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Summary 

The growing number of infections with multi-resistant bacteria or the current COVID-19 

pandemic put compounds with therapeutic properties into the public focus. Non-ribosomal 

peptides (NRPs) are natural products that are already marketed as antibiotics, cytotoxic 

agents or immunosuppressants. Their biological activities rely on the structural diversity 

including non-proteinogenic amino acids (AAs), heterocycles or modifications like 

methylation or acylation.  

The biosynthesis of NRPs is carried out by non-ribosomal peptide synthetases (NRPSs). 

These multifunctional megaenzymes show a modular architecture like in an assembly-line. 

Each module is thereby responsible for the incorporation and modification of one AA and 

therefore contains different catalytic domains. The adenylation (A) domain recognizes and 

activates its specific substrate in an ATP-dependent manner which is transferred to a 

4’-phosphopantetheine cofactor post-translationally attached to the thiolation (T) domain. 

Peptide bond formation between two T domain bound substrates catalysed by the 

condensation (C) domain transfers the growing peptide chain to the following module. 

Such a C-A-T module can be extended with optional domains to integrate structural 

diversity and a terminal thioesterase (TE) domain usually releases the peptide via 

hydrolysis or intramolecular attack of nucleophiles.  

Inspired by the modular architecture, NRPS engineering deals with the modification of 

NRPs in order to increase biological activities, circumvent bacterial resistances or create 

de novo peptides. This can be achieved by mutasynthesis or modification of the substrate 

binding pocket as well as single and multiple domain substitution. However, the few 

successful approaches led to impaired enzymes and did not establish a general applicable 

guideline.  

In the first publication as part of this work, the development of such a guideline comprising 

three rules is addressed. First, the A-T-C tridomain named exchange unit (XU) is seen as a 

catalytic unit instead of a module. When using them as building blocks, the C domain’s 

specificity for the AA of the following XU has to be considered as second rule. Third, a 

conserved WNATE motif within the C-A linker depicts the fusion point of the XUs. Upon 

heterologous expression of the cloned plasmids in E. coli and high performance liquid 
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chromatography coupled mass spectrometry-based analysis of the extracts, the ambactin-

producing NRPS from Xenorhabdus was reprogrammed with one and two XUs. This only 

leads to a moderate loss of production titre or an even higher one when the AA 

configuration was changed by introducing a dual condensation/epimerization (C/E) 

domain. The pentamodular GameXPeptide-producing NRPS was reconstructed using up to 

five XUs of four different NRPSs and even completely de novo synthetases were created. 

The second publication describes the exchange unit condensation domain (XUC) concept 

and relies on a fusion point between the two subdomains (N-terminal CDsub and C-terminal 

CAsub) of the C domain’s V-shaped pseudodimeric structure which generates A-T 

didomains with flanking CAsub and CDsub. These hybrid C domain-forming building blocks 

depict an improvement to the XU concept by avoiding the drawback of C domain 

specificity. This allows a more flexible NRPS engineering that can e.g. enable peptide 

library design. Furthermore, beside a combination of both concepts within one NRPS and a 

transfer to Bacillus NRPSs, the use of XUC with relaxed A domain specificity allowed 

further peptide modifications by introducing non-natural AAs. 

The third publication deals with aldehyde and alcohol-generating reductase (R) domains 

which depict an alternative for peptide release in NRPSs. A promoter exchange in 

X. indica identified a pyrazine-producing NRPS with a minimal architecture of an A, T and 

R domain and was therefore termed ATRed. R domains were additionally used in 

engineered NRPSs to produce pyrazinones and derivatives thereof by XU substitution 

although most constructs failed to show production. 

Beyond that, an R domain has been shown to replace a TE domain in wild type synthetases 

leading to slightly modified NRPs and the postulated biosynthesis was incidentally revised. 

Furthermore, an NRPS with terminal R domain was engineered to produce a free peptide 

aldehyde, which are known to be potent proteasome inhibitors. For the above mentioned 

ATReds, the presence of up to three coding regions was further identified in 20 different 

Xenorhabdus strains but only six of them were verified to produce pyrazines. All ATReds 

share variable sequence similarities among each other and were subsequently divided into 

three subtypes. One subtype is supposed to perform the pyrazine biosynthesis via a 

non-canonical catalytic triad.  
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Zusammenfassung 

Die wachsende Gefahr durch antibiotikaresistente Keime sowie die aktuelle COVID-19 

Pandemie rücken Wirkstoffe mit therapeutisch wirksamen Eigenschaften in den Fokus der 

Öffentlichkeit. Die nichtribosomalen Peptide (NRPs) umfassen Naturstoffe, die in allen 

drei Domänen des Lebens vorzufinden sind und heute bereits beispielsweise als 

Antibiotika, Zytostatika oder Immunsuppressiva vermarktet werden. Ihre biologische 

Aktivität basiert auf der strukturellen Diversität wie zum Beispiel der Präsenz 

nichtproteinogener Aminosäuren und Heterozyklen oder Modifikationen wie Methylierung 

und Acylierungen. Da NRPs als Teil des Sekundärstoffwechsels gebildet werden, sind sie 

nicht essenziell für das Überleben des jeweils produzierenden Mikroorganismus, 

ermöglichen es diesem jedoch sich einen Vorteil in ihrem Lebensraum zu verschaffen. 

Die Biosynthese dieser Peptide wird mRNA-unabhängig durch nichtribosomale 

Peptidsynthetasen (NRPSs) vermittelt. Diese multifunktionalen Megaenzyme zeigen einen 

modularen Aufbau, weshalb sie umgangssprachlich mit der Fließbandproduktion eines 

Autos verglichen werden können. Jedes Modul ist hierbei verantwortlich für den Einbau 

einer Aminosäure und besitzt dazu verschiedene Domänen mit unterschiedlichen 

katalytischen Aktivitäten. Eine Adenylierungs (A)-Domäne erkennt über eine Bindetasche 

ihr spezifisches Substrat und wandelt dieses unter ATP-Verbrauch in einem ersten Schritt 

in ein reaktives Aminoacyladenylat um. Dieses wird dann auf die nachfolgende 

Thiolierungs (T)-Domäne kovalent an einen posttranslational angefügten 

4’-Phopshopantethein-Kofaktor übertragen. Die T-Domäne besitzt keine eigene 

katalytische Aktivität, ist aber für den Transfer der wachsenden Peptidkette zwischen den 

Domänen und Modulen unerlässlich. Die Weitergabe auf das folgende Modul erfolgt mit 

Bildung der Peptidbindung zwischen zwei T-Domänen-gebundenen Substraten zweier 

benachbarter Module durch die Kondensations (C)-Domäne. Ein solches C-A-T Modul 

kann mit optionalen Domänen erweitert werden, um dadurch strukturelle Vielfalt zu 

erzeugen. Das letzte Modul besitzt meist eine Thioesterase (TE)-Domäne, über die das 

Peptid freigesetzt wird. 

Inspiriert durch den modularen Aufbau von NRPSs befasst sich die Forschung zur 

Reprogrammierung dieser Enzyme seit nunmehr 25 Jahren mit der Modifizierung der 

pharmazeutisch relevanten NRPs, um dadurch beispielsweise eine bestehende biologische 
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Aktivität dieser Stoffe zu verbessern, bakterielle Resistenzen zu umgehen oder 

vollkommen neue Peptide zu generieren. Zu diesem Zweck können die Substrate der 

A-Domänen modifiziert, die Bindetasche innerhalb dieser Domänen selbst verändert oder 

einzelne und mehrere Domänen ausgetauscht werden. Allerdings führten die wenigen 

Erfolge meist zu einer verringerten Aktivität des Enzymes und es konnte kein allgemein 

gültiger Leitfaden entwickelt werden. 

Die erste Publikation im Zuge dieser Arbeit, welche unter dem Titel „De novo design and 

engineering of non-ribosomal peptide synthetases“ veröffentlicht wurde, befasst sich mit 

der Entwicklung eines solchen Leitfadens. Hierzu wurden drei Regeln formuliert: Erstens 

wird eine A-T-C-Tridomäne anstelle eines Moduls als katalytische Einheit betrachtet und 

als Exchange Unit (XU) bezeichnet. Die XUs werden als Bausteine für die Modifizierung 

und Neuorganisation von NRPSs verwendet. Da innerhalb einer XU nicht nur die 

A-Domäne auf ihr Substrat eine Spezifität, sondern auch die C-Domäne auf die eingebaute 

Aminosäure der nachfolgenden XU besitzt, muss als zweite Regel diese Spezifität einer 

XU berücksichtigt werden. Drittens definiert ein konserviertes WNATE-Motiv innerhalb 

des Linkers, welcher die C- und A-Domäne verbindet, den Fusionspunkt zwischen den 

XUs. 

Die Umsetzung des XU Konzepts erfolgte über heterologe Expression der klonierten 

Plasmide in E. coli und Hochleistungsflüssigkeitschromatographie mit 

Massenspektrometrie-Kopplung (HPLC-MS) basierter Analyse der Extrakte. Am Beispiel 

der Ambactin-produzierenden NRPS aus Xenorhabdus führte dies nur zu einer schwachen 

Minderung der Produktionsrate, wenn ein oder zwei XUs ersetzt wurden und zu einer 

Steigerung, wenn durch den Austausch einer C-Domäne mit einer dualen 

Kondensations/Epimerisierungs (C/E)-Domäne die Aminosäure-Konfiguration an der 

dazugehörigen Position verändert wurde. Der Austausch von A-T-Einheiten, Modulen oder 

die Nichtbeachtung der zweiten Regel führte in diesem System zum Verlust der 

Peptidproduktion. Eine fünfmodulare NRPS, welche für die Produktion von GameXPeptid 

verantwortlich ist (GxpS), wurde aus bis zu fünf XUs von vier verschiedenen NRPSs 

rekonstruiert. Auch wenn hier die Produktionsrate abhängig von der Anzahl der 

Substitutionen sinkt, konnte durch die Wahl von XUs mit spezifischeren A-Domänen die 

Biosynthese auf ein spezifisches Derivat gelenkt werden. Die bisher genannten Beispiele 
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behandelten die Rekonstruktion oder die leichte Modifizierung von natürlich 

vorkommenden NRPSs. Mithilfe des XU-Leitfadens konnten weiterhin auch neuartige 

Synthetasen geschaffen werden, was die generelle Anwendbarkeit dieses Konzepts 

unterstreicht. 

In der zweiten Publikation „Modification and de novo design of non-ribosomal peptide 

synthetases using specific assembly points within condensation domains” wird aufbauend 

auf den XUs die Exchange Unit Kondensations-Domäne (XUC) beschrieben, die eine 

Weiterentwicklung zur vorangehenden Methode darstellt. Den Nachteil des XU-Konzeptes 

stellt die C-Domänenspezifität dar, welche daher als zweite Regel aufrechterhalten werden 

muss. Dies führt dazu, dass beispielsweise beim Austausch einer XU durch eine XU mit 

anderer Aminosäurespezifität auch die vorangehende XU angepasst werden musste und 

generell eine größere Bandbreite an XUs notwendig ist. Das Konzept der XUCs beruht auf 

der V-artigen Pseudodimerstruktur von C-Domänen, die in eine N-terminale Donorseite 

(CDsub) und C-terminale Akzeptorseite (CAsub) mit dem dazwischenliegenden 

Substrattunnel unterteilt werden. XUCs selbst definieren sich über A-T-Didomänen, die 

N- und C-terminal von der CAsub beziehungsweise CDsub flankiert werden. Die 

Hybrid-C-Domäne erlaubt nun die Kombination von XUCs aus Xenorhabdus und 

Photorhabdus ungeachtet der Aminosäure, welche in der nativen NRPS durch die folgende 

A-Domäne aktiviert wird und die Bausteine aufgrund der C-Domänenspezifität daher 

möglicherweise inkompatibel gewesen wären. 

Auch wenn die Anwendung des XUC-Konzepts bei C-Domänen unterschiedlicher 

Subtypen (C und C/E) oder unterschiedlichen Ursprungs (Gram-positiv und -negativ) zu 

keinem Erfolg führte, konnte gezeigt werden, dass sowohl XU als auch XUC innerhalb 

einer NRPS anwendbar sind, dass das XUC System auf Bacillus NRPS übertragbar ist und 

dass Elongations-XUCs eines NRPS auch zur Initiation der Biosynthese eingesetzt werden 

können. Eine erweiterte Diversität von NRPs konnte erreicht werden, indem die 

Xenotetrapeptid-produzierende Synthetase mit einer XUC mit flexibler 

Aminosäurespezifität reprogrammiert wurde. Nach Zugabe von O-Propargyl-L-Tyr, 

p-Bromo-L-Phe oder p-Azido-L-Phe in das Kultivierungsmedium konnte die Produktion 

der jeweiligen Derivate beobachtet werden. Da im Gegensatz zum XU-System die XUCs 
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nicht von den benachbarten XUCs abhängig sind, ermöglicht dies auch die Erstellung einer 

Peptidbibliothek mittels randomisierter Rekombination mehrerer DNA-Fragmente. 

Die dritte Publikation „Non-ribosomal peptides produced by minimal and engineered 

synthetases with terminal reductase domains” behandelt monomodulare und 

reprogrammierte NRPSs mit terminaler Reduktase (R)-Domäne. Diese Domäne kann 

anstelle einer TE-Domäne für die Freisetzung des NRP zu Ende der Biosynthese 

verantwortlich sein und zugleich die Reduktion dessen C-terminaler Carboxylgruppe zu 

einem Aldehyd oder Alkohol katalysieren. In X. indica wurde ein Gen identifiziert, 

welches eine hypothetische NRPS bestehend aus einer A-, T- und R-Domäne kodiert. 

Diese minimale NRPS wurde daher ATRed genannt und konnte durch Promotoraustausch 

im Wildtyp der Biosynthese von Pyrazinen zugeordnet werden. Dies erfolgt über die 

Freisetzung der Aminosäure als Aldehyd und anschließender Dimerisierung. 

R-Domänen wurden daraufhin auch im Kontext der Reprogrammierung von NRPSs 

untersucht und es konnte mit der R-Domäne der Tilivallin-produzierenden Synthetase 

(XtvB) eine Pyrazinon-produzierende Synthetase aus einem Teil der GxpS reprogrammiert 

werden. Diese NRPS wurde zudem mit dem XU-Konzept modifiziert und führte folglich 

zu einem modifizierten, nicht-natürlichen Naturstoff. Der Fusionspunkt direkt C-terminal 

der T-Domäne erwies sich hier als produktionssteigernd im Vergleich zur 

Aufrechterhaltung der T-R-Didomäne. Allerdings konnte weder bei derselben R-Domäne 

im monomodularen Kontext noch bei anderen getesteten R-Domänen eine Produktion 

beobachtet werden. 

Darüber hinaus wurde gezeigt, dass eine R-Domäne auch anstelle einer TE-Domäne 

verwendet werden kann. Für die Pyrrolizixenamid-produzierende Synthetase konnte in 

beiden Fällen eine Produktion von Peptiden beobachtet werden, welche sich anhand einer 

Hydroxyl- beziehungsweise  Ketogruppe unterscheiden. Dies ist auf die unterschiedlichen 

biochemischen Mechanismen der beiden Terminationsdomänen zurückzuführen und 

verdeutlicht, dass auch dadurch eine Modifikation von NRPs vorgenommen werden kann. 

Dies bestätigt zudem, dass die Biosynthese von Pyrrolizixenamid anders verläuft als zuvor 

postuliert. Es wurde angenommen, dass die TE-Domäne für die Generierung eines 

Dihydroalanins verantwortlich sei, wohingegen die vorliegenden Daten auf eine unübliche 

C-Domäne mit einem zusätzlichen Histidin im Substrattunnel hindeuten. 
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Alle bisher genannten Beispiele einer reprogrammierten Synthetase mit terminaler 

R-Domäne ziehen eine nukleophile, intramolekulare Reaktion mit der Aldehydgruppe mit 

sich, sodass diese nicht frei vorliegt. Da Peptide mit freien Aldehydgruppen als 

Proteasominhibitoren gegen beispielsweise M. tuberculosis bekannt sind, wurde mit Hilfe 

des XU-Konzeptes eine Synthetase für die Produktion eines NRP ohne nukleophile 

Gruppen reprogrammiert. Folglich konnte nach heterologer Expression ein freier 

Peptidaldehyd nachgewiesen werden. In fortlaufenden Experimenten soll dieser nun im 

Komplex mit seiner potenziellen, biologischen Bindestelle kristallisiert und auf mögliche 

Bioaktivität evaluiert werden. 

Zu guter Letzt setzt sich diese Arbeit detaillierter mit den ATReds auseinander. 

Entsprechende Gene wurden insgesamt 36 Mal in 20 verschiedenen 

Xenorhabdus-Stämmen identifiziert. Allerdings konnte nur bei sechs dieser 

Wildtyp-Stämme die Produktion eines Pyrazins detektiert werden. Bei genauerer 

Betrachtung der Proteinsequenzen und eines Homologie-Modelles der R-Domäne stellte 

sich heraus, dass jeweils genau ein ATRed aus diesen sechs Stämmen abweichende 

Aminosäuren in dem aktiven Zentrum der R-Domäne trägt. Dies betrifft ein zusätzliches 

Histidin anstelle eines Leucins und mit einer Ausnahme ist das konservierte Lysin der 

beschriebenen katalytischen Triade gegen ein Glutamin substituiert. Hierfür wurde ein 

Reaktionsmechanismus postuliert, welcher für die Pyrazinproduktion in Xenorhabdus von 

Bedeutung zu sein scheint. 

Basierend auf der Proteinsequenz aller ATReds werden diese hier in drei verschiedene 

Subtypen unterteilt. Dies sind zum einen ATReds mit oben genannter Veränderung im 

aktiven Zentrum und nur Stämme mit diesem Subtyp zeigten eine Pyrazinproduktion. 

Weiterhin gruppieren sich ATReds mit einem kanonischen aktiven Zentrum. Der dritte 

Subtyp kodiert ein zusätzliches, direkt stromabwärts des ATRed-Gens kodierten, 

MbtH-ähnliches Protein. Die ATReds weisen jeweils eine hohe Ähnlichkeit innerhalb der 

drei Subtypen sowie wenig Ähnlichkeit zu den anderen Subtypen auf. Zudem weißt ein 

Xenorhabdus-Stamm mit mehreren kodierten ATReds nur maximal einen Vertreter pro 

Subtyp auf. 
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1 Introduction 

“It is not difficult to make microbes resistant to penicillin in the laboratory by exposing 

them to concentrations not sufficient to kill them, and the same thing has occasionally 

happened in the body. The time may come when penicillin can be bought by anyone in the 

shops. Then there is the danger that the ignorant man may easily underdose himself and by 

exposing his microbes to non-lethal quantities of the drug make them resistant.”1 

- Alexander Fleming, Nobel lecture 1945 -  

When enumerating the greatest achievements of mankind in recent history, the discovery 

and making use of antibiotics deserves to be named.2 75 years later, Alexander Fleming’s 

warning has by now become the truth as the golden age of antibiotic discovery has faded 

away, the number of microorganisms with antimicrobial resistance increases and the 

pharmaceutical industry does not prioritize anti-infective drug development anymore 

because of economic reasons.3 Since antibiotic-resistant bacteria do not respect 

geographical borders or people’s prosperity,4 this is a global challenge for today if there 

should be a solution for tomorrow.5 In 2015, over 33 000 deaths have already been 

attributed to antibiotic-resistant bacteria in the European Union6 and there is an estimated 

number of 10 million victims worldwide in 2050.7 Although being a viral disease, we can 

also witness impacts on socio-economic areas during the current COVID-19 pandemic.8,9 

1.1 Natural products - a source for drug development 

Reports on the use of nature for human health date back to 2 600 BC when plant-derived 

natural products were used for treatment of ailments ranging from coughs and colds to 

parasitic infections and inflammation.10 In 2010, over 33 000 natural products with 

biological activities have been characterised11 and over 50 % of all approved drugs in the 

last decades are natural products, semisynthetic modifications thereof or inspired by 

natural pharmacophores.12 Nevertheless, there is a drop in drug discovery rate caused by a 

decrease in natural product discovery efforts.13 Advances in screening techniques as well 

as metabolomics and -genomics open up the opportunity to identify new bioactive natural 

products since only less than 1 % of the microbial biodiversity has been investigated so 

far.14 Beside this, insights into the structural biology of natural product producing enzymes 

like polyketide synthases (PKSs) or non-ribosomal peptide synthetases (NRPSs)15 and the 
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modification of their biosynthetic machineries16 can contribute to a second golden age of 

antibiotics.17 

With almost 30 drugs in clinical use, non-ribosomal peptides (NRPs) contribute € billions 

in sales to the chemical and pharmaceutical industry.18 In contrast to ribosomally 

synthesized and post-translationally modified peptides (RiPPs), NRPs are synthesized from 

non-ribosomal origin what has already been discovered in the 1960s at the example of the 

polypeptide antibiotic tyrocidine from B. brevis.19 When considering all three domains of 

life, NRPs are found in all of them20 with Actinobacteria, Firmicutes, α-, β-, 

γ-Proteobacteria and Ascomycota being the most prolific contributors.18 For multicellular 

organisms, examples from C. elegans and D. melanogaster are known.21,22 

NRPs are associated with a high structural diversity (Fig. 1; the underlying biosynthesis is 

discussed in chapter 1.2.4). Besides their overall arrangement as either linear or (partial) 

cyclic peptides, including macrolactones and -lactams23, they can contain D-amino acids 

(AAs) and are not restricted to the 20 proteinogenic AAs24, like β-AAs (e.g. xenoamicin)25, 

hydroxylated AAs (e.g. bacillibactin)26 or aminobenzoic acids (e.g. tilivalline)27. 

Furthermore, attachments of fatty acids (e.g. flavopeptin)28, sugars (e.g. vancomycin)29 or 

C-terminal amines (e.g. rhabdopeptides)30 as well as N-methylations (e.g. bassianolide)31 

or heterocycles like β-lactam (e.g. nocardicin)32 or thiazolidin (e.g. lugdunin)33 moieties 

are known. This structural variety leads to different biological activities such as 

siderophores (e.g. enterobactin)34, toxins (e.g. microcystin)35, immunosuppressive 

(e.g. cyclosporine)36, cytotoxic (e.g. bleomycin)37, antiviral (e.g. feglymyin)38 or 

antibacterial (e.g. bacitracin)39. 
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Figure 1. Structural features of NRPs. Some characteristic structural features of the anticancer agent 
bleomycin, antibiotic daptomycin and immunosuppressant cyclosporine are highlighted in orange (terminal 
attachment of fatty acids or amines), green (methylation), blue (non-proteinogenic or modified AA), grey 
(heterocyclization), red (D-AA), yellow (polyketide-derived elements) and purple (glycosylation). 

1.2 Non-ribosomal peptide synthetases – structure and mechanism 

The biosynthesis of NRPs is carried out by large multifunctional NRPSs.24 The underlying 

biochemical and mechanistic principles were firstly described by the groups of Søren 

Laland and especially Nobel laureate Fritz Lipmann.18 Their insights comprise the two-step 

activation and binding of the AA substrates under adenosine triphosphate (ATP) 

consumption to the NRPS as a thioester.40–42 This was shown to be mediated by a 

4’-phosphopantetheine (4’-PPant) cofactor.43–45 Furthermore, an observed correlation 

between the NRPS protein size and the number of AAs within the produced NRP43,46 led to 

the hypothesis that NRPSs consist of repetitive catalytic units, each being responsible for 

the incorporation of one AA. Although the earlier assumption that the intermediate is 

shuffled within the NRPS on only one 4’-PPant46–48 has been revised to a multiple carrier 

thiotemplate mechanism49, the modular assembly line-fashioned biosynthesis from the 
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amino to the carboxyl terminus of the peptide chain (N→C) was already proposed in the 

early 1970s.50 

As mentioned above, NRPSs harbour a modular architecture and a module is defined as the 

catalytic unit responsible for incorporation of one AA into the growing peptide chain and 

optionally modification of the AA. To fulfil this function, one module is composed of 

domains with defined tasks (a detailed mechanism along with the structural basis will be 

given in the following chapters).51 The adenylation (A) domain activates its specific 

substrate (Fig. 2A) which is subsequently bound onto the following thiolation (T) domain 

(Fig. 2B). Peptide bond formation between two T domain-bound substrates is then 

facilitated by the condensation (C) domain and the elongated peptidyl chain is transferred 

to the downstream T domain (Fig. 2C). These three core domains occur in the arrangement 

of C-A-T (N→C) and are typically denoted as elongation module. The first module is 

denoted as initiation module and can lack the C domain; the last module of an NRPS is 

denoted as termination module and often contains a terminal thioesterase (TE) domain for 

peptide release.51 

According to their biosynthetic logic, NRPSs are classified into three groups.51 Linear 

NRPSs (type A) follow the collinearity rule with one module incorporating one AA. As a 

consequence, the number and sequence of AAs in the final NRP is analogous to the 

number and order of modules. Examples are the linear gramicidin-producing synthetase 

(Lgr) from B. brevis
52

 or the GameXPeptide-producing synthetase (GxpS) from 

P. laumondii
53. NRPSs of the iterative group (type B) deviate from the single use of 

modules.51 This multiple utilization of modules creates a molecular symmetry within the 

final product18 like in the decapeptide gramicidin S54 (two-time iteration of a pentapeptide) 

or octapeptide bassianolide31 (four-time iteration of a dipeptide). However, repetitive use 

of the assembly line requires a “waiting position” of the intermediate after every 

iteration.18 In gramicidin S biosynthesis, this is achieved by transfer of the pentapeptide on 

the TE domain which has been shown to catalyse ligation and cyclization with another 

T domain-bound pentapeptide54 or at the example of bassianolide by an unusual 

C-A-T-T-C termination module31. NRPSs like the lugdunin- or capreomycin-producing 

synthetase33,55 are called non-linear NRPS (type C). Within this group, single domains (not 
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whole modules) are used more than once and deviation from the standard core domain 

architecture occurs.51  

 
Figure 2. Basic mechanisms of the NRPS core domains. The respective active domain is highlighted in 
green. Domain abbreviations are A domain, circle; T domain, rectangle; C domain, triangle. The structure of 
the 4’-PPant moiety is shown in the box. A. The A domain recognizes the AA and catalyses the formation of 
an aminoacyl adenylate under consumption of ATP and Mg2+. The definition of a module (as exemplified for 
module M1 and M2) is indicated by bars. B. The T domain was post-translationally modified with CoA for 
covalent attachment of the activated substrates as a thioester on the 4’-PPant moiety. C. The C domain 
catalyses peptide bond formation via nucleophilic attack of the amine of the acceptor substrate onto the 
electrophilic thioester of the donor substrate. Based on 24. 

All aforementioned NRPSs are considered as multimodular enzymes but also 

monomodular NRPSs (e.g. rhabdopeptides in Xenorhabdus)30, NRPS-like or minimal 

NRPSs lacking a C domain56 (e.g. chloramphenicol biosynthesis in S. venezuela)57 as well 

as even single stand-alone domain (e.g. stand-alone C domain as part of the fabclavine 

biosynthesis in Xenorhabdus)58 are known. The latter example is also a representative of 

widespread hybrid NRPS/PKS enzymes.20 Notably, Walsh and co-workers identified a 

combination of the non-ribosomal and ribosomal route of peptide synthesis in 

S. coeruleorubidus.59 



Introduction 

6 
 

1.2.1 Adenylation domain 

A domains belong to the superfamily of adenylate forming enzymes along with 

acyl-coenzyme A (CoA) synthetases or firefly luciferases and catalyse a two-step 

reaction.60 The first reaction step comprises the activation of the substrate to form a highly 

reactive aminoacyl adenylate (Fig. 2A). Here, the carboxy group of the AA is adenylated 

using ATP, requiring Mg2+ and releasing pyrophosphate (PPi).
24 A domains are, with a few 

exceptions,61 specific for L-AAs. Transfer of the activated substrate to the T domain is 

achieved by nucleophilic attack of the thiol group of the 4’-PPant moiety to form a 

thioester (Fig. 2B). In this second step, adenosine monophosphate (AMP) is released.62 The 

function of A domains can be compared with those of aminoacyl tRNA synthetases from 

the ribosomal pathway although they share no similarity in structure or sequence.24 

Conti et al. presented the first structure of a phenylalanine-activating A domain from the 

gramicidin S-producing synthetase (Grs) in B. brevis (PDB-ID: 1AMU) and revealed the 

sub-division in a larger N-terminal Acore (ca. 50 kDa) and C-terminal Asub (ca. 10 kDa) 

subdomain (Fig. 3).63 Within the binding pocket, several residues have been identified 

which are facing towards the substrate and are important for substrate recognition and 

positioning.64 While Lys517 and Asp235 are responsible for positioning the AA by 

stabilizing the carboxy and amino group respectively, another eight crucial residues 

determine the A domains substrate specificity and are therefore referred to as 

specificity-conferring or Stachelhaus code (Fig. 3). This knowledge can be used to predict 

the specificity of A domains in silico.65,66 
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Figure 3. Structure and specificity-conferring code of an A domain.63,64 Left. Ribbon diagram of the 
A domain from gramicidin-producing NRPS in B. brevis (PDB-ID: 1AMU) with the Acore (red), Asub (orange) 
domain, phenylalanine (black), ATP (purple) and Mg2+ (blue). The binding pocket is indicated by a grey 
sphere. Right. Close-up view of the binding pocket with the specificity-conferring side chains in their 
respective subdomain colour. Based on 63,64 and processed with Molecular Operating Environment (MOE) 
2016 (Chemical Computing Group). 

Both A domain reactions are mediated by different conformations of the A domain.67,68 

The open conformation allows binding of the AA and ATP in the active site since the 

flexible Asub subdomain is facing away from the Acore subdomain and the binding pocket is 

accessible. In the adenylation state, the formation of the aminoacyl adenylate intermediate 

takes place and the Asub subdomain rotates 140° towards the Acore subdomain to 

concurrently displace the conserved Lys from the carboxy group. This rotation is mediated 

by one of ten (A1 - A10) conserved A domain core motifs and allows the 4’-PPant moiety 

to form the thioester.62 This is called the thiolation or closed conformation. With 

conversion back to the open conformation, a new cycle can start.69  

In addition, A domains can interact with small interaction partners called MbtH-like 

proteins (MLPs).70 Their role is still not fully explored but MLPs are shown to be essential 

for some A domains for their activity71 or solubility72 but are also exchangeable against 

each other73. 
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1.2.2 Thiolation domain 

Although the T domain does not have a catalytic activity itself, it occupies a central role 

within the NRPS machinery and other biosynthesis pathways by carrying and shuttling the 

growing intermediates between the different active sites (the overall interactions and 

catalytic cycle will be discussed in chapter 1.2.6).74 The T domain is the smallest 

(ca. 10 kDa) of the three core domains and adopts a four helix-bundle with hydrophobic 

interactions.70 A conserved GGxS core motif is located at the start of the second α-helix.75 

The shift from the inactive apo- to the active holo-form is achieved by post-translational 

attachment of a CoA-derived 4’-PPant moiety to the serine residue of the core motif.76  

This is catalysed by 4’-phosphopantetheine transferases (PPtases) of the Sfp-type.77 These 

are named after the gene sfp of the firstly described PPtase of the surfactin-producing 

synthetase (SfrA) from B. subtilis. Sfp-like enzymes generally are involved in activating 

T domains from NRPS systems.78 Alignments of Sfp-type PPtases and T domains revealed 

widely conserved hydrophobic residues responsible for interaction and support a 

promiscuous specificity of PPtases for 4’ PPant modification of different NRPS systems.78 

1.2.3 Condensation domain 

The C domain (50 kDa) belongs to the family of chloramphenicol acetyltransferases 

(CATs) and catalyses nucleophilic attack of the α-amino group of the 4’-PPant-bound 

acceptor substrate of the N-terminal Tn domain onto the thioester of the 4’-PPant-bound 

donor substrate of the C-terminal Tn+1 domain (Fig. 2C).79 The latter one then carries the 

elongated peptide intermediate. The condensation reaction was assigned to C domains for 

the first time when alignments identified a conserved HHxxxDG motif within NRPSs 

analogous to the number of condensation reactions performed by the respective NRPS.80 

Mutational analysis of C domains confirmed the peptide bond-forming task and 

highlighted the importance of the second histidine and the aspartate within this His-

motif.81,82 The histidine has been postulated to act as a general base catalyst, however 

mutation of this critical residue did not abolish the activity of the stand-alone C domain in 

vibriobactin biosynthesis (VibH) in V. cholerae
83 and there is evidence that the His-motif 

may occupy different roles in different C domains70,79 like positioning the substrate84 or 

enhancing the solubility of the enzyme82.  
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First structural insights have been gained in 2002.83 VibH and subsequent solved structures 

like the C domain from LgrA85 share the canonical overall architecture of a pseudodimer 

with two lobes in a “V”-shape (Fig. 4).79 These lobes are referred to as N-terminal donor 

(CDsub) and C-terminal acceptor (CAsub) condensation subdomains. They allow the 

interaction of the two substrate-loaded 4’-PPant moieties of the C-terminal T domain (TD) 

as donor substrate and the N-terminal T domain (TA) as acceptor substrate with the 

His-motif which is located in a tunnel ~15 Å inside the “V” and surrounded by the 

so-called latch and floor loop.79
 

 
Figure 4. Structure of a C domain.85 Ribbon diagram of the C domain of LgrA from B. parabrevis 
(PDB-ID: 6MFY) with the N-terminal CDsub (black) and C-terminal CAsub (grey). The HHxxxDG motif with 
the catalytic active His908 is highlighted in green, the T domain (excised α-helix 2; light blue)-bound 
4’-PPant moiety of the donor site in purple and the latch and floor loop are indicated by arrows. Based on 85 
and processed with MOE 2016 (Chemical Computing Group). 

A domains are responsible for the recognition of a specific AA and therefore the specificity 

of NRPSs.64 Beyond that, it has been shown that C domains can influence their adenylation 

activity in vitro.86,87 C domains also contribute to a proofreading mechanism preventing the 

enzyme of synthesising incorrect NRPs and facilitating the N→C biosynthesis 

direction.24,79 It is known that the C domain exhibits side chain and configuration 
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selectivity for the acceptor substrate, although the underlying principle, like the presence of 

a Stachelhaus code in A domains, is not understood.88,89 At the donor side, a selectivity for 

the AA configuration was shown and the C domains are accordingly denoted as DCL or LCL 

(condensation between a donor D- respectively L-substrate with an acceptor L-substrate).90 

Beside the classification in D/L catalysts, there are further subclasses of C domains like 

epimerization (E), dual condensation/epimerization (C/E), starter C (Cstart), terminal C 

(Cterm), heterocyclization (Cy) or X domains known, which are involved in the 

modification process of NRPs.91  

1.2.4 Editing domains 

Modification processes, associated with increasing the structural diversity of NRPs, are 

realised by editing domains.18 Besides precursor modification (e.g. synthesis of 3-hydroxy-

5-methyl-O-methyltyrosine in safracin biosynthesis)92 or post-NRPS modification 

(e.g. cross-linking of vancomycin)29, editing domains can act during NRP synthesis in cis 

or in trans and are optional domains beside the three core domains. In this section, a few 

examples will be highlighted; for further modification possibilities please refer to a 

detailed review.18 

1.2.4.1 Fatty acid attachment 

C domains in initiation modules are responsible for the N-terminal incorporation of fatty 

acids in lipopeptides.91 These Cstart domains catalyse acylation of the first 4’-PPant-bound 

AA with acyl carrier protein (ACP)-bound carboxylic acids93 which can include 

branched94, hydroxy and unsaturated95 fatty acids or carboxylic acids, i.e. phenylacetic 

acid96. 

1.2.4.2 Epimerization 

In Bacillus-derived linear gramicidin A, an alternating sequence of D- and L-AAs forms a 

helical structure and induces membrane permeabilization.52 The presence of these D-AA is 

due to E domains which are located N-terminal of C domains. They harbour the same CAT 

structure as well as the catalytic HHxxxDG motif as C domains with an additional 

conserved Glu residue97 and create a racemate by deprotