specifically produced only by 

Photorhabdus in infected insects.77,166,167 

1.4.2  Structure Elucidation of NRPs 

Bioinformatic analysis 

Thanks to a deep understanding of NRPS biosynthetic principles and significant 

advance of bioinformatics, structure elucidation efforts to the large and complex 

NRPs can directly or indirectly benefit from the utilization of genomic information that 

can be now obtained quickly and cheap, especially for bacteria.154 The program 

antiSMASH (antibiotics and secondary metabolite analysis shell) is probably the most 

widely used bioinformatic tool for identifying and analyzing BGCs in genome 

sequences now.91 It is worth noting that structural information of NRPs from 

antiSMASH is sometimes incomplete. Although substrate specificities of NRPS 

modules can be analyzed, the algorithm does not take nonlinearity, module-skipping, 

cyclizations, or modifications into account.154 Nonetheless, the output from 

antiSMASH and its embedded tools still provide a wealth of structural information.154 
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One application of genomics followed by bioinformatic analysis is to assess 

compound novelty. If a gene cluster for an unknown metabolite is sufficiently similar 

to another gene cluster for a known compound, expensive scale-up and 

spectrometric efforts can be avoided; conversely, one can reasonably expect a new 

structure if the gene cluster is not found within the databases. In Thermobifida fusca, 

for instance, an NRPS gene cluster showing sufficiently divergent from known 

clusters was identified, and the compound fuscachelin was predicted to be novel 

based on the sequence-inferred NRPS module amino acid substrate specificity.168 

Furthermore, it is possible to predict the structures of some NRPs because the 

NRPSs are organized in a multimodular fashion with the order of the modules 

frequently aligning with the building block order in the corresponding products, a 

concept known as “collinearity”.154 Here, the NRPS module substrate specificity, as 

discussed previously, can be predicted. For example, the pyrazinone NPs of NRPS 

origin, aureusimines, were found in Staphylococcus aureus via genome mining and 

their structures were predicted reasonably-well from their NRPS as composed of 

tyrosine and valine.169 

Besides, genomic information can be useful in verifying that the spectrometrically 

derived assignments are correct, or at least consistent with biosynthetic logic, 

particularly for NRPs that consist of a large number of repeated or similar amino acid 

residues with overlapping spectral properties. An example is teixobactin, an antibiotic 

depsipeptide recently discovered from Eleftheria terrae; the bioinformatically 

identified two-gene NRPS cluster was found to consist of eleven modules whose 

predicted specificities exactly matched the elucidated structure.170 

Moreover, gene sequence-derived knowledge of biosynthetic pathways can be used 

to confirm or predict amino acid stereochemical configuration. NRPS modules 

typically employ L-amino acids as substrates and D-amino acids are incorporated 

based on the presence of E or dual C/E domains. In the example of the 13-residue 

depsipeptides xenoamicins isolated from X. mauleonii, the complete determination of 

amino acid configurations depended on the genomic analysis of the closely-related, 

already-sequenced X. doucetiae.71 However, caution must be taken with the in silico 

predictions, since not all E or C/E domains are active, such as in the case of 

myxochromides.171 Additionally, D-amino acids may be directly utilized by certain 

NRPSs, presumably epimerized by enzymes elsewhere in the genome and thus not 
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easily discernable through bioinformatics.120,154 Thus, bioinformatic predictions are 

best trusted when they can be supported by some spectroscopic or synthetic 

evidences.154 

To gain absolute certainty of the NRP structure, several analytical methods, including 

HPLC-MS analysis, feeding experiment, NMR analysis, and the advanced Marfey’s 

method, sometimes supplemented with total synthesis, are still required and 

discussed in more detail in the following subsections. 

HPLC-MS analysis 

Mass spectrometry (MS) measures the mass-to-charge ratio (m/z) of individual 

molecules present as charged ions. The equipment is composed of three principal 

parts: ionization source, mass analyzer and detector. The usability of MS especially 

in life sciences was changed fundamentally with the invention of soft ionization 

strategies like matrix-assisted laser desorption/ionization (MALDI)172 and electrospray 

ionization (ESI).173 MALDI is often employed for the analysis of proteins, peptides 

and low-mass molecules, while ESI is now widely used for the study of a vast 

majority of polar to medium polar small molecules.159 The most eminent advantage of 

MS is the high sensitivity in comparison with other methods. Furthermore, MS can be 

coupled to chromatographic separation prior to ionization and detection, which largely 

increases the scope of usage. Today, MS is used as a standard analytical technique 

for molecular structure elucidation. 

In the process of NRP identification, high performance liquid chromatography 

coupled to mass spectrometry (HPLC-MS) is a powerful analytical technique. Firstly, 

a compound can quickly be discarded as non-novel before scale-up or purification is 

attempted, using accurate mass from high resolution mass spectrometry (HRMS) on 

biological samples. Meanwhile, the molecular formula of a new compound can 

generally (and even unambiguously) be obtained by its HRMS data, which is usually 

the initial step of structure elucidation.174,175 Furthermore, the structural information of 

NRPs, including amino acid composition and sequence, can be investigated by 

tandem mass spectrometry (MS2) approaches. When HPLC separation is coupled to 

MS2, retention time combined with fragmentation patterns and relative abundances of 

product ions can be used for the identification of an unknown compound by 

comparison with that of an authentic standard. This method is especially useful for 

the identification of minor products that are difficult to isolate but can be chemically 
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synthesized for structural confirmation. The linear peptide xenortide D, for instance, 

was produced in only trace amount in X. nematophila; the structure of xenortide D 

was deduced by combining detailed HPLC-MS analysis with feeding experiments and 

was confirmed by chemical synthesis.36 Additionally, the structural information of 

peptides obtained from MS2 experiments can directly be used to identify the 

corresponding BGCs, because, as already described, peptides are all derived from 

genetically-encoded modular pathways. Such an MS-guided genome mining 

approach is known as natural product peptidogenomics that connects the 

chemotypes of peptide natural products to their BGCs by iteratively matching de novo 

tandem MS structures to genomics-based structures following biosynthetic logic.176 

Another promising application of HPLC-MS is molecular networking analysis that 

inspects a suite of MS2 spectra obtained on a whole extract and clusters the detected 

analytes by spectral similarity. In this way, it is possible to get information on related 

metabolites in an extract and provide rapid access to NP congeners or biosynthetic 

intermediates.154 Visualization of the generated molecular networks also provides a 

broad overview of the metabolic composition of an extract.154 This method was 

recently applied with extracts from Xenorhabdus and Photorhabdus, resulting in the 

discovery of a large number of previously unidentified metabolite classes, including 

the NRPS-derived xefoampeptides.23 

Although with these excellent features, the use of HPLC-MS-based structure 

elucidation is limited concerning the complex structural properties of many NRPs 

including incorporation of nonproteinogenic amino acids and internal cross-links of 

different parts of one compound. Thus by HPLC-MS analysis alone it is impossible to 

unambiguously identify a molecule and consequently one must rely on 

complementary information.159 

Feeding experiment 

As shown above for the identification of xenortide D, feeding experiments, also 

termed as labeling experiments, are an important supplementary approach for NRP 

structure identification that is always followed by HPLC-MS analysis. First, feeding 

experiments can be used to determine the molecular formula of a NP.47 When an 

extract from standard growth medium is analyzed by HPLC-MS, the sum formula of 

the desired peak can be predicted from HRMS data. Nevertheless, it is often difficult 

to find the correct formula due to several possibilities within a given ppm range 
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(commonly ≤5 ppm) without ultrahigh resolution MS systems. When the NP-

producing microorganism is grown in fully labeled 13C or 15N medium, the correct sum 

formula can be rapidly identified by HPLC-MS analysis, as the numbers of nitrogen 

and carbon atoms can be easily determined from the mass shifts of the desired 

compound peak. Feeding experiments can also be used to identify building blocks of 

NPs such as amino acids.47 Here, labeled precursors with 13C, 2H, or 15N atoms are 

usually added to a producing culture and their incorporation confirms the involvement 

of the precursors in the NP biosynthesis. Hence HPLC-MS-based detection allows for 

the identification of precursor incorporation by a mass shift to higher mass. However, 

as not all possible precursors are available for a reasonable price, one can also add 

a precursor with natural abundance (12C, 14N) to a culture grown in a fully labeled 13C 

or 15N medium. Precursor incorporation in such an inverse labeling experiment is 

easily visible by a shift to lower mass. 

Also, the determination of the amino acid configurations can be performed by feeding 

experiments followed by HPLC-MS analysis.47,77 During most NRP synthesis, E 

domains or mixed C/E domains are responsible for the transformation of L-amino 

acids into their D-forms. By feeding an amino acid with a 2H label at the α-carbon 

position to a transaminase mutant or a transaminase-deficient heterologous host 

carrying the NRPS gene cluster, the presence of an active E domain can be probed 

indirectly by HPLC-MS analysis. If the label is found in the compound mass (higher 

mass), the amino acid at this position must have the L configuration due to a missing 

or nonfunctional E domain. If the label is lost, then it has been exchanged against 1H 

from the culture medium by means of E-domain-catalyzed racemization, and the 

amino acid at this position is confirmed to have the D configuration. These feeding 

approaches have been widely used for the identification of NRPs from 

microorganisms, including Xenorhabdus and Photorhabdus.53,138,177,178 

NMR analysis 

Nuclear magnetic resonance (NMR) spectroscopy measures the chemical shifts (ppm) 

of pure compounds that are usually isolated by using chromatography techniques. As 

the chemical shift depends on the exact electronic environment surrounding the 

nucleus, chemical shifts can be diagnostic for a specific metabolite. In contrast to MS, 

NMR spectroscopy is a rather insensitive but universal detection method and thereby 

is seen as the gold standard for structure elucidation of NPs. 
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To elucidate an unknown NP, one-dimensional (1D) and two-dimensional (2D) NMR 

experiments are always carried out following the determination of the molecular 

formula using HRMS. 1H and 13C spectra separately record chemical shifts of proton 

and carbon atoms in a molecule and belong to 1D NMR. They are often measured 

prior to 2D NMR experiments. In the case of NRPs, 1D NMR often exhibits the 

characteristic signals of a peptide, illustrating amide NH protons and α-amino protons 

in 1H spectrum along with carbonyl carbons in 13C spectrum.179 

The acquisition of 2D NMR data, which is plotted like a topographic map with cross-

peaks on the map indicating linked nuclei, plays a crucial role in structure elucidation. 

The most frequently used set of 2D NMR experiments are correlation spectroscopy 

(COSY), heteronuclear single quantum coherence (HSQC), and heteronuclear 

multiple bond correlation (HMBC).159,180 The COSY spectrum usually reveals 

homonuclear correlations between vicinal hydrogens separated by three bonds (3JHH). 

This makes it possible to identify the neighbor carbon atoms connected by a 

chemical bond. The HSQC spectrum shows heteronuclear correlations that arise as a 

result of 1JCH couplings between 13C nuclei and protons attached to the 

corresponding atoms. This allows one to detect all CH, CH2 and CH3 groups with 

chemical shift assignment. The HMBC spectrum reveals heteronuclear correlations 

between 1H and 13C nuclei separated by two or three chemical bonds, sometimes in 

conjugated systems, four bonds, but the direct one bond correlations are suppressed. 

One can use the HMBC spectrum to establish the connectivity of building blocks such 

as amino acids in NRPs. In principle, combining all 1D and 2D NMR data allows the 

complete assembly of a structure. However, as structure elucidation of NPs is a 

complicated process, it is not surprising that different scientists may come to different 

structures from the same initial data; many structural misassignments have been 

reported in a series of reviews.181–183 This is not uncommon for NRPs due to their 

complex structures and large number of repeated or similar building blocks, as it has 

been observed for microginins, peptides isolated from Microcystis aeruginosa.184 A 

in-depth analysis of the NMR and HRMS/MS data of the metabolites proved that 

previously published structures were wrong, showing an inversion of two amino acids 

in the structure. Thus, to unambiguously identify an NRP, NMR spectroscopy should 

be carefully examined and a combination with other analytical methods such as 

bioinformatics, MS and total synthesis can be necessary. 
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Advanced Marfey’s method 

Having determined the planar structure of a given NP, the next essential step is often 

configurational assignment, given that the configuration is of utmost importance for 

biological activity. The most extensively used approach for configuration 

determination of amino acids in new peptides is the advanced Marfey’s method,72,185 

which is also employed for confirmation of bioinformatically predicted configurations 

of the amino acids in NRPs.138 This method usually starts with the hydrolysis of the 

peptide with 6 M HCl aqueous solution. The hydrolysate is separately derivatized with 

Marfey’s reagents like Nα-(5-fluoro-2,4-dinitrophenyl)-L-leucinamide (L-FDLA) or Nα-

(5-fluoro-2,4-dinitrophenyl)-D-leucinamide (D-FDLA). The analysis of the derivatized 

amino acids is carried out by HPLC-MS and the configurations are determined by the 

elution order. If necessary, the commercial standard amino acids are prepared as 

reference. However, in some cases, the advanced Marfey’s method is limited 

because of the presence of several repeated amino acids. For example, the amino 

acid configurations of xenoamicin A were determined by the advanced Marfey’s 

method, but only partial information was provided, as the compound contains four L- 

and one D-valine residues and the stereochemical assignments to the corresponding 

valine residues were not possible at this stage.71 Therefore, bioinformatic analysis 

and total synthesis can act as important alternative methods. 

Total synthesis 

As mentioned before, total synthesis is an important approach for structural 

confirmation of NRPs that are predicted by bioinformatics and HPLC-MS analysis. 

Meanwhile, the synthesis is a key cornerstone in the structural revision of NRPs and 

often provides sufficient amount of compounds for further bioactivity testing. 

Chemical synthesis of peptides consists of liquid- and solid-phase synthesis. 

Originally, the synthesis was performed in solution. The liquid-phase peptide 

synthesis is highly flexible with respect to the chemistry of coupling and the 

combination of the peptide building blocks. However, this technique is used for the 

synthesis of small peptides composed of only a few amino acid residues. In addition, 

it is time-consuming to separate the peptide intermediates or products from impurities 

and side products. 
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Peptide synthesis has been revolutionized after the emergence of solid-phase 

peptide synthesis (SPPS). In contrast to naturally occurring peptide synthesis, the 

sequence elongation starts with the C-terminal amino acid immobilized on an 

insoluble support via a cleavable linker. Coupling reagents and excess amino acids 

can be washed away, thereby minimizing purification issues. Additionally, the 

individual reaction steps can be easily automated, leading to a better time 

management. These principles make SPPS simple but productive. As an example, 

kolossin A, a large pentadecapeptide was produced in P. luminescens after the 

NRPS-encoding gene was activated by promoter exchange.50 However, the trace 

amount of the product did not allow its isolation for NMR experiments but the possible 

structures, including the amino acid configurations, were deduced by bioinformatics, 

feeding experiments and detailed HPLC-MS analysis. Out of all possible structures 

that were independently synthesized using SPPS and compared with the natural 

product using HPLC-MS, the correct one was successfully identified. The synthesis 

also provided enough amount of kolossin A for biological screenings. Another 

example is similanamid, a cyclic hexapeptide isolated from the marine sponge-

associated fungus Aspergillus similanensis KUFA 0013.186 The total synthesis of the 

proposed structure was achieved by solid-phase synthesis of a linear precursor and 

liquid-phase macrolactamization. The NMR spectra of the synthetic final product 

were not identical to those of the isolated material. Thereby, the conclusion was that 

similanamide is identical to PF1171C, a previously reported diastereomeric 

hexapeptide. 

Summing up the abovementioned considerations, although the finding of the NRPS 

gene clusters and the bioinformatic analysis can be done quickly, the process of 

structure elucidation is still the most time-consuming and rate-limiting step. There is 

no single approach that is able to unambiguously identify an NRP, hence the 

structure elucidation of NRPs must rely on a combination of several methods. 
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1.5  Aim of This Thesis 

Based on the introduced knowledge, the aim of this thesis was to search for and 

characterize new NRPs from Xenorhabdus and Photorhabdus strains by using a 

combination of biological and chemical methods. 

RXPs are a class of structurally diverse NRPs exclusively found in Xenorhabdus and 

Photorhabdus.34 These derivatives are composed of two to eight amino acids with 

valine as the most abundant one (followed by phenylalanine and leucine) that are 

often N-methylated and frequently incorporate phenylethylamine or tryptamine as the 

C-terminal amines.34 Generally, RXP BGCs encode two to four single-module-subunit 

NRPSs; the chemical diversity of RXPs results from a combination of iterative and 

flexible use of these single-module-subunit NRPSs.34 During a more-detailed HPLC-

MS analysis of the extracts from Xenorhabdus and Photorhabdus strains, several 

new RXPs showing different C-terminal amines (putrescine and ammonia) instead of 

phenylethylamine and tryptamine were found in a X. innexi wild-type strain. Therefore, 

the first goal of the study was to investigate these new RXPs. The results, including 

structure elucidation, antiprotozoal activity, and proposed biosynthesis of these RXPs, 

are described in chapter 2.1. Additionally, several new methionine-containing RXPs 

were found as minor products during an in-depth investigation on RXP production in 

E. coli carrying kj12ABC from Xenorhabdus KJ12.1. Their structure elucidation and 

chemical synthesis, as well as antiprotozoal activity, are presented in chapter 2.2. 

Then, genome mining of P. asymbiotica PB68.1 showed that the stain encodes an 

NRPS named PhpS. A detailed analysis revealed that PhpS comprises six modules 

and was thus expected to produce a hexapeptide. Since no such peptide could be 

identified in P. asymbiotica PB68.1, a promoter exchange approach was applied to 

phpS, resulting in the production of a library of new peptides, named 

photohexapeptides. The identification and biosynthesis of this library are described in 

chapter 2.3. 

Next, in the genome of P. temperata Meg1, the pdtS gene was predicted to encode 

an unknown NRPS consisting of six modules. PdtS was hence expected to produce a 

hexapeptide. As no such peptide could be observed in P. temperata Meg1 when the 

strain was cultivated in the laboratory in different media such as lysogeny broth (LB) 

or Sf-900 II SFM medium, a promoter exchange approach was applied to activate 

pdtS, resulting in the production of photoditritide, a new cyclohexapeptide containing 
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two uncommon homoarginine residues. The structure elucidation, biosynthesis, as 

well as antimicrobial and antiprotozoal activity of photoditritide, are reported in 

chapter 2.4. 

Last, bioinformatic analysis showed that P. temperata Meg1 encodes a BGC with two 

NRPSs, termed PttBC. Detailed analysis identified that PttBC consist of five modules, 

including a Cstart domain in the initiation module of PttB. Thereby, PttBC were 

expected to produce a lipopeptide containing five amino acids. Notably, one MbtH-

encoding gene, termed pttA, is located 0.8 kbp upstream from pttB. The MbtH 

proteins have been proposed to play an important role in stimulating adenylation 

reactions that are required for biosynthesis of some NRPs.96,187 Nevertheless, no 

such peptide could be identified in extracts from either P. temperata Meg1 wild-type 

strain or P. temperata Meg1 pCEP-pttA promoter exchange mutant under standard 

laboratory conditions. Therefore, heterologous expression was applied to activate 

pttABC. Our effort expressing pttBC together with pttA in E. coli resulted in successful 

production of a new family of cyclic lipodepsipeptides, named phototemtides. Indeed, 

E. coli was found incapable of producing phototemtides without MbtH-encoding gene 

pttA. To identify phototemtides, a combined use of different analytical methods, 

including HPLC-MS analysis, feeding experiments, NMR analysis, the advanced 

Marfey’s method, and total synthesis, were carried out. The results, along with 

antiprotozoal activity of the major compound phototemtide A, are presented in 

chapter 2.5. 
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Summary 

Parasitic diseases, such as malaria, sleeping sickness, Chagas disease, and 

leishmaniasis caused by protozoa, are a major public health problem worldwide, 

mainly affecting hundreds of millions of the poorest populations in tropical and 

subtropical countries. Because of the low return on investments, only a few 

antiprotozoal drugs are available. Unfortunately, most of these drugs are decades old 

and have one or more limitations, including high cost, toxicity, and drug resistance. 

Thus, there is an urgent need for the development of novel, effective, inexpensive, 

and safe drugs. 

Rhabdopeptide/xenortide-like peptides (RXPs), which represent a unique class of 

peptides exclusively found in Xenorhabdus and Photorhabdus, are active against 

different protozoa. These RXPs are composed of two to eight amino acids (valine, 

phenylalanine, and leucine) that are often N-methylated and show phenylethylamine 

or tryptamine as the typical C-terminal amines for most RXPs. During a more-detailed 

HPLC-MS analysis of different Xenorhabdus and Photorhabdus strains, several new 

RXPs were identified showing putrescine or ammonia as the C-terminal amines from 

X. innexi. 

In this study, seven new RXPs with putrescine or ammonia as the C-terminal amines 

were isolated from X. innexi. Their structures were elucidated by HRMS and NMR 

experiments. The absolute configurations of the amino acids were determined 

according to the advanced Marfey’s method. Bioactivity testing of these RXPs 

revealed potent antiprotozoal activity against the causative agents of sleeping 

sickness (Trypanosoma brucei rhodesiense) and malaria (Plasmodium falciparum), 

with IC50 values of 0.07−6.25 and 0.091−3.16 μM, respectively, making them the 

most active RXP derivatives known to date. 

Furthermore, bioinformatic analysis showed that the biosynthetic gene cluster (BGC) 

of RXPs from X. innexi encodes three monomodular nonribosomal peptide 

synthetases (NRPSs), namely, InxA, InxB, and InxC. Based on the chemical 

structures, combined with amino acid specificity for adenylation (A) domains, the 

biosynthesis for these RXPs was proposed. InxA might act iteratively with a flexible 

methyltransferase activity to catalyze the incorporation of the first five or six N-

methylvalines/valines to these peptides.  
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Figure 5. Graphical summary of the publication “Rhabdopeptide/Xenortide-like 

Peptides from Xenorhabdus innexi with Terminal Amines Showing Potent 

Antiprotozoal Activity”. (a) Chemical structures of new RXPs (1−7) with putrescine or 

ammonia as the C-terminal amines and their bioactivity against protozoan parasites; 

(b) Proposed biosynthesis as shown for 1 and 2 as examples. InxA might act 

iteratively with a flexible methyltransferase activity to catalyze the incorporation of the 

first five N-methylvalines/valines to 1 and 2. 
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Summary 

RXPs are a class of chemically diverse nonribosomal peptides (NRPs) exclusively 

found in Xenorhabdus and Photorhabdus. More than 60 RXPs have been identified in 

51 different wild-type strains by detailed HPLC-MS analysis. So far, only the amino 

acids valine, phenylalanine, and leucine have been observed in the previously 

identified RXPs. 

The RXP BGC from Xenorhabdus KJ12.1, named kj12ABC, encoding three 

monomodular NRPS subunits Kj12A, Kj12B, and Kj12C, is the simplest and best-

characterized system. Chemical diversity of the RXPs in Xenorhabdus KJ12.1 results 

from a combination of iterative and flexible use of Kj12ABC. Previous studies have 

shown that heterologous expression of kj12ABC in E. coli led to the same production 

of RXPs as found in the wild-type strain of Xenorhabdus KJ12.1. However, during an 

in-depth investigation on RXP production in E. coli carrying kj12ABC, we found seven 

new methionine-containing RXPs as minor products besides the valine-only-

containing main compounds. 

In this publication, the structures of seven sulfur-containing RXPs were initially 

suggested by HRMS data and detailed analysis of their MS2 fragmentation patterns. 

To confirm the proposed structures, these RXPs were synthesized by using a solid-

phase peptide synthesis (SPPS) method developed for the synthesis of partially 

methylated RXPs. As RXPs are active against protozoa, the bioactivity of these 

methionine-containing RXPs as well as two valine-only-containing main products was 

evaluated. All tested compounds displayed good effects against T. brucei 

rhodesiense (IC50 1.4−12.3 μM) and P. falciparum (IC50 2.3−10.9 μM). 

It is worth noting that methionine-containing RXPs were only detected in the 

heterologous E. coli strain, not in Xenorhabdus KJ12.1 wild-type strain. Furthermore, 

the expression of kj12B and kj12C (without kj12A) did not produce the methionine-

containing RXPs. These results suggest that E. coli background and Kj12A might 

contribute to the formation of methionine-containing RXPs by a still unknown 

mechanism.  
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Figure 6. Graphical summary of the publication “Methionine-Containing 

Rhabdopeptide/Xenortide-like Peptides from Heterologous Expression of the 

Biosynthetic Gene Cluster kj12ABC in Escherichia coli”. (a) Kj12ABC from 

Xenorhabdus KJ12.1. Domains: C: condensation, A: adenylation, T: thiolation, MT: 

methyltransferase, Cterm: terminal condensation; (b) Structures of new methionine-

containing RXPs (1−7) and two valine-only-containing main RXPs (10 and 12) with 

their bioactivity against protozoan parasites; (c) Solid-phase peptide synthesis 

(SPPS), shown for 1 as an example. I. attachment of the C-terminal amine 

phenylethylamine on DFPE resin; II. stepwise coupling of amino acids to peptide 

sequence using standard Fmoc chemistry mediated by different coupling reagents; III. 

cleavage of peptide from resin. 
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Summary 

Natural product (NP) compound libraries have been observed in various organisms, 

including bacteria, fungi, insects and plants. The production of such chemically 

diverse libraries often is the result of the catalytic promiscuity of specialized metabolic 

enzymes that synthesize compounds not immediately required for the survival of the 

host organisms, but nonetheless contribute to the reproductive success of 

populations in complex ecosystems. 

NRPs are well known as an important source of therapeutic drugs. The assembly of 

these peptides is catalyzed by NRPSs that are composed of modules, each often 

consisting of three domains: condensation (C), adenylation (A) and thiolation (T) 

domains, to carry out one cycle of amino acid chain extension. Several modules act 

as a conveyor belt for the stepwise incorporation of amino acids usually in a collinear 

fashion. In rare cases, the high promiscuity of A domains and the iterative use of 

modules or domains result in the generation of peptide libraries. 

This publication describes a new NRP compound library, photohexapeptide library, 

which was generated in Photorhabdus asymbiotica PB68.1 after the silent NRPS-

encoding gene phpS was activated via promoter exchange. Peptide structures, 

including the absolute configurations of the amino acids, were determined by using a 

combination of bioinformatic analysis and isotopic labeling experiments followed by 

detailed HPLC-MS analysis. Additionally, their structures were confirmed by chemical 

synthesis and NMR after preparative isolation. The chemical diversity of the 

photohexapeptides results from promiscuous A domain specificity. Although relaxed 

substrate specificity of A domains has been shown in several other NRPS systems 

resulting in the generation of peptide diversity, PhpS is unusual since it possesses 

five out of six A domains which can utilize two different amino acids, leading to a very 

large number of products. Moreover, photohexapeptides enrich the family of the rare 

linear D-/L-peptide NPs. Although they did not show antibacterial and antifungal 

activity, further studies will pursue the biological functions of photohexapeptides, 

especially in the complex life cycle of P. asymbiotica PB68.1, including bacteria, 

nematode host and insect prey. 
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Figure 7. Graphical summary of the publication “Production of a Photohexapeptide 

Library from Entomopathogenic Photorhabdus asymbiotica PB68.1”. The NRPS-

encoding gene phpS with the domain organization corresponding to the production of 

photohexapeptide library. Domains: FT: formyltransferase (*nonfunctional), A: 

adenylation, T: thiolation, C/E: dual condensation/epimerization, C: condensation, 

TE: thioesterase. The chemical diversity of the photohexapeptides results from 

promiscuous A domain specificity that can utilize the two different amino acids valine 

(Val) or isoleucine (Ile). 

  



Publications 

46 
 

  



Publications 

47 
 

2.4  Structure, Biosynthesis, and Bioactivity of Photoditritide from 

Photorhabdus temperata Meg1 

Authors: 

Lei Zhao,1,2 Ryan Musumba Awori,1 Marcel Kaiser,3 Jonathan Groß,4 Till Opatz,4 and 

Helge B. Bode*,1,5 

1Molecular Biotechnology, Department of Biosciences, Goethe University Frankfurt, 

60438 Frankfurt am Main, Germany 

2Institute of Botany, Jiangsu Province and Chinese Academy of Sciences, 210014 

Nanjing, China 

3Swiss Tropical and Public Health Institute, 4051 Basel, Switzerland 

4Institute of Organic Chemistry, Johannes Gutenberg University Mainz, 55128 Mainz, 

Germany 

5Buchmann Institute for Molecular Life Sciences (BMLS), Goethe University 

Frankfurt, 60438 Frankfurt am Main, Germany 

*Corresponding author 

Published in: 

Journal of Natural Products, 2019, 82, 3499−3503. 

DOI: 10.1021/acs.jnatprod.9b00932 

Online access: 

https://pubs.acs.org/doi/10.1021/acs.jnatprod.9b00932 

Attachments: 

Declaration on the contribution of the authors and the publication including supporting 

information 

  



Publications 

48 
 

Summary 

Bacteria of the genera Xenorhabdus and Photorhabdus are a rich source of bioactive 

NPs due to their unique niche. An effort to search for additional NPs from 

Xenorhabdus and Photorhabdus strains resulted in the identification of photoditritide. 

Photoditritide is a new cyclohexapeptide containing two uncommon homoarginine 

residues. This publication reports the discovery, structure elucidation, biosynthesis, 

and bioactivity of photoditritide. 

Photoditritide was produced by Photorhabdus temperata Meg1 after the silent NRPS-

encoding gene pdtS was activated via promoter exchange. Its structure was 

elucidated by HRMS, NMR and isotopic labeling experiments. The absolute 

configurations of the amino acids were determined according to the advanced 

Marfey’s method in combination with bioinformatic analysis. Bioactivity testing of 

photoditritide revealed potent antimicrobial activity against Micrococcus luteus with 

an MIC value of 3.0 μM and weak antiprotozoal activity against T. brucei rhodesiense 

with an IC50 value of 13 μM. Additionally, the biosynthetic pathway of photoditritide 

was proposed. Although production of the nonproteinogenic amino acid 

homoarginine-containing peptides have been reported in several marine organisms, 

photoditritide is so far the only example of a peptide from entomopathogenic bacteria 

that contains homoarginine. 
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Figure 8. Graphical summary of the publication “Structure, Biosynthesis, and 

Bioactivity of Photoditritide from Photorhabdus temperata Meg1”. The NRPS-

encoding gene pdtS with the domain organization corresponding to the production of 

photoditritide. Har: homoarginine; Domains: A: adenylation, T: thiolation, C/E: dual 

condensation/epimerization, C: condensation, TE: thioesterase. 
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Summary 

Cyclic lipopeptides (CLPs) are a class of structurally diverse NPs with various 

bioactivities, such as antibacterial, antifungal, antiprotozoal, and cytotoxic activities. 

They are mainly produced by a wide variety of microorganisms, including 

cyanobacteria, bacteria, actinobacteria, and fungi. Daptomycin, isolated from 

Streptomyces roseoporus, is the first clinically used CLP antibiotic with a new 

structural type and unique mechanism of action. As one of the few newly approved 

antibiotics, the recent success of daptomycin highlights the evolving role of CLPs as 

important pharmaceutical lead compounds. During our investigation to search for 

new NPs from Xenorhabdus and Photorhabdus strains, we found a new family of 

CLPs, named phototemtides. This publication describes the discovery, structure 

elucidation, biosynthesis, total synthesis, and bioactivity of the major compound 

phototemtide A. In addition, three minor derivatives, phototemtides B−D, were 

identified by detailed HPLC-MS analysis. 

Phototemtides were identified from P. temperata Meg1 after the silent NRPS-

encoding gene cluster pttBC was activated together with the MbtH-encoding gene 

pttA by heterologous expression in E. coli. The MbtH protein PttA was required for 

the biosynthesis of phototemtides in E. coli. The major compound phototemtide A 

was isolated and its structure was elucidated by HRMS and NMR experiments. The 

absolute configurations of the amino acids were determined by using the advanced 

Marfey’s method in combination with bioinformatic analysis. The stereochemistry of 

3-hydroxyoctanoic acid (3-HOA) was assigned by comparison of phototemtide A 

containing (R)- and (S)-3-HOA moiety, respectively, derived by total synthesis. The 

three minor derivatives phototemtides B−D were identified by a detailed analysis of 

their MS2 fragmentation patterns. Phototemtide A showed weak antimalarial activity 

with an IC50 value of 9.8 μM. Nevertheless, it might be a starting point towards a 

selective P. falciparum compound, since it shows no activity against any other tested 

organisms. With an efficient approach of total synthesis in hand, further investigation 

could focus on structure‒activity relationships and subsequent in vivo experiments of 

this new family of CLPs. This work is also the first example of the importance of MbtH 

for peptide production in Photorhabdus.  
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Figure 9. Graphical summary of the publication “Phototemtide A, a Cyclic 

Lipopeptide Heterologously Expressed from Photorhabdus temperata Meg1, Shows 

Selective Antiprotozoal Activity”. (a) The NRPS-encoding gene cluster pttABC with 

the domain organization of PttBC. Domains: Cstart: starter condensation, A: 

adenylation, T: thiolation, C: condensation, E: epimerization, TE: thioesterase; (b) 

Production of phototemtide A by heterologous expression of pttABC in E. coli and the 

key steps for total synthesis of phototemtide A. 
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3  Discussion and Outlook 

By employing a combination of biological and chemical methods, four classes of 

nonribosomal peptides (NRPs) were unambiguously identified from Xenorhabdus and 

Photorhabdus strains. They comprise C-terminal amine containing linear peptides 

rhabdopeptide/xenortide-like peptides (RXPs, chapter 2.1 and 2.2), linear peptides 

photohexapeptides (chapter 2.3), cyclic peptide photoditritide (chapter 2.4), and 

cyclic lipopeptides (CLPs) phototemtides (chapter 2.5). In the following sections 

these peptides are discussed in some points regarding their biosynthesis, structure 

identification, and biological functions. Also, the future research work is proposed. 

3.1  Rhabdopeptide/Xenortide-like Peptides 

RXPs are a class of structurally diverse NRPs and widespread in Xenorhabdus and 

Photorhabdus.34 The newly identified RXPs in this thesis from X. innexi and 

Xenorhabdus KJ12.1 further enrich the diversity of RXPs. They show polar 

putrescine or ammonia as the C-terminal amines and methionine as amino acid 

building blocks, which are distinctive characteristics in comparison with previously 

reported RXPs showing non-polar phenylethylamine or tryptamine as the main C-

terminal amines and hydrophobic valine, phenylalanine or leucine as amino acid 

building blocks for most RXPs in most other strains. 

Biosynthetically, both RXP biosynthesis gene clusters (BGCs) from X. innexi and 

Xenorhabdus KJ12.1 encode three monomodular nonribosomal peptide synthetases 

(NRPSs), namely, InxABC and Kj12ABC, respectively. However, against the 

collinearity rule, four to eight amino acids with optional N-methylation are present in 

these new RXPs, thus concluding an iterative use and a flexible methyltransferase 

activity of the NRPSs in these RXP biosynthesis. A recent study suggested that the 

high flexibility of RXP NRPSs might be a result of promiscuous docking domains 

mediating protein−protein interactions between the different NRPS subunits.188 

Meanwhile, the incorporation of putrescine or ammonia instead of most frequent 

phenylethylamine or tryptamine as the C-terminal amines of RXPs from X. innexi 

indicates a high flexibility of the C-terminal condensation (Cterm) domains. The 

discovery of the methionine-containing RXPs after heterologous expression of the 

Kj12ABC from Xenorhabdus KJ12.1 in E. coli suggests that the adenylation (A) 

domain specificity might alter during RXP biosynthesis in a heterologous host. One 
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possibility might be the formation of protein complexes between the NRPSs and 

unknown proteins that alter the specificity of the A domains as described for MbtH 

proteins.79,189 However, overexpression of MbtH from E. coli and Xenorhabdus 

KJ12.1 did not change the production levels of methionine-containing RXPs in the E. 

coli system, and therefore another yet unknown mechanism must be responsible for 

their production. 

Functionally, these new RXP derivatives, particularly RXPs showing putrescine or 

ammonia as the C-terminal amines, exhibited strong effects against protozoan 

parasites. Considering the unique niche of Xenorhabdus and Photorhabdus, RXPs 

might play a role in protecting the insect cadaver from soil-living protozoa to support 

the symbiosis with nematodes. 

Structurally, RXPs show different methylation patterns of the amide NH ranging from 

nonmethylation over partial methylation to permethylation. The synthetic strategy for 

nonmethylated and permethylated RXPs has been developed most recently by using 

a solid-phase peptide synthesis (SPPS) method.190 Based on this strategy, an 

effective SPPS method for the synthesis of partially methylated RXPs was developed 

within this thesis. According to the structure−activity relationships of the RXPs, it is 

quite obvious that the terminal amines and amino acid building blocks have a strong 

influence on the bioactivity of RXPs (putrescine > ammonia, valine > methionine 

against Trypanosoma brucei rhodesiense and Plasmodium falciparum). With these 

efficient synthesis strategies in hand, it is possible to optimize RXPs in future with 

respect to their amino acid building blocks and terminal amines in view of their potent 

antiprotozoal activity for drug discovery, especially against the causative agents of 

sleeping sickness (T. brucei rhodesiense) and malaria (P. falciparum). 

3.2  Photohexapeptides 

A natural product (NP) compound library can be simply defined as a collection of a 

class of chemically diverse NPs derived from organisms. The generation of NP 

compound libraries is regarded as the biotic responses of organisms to challenging 

and changing environmental pressures.191 Another explanation for such libraries 

might be against different targets in different organisms, which would be analogous to 

high-throughput screening procedures carried out during medical drug 

development.192 In this thesis, the new NRP library of photohexapeptides, potentially 

containing up to 32 derivatives, was identified from P. asymbiotica PB68.1 pCEP-
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phpS mutant. This library was produced by the single NRPS PhpS due to its 

promiscuous A domain specificity. The unusual PhpS possesses five (A1−A4 and 

A6), from in total six A domains, which can utilize two different amino acids valine or 

isoleucine, leading to the large number of products. The difference of the predicted A 

domain specificity between A5 domain for phenylalanine (actually incorporating its 

similar amino acid leucine) and the other five A domains all for valine (actually 

incorporating valine or its similar amino acid isoleucine) might explain the result. 

Thereby the chemical diversity of the photohexapeptides is an excellent example of 

how to create compound libraries in nature. 

Moreover, the alternating C/E and C domains in PhpS places photohexapeptides 

among the family of the rare linear D-/L-peptide NPs. This class of peptides feature a 

propensity for β-helical structures in membranes and hence ion channels.50,71 The 

well-studied example is the nonribosomally antibiotic gramicidin D, which requires 

two molecules to span a membrane.193 

It is worth noting that the PhpS contains a formyltransferase (FT) domain as the first 

domain of the initiation module. However, no formylated products were found in 

photohexapeptides. During our in-depth investigation on phpS, we found a 

formamidase-encoding gene (ppb6_04102) located 1.3 kbp upstream from phpS. 

Thus we postulated that the formyl group might be removed by the formamidase 

during the biosynthesis of photohexapeptides. To test the hypothesis, the PhpS alone 

was expressed in E. coli without Ppb6_04102, but still no formylated products except 

photohexapeptides were detected. This suggests that the FT domain might be 

inactive in PhpS. As FT domains often contain a conserved Asn-His-Asp catalytic 

triad,194 we compared the FT domain of the PhpS with previously reported active FT 

domains, but found PhpS to have all three described key catalytic residues. From 

sequence alignment, also all residues required for binding of N10-

formyltetrahydrofolate (fTHF, as the formyl donor) are present, suggesting some 

other reason why this FT domain is inactive. 

Although the major photohexapeptide did not show antibacterial and antifungal 

activity, it displayed a moderate antiprotozoal activity against P. falciparum (IC50 7.9 

µM, unpublished data) according to the most recent bioactivity testing. Considering 

the importance of NP compound libraries for the host organisms, further studies will 
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pursue the biological functions of the photohexapeptide library, especially in the 

complex life cycle of bacteria, nematode and insect. 

3.3  Photoditritide  

Photoditritide is a new cyclic peptide identified from P. temperata Meg1 after the 

NRPS-encoding gene pdtS was activated via promoter exchange. The most 

prominent structure feature is that it contains two nonproteinogenic amino acid 

homoarginine (Har) residues. The incorporation of nonproteinogenic amino acids by 

NRPSs is an important contribution to the structural diversity of NRPs in comparison 

with peptides produced by ribosomal synthesis which often contain only the 20 

proteinogenic amino acids. 

Har is a rare amino acid. Therefore, Har-containing peptides are uncommon in 

microorganisms, except for the occurrence in several marine organisms such as 

sponges,195 cyanobacteria,196 and marinederived actinomycetes.197 Biosynthesis of 

Har has been elucidated in P. luminescens recently (unpublished data). The gene 

plu0158 encodes a putative amidinotransferase, which has 68% identity to the 

amidinotransferase of Pseudomonas syringae phaseolicola that catalyzes the 

transfer of a guanidinium group from arginine to lysine to produce Har.198 Its 

homologous gene (MEG1_RS12600) can also be found in P. temperata Meg1. 

Thereby, the gene encoding protein MEG1_RS12600 might be responsible for Har 

biosynthesis in P. temperata Meg1, which can be tested by promoter exchange and 

feeding experiments in future. 

Bioactivity testing of photoditritide revealed potent antimicrobial activity against 

Micrococcus luteus, suggesting that photoditritide can protect nutrient-rich insect 

cadaver from food competitor bacteria in the complex life cycle of nematode and 

bacteria. 

3.4  Phototemtides 

CLPs are a class of chemically diverse NPs and can act as important pharmaceutical 

lead compounds.116,199 Phototemtides, a new family of CLPs, were heterologously 

expressed from P. temperata Meg1. The identification of phototemtides is a great 

methodological example comprising all the approaches used for NRP discovery in 

this thesis, including bioinformatic analysis, activation of silent NRPS gene clusters, 

HPLC-MS analysis, feeding experiments, NMR analysis, the advanced Marfey’s 
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method, and total synthesis. The structures of phototemtides were unequivocally 

elucidated by the combined use of all these methods. 

Bioactivity testing showed a selective antiparasitic activity of the major compound 

phototemtide A against the causative agent of malaria P. falciparum, but no activity 

against any other tested organisms, including protozoan parasites (T. brucei 

rhodesiense, T. cruzi, and Leishmania donovani), Gram-positive bacteria (M. luteus), 

fungi (Saccharomyces cerevisiae), and mammalian L6 cells. Thereby it might be a 

starting point toward a compound that shows selective bioactivity against P. 

falciparum, although the antimalarial activity of phototemtide A is only weak. With an 

efficient approach of total synthesis in hand, future work could focus on structure–

activity relationship studies and subsequent in vivo experiments of this new family of 

CLPs. 

NRPS engineering to create new peptides especially where chemical synthesis fails 

entirely is of great interest. Based on NRPSs from Xenorhabdus and Photorhabdus, 

two new strategies for NRPS engineering that use exchange unit (XU) concept200 and 

exchange unit condensation domain (XUC) concept201 have been developed 

recently. These newly identified NRPSs in this thesis will also provide a new source 

for future engineering purposes, particularly for unusual building block containing 

peptides, cyclic peptides, or cyclic lipopeptides. 
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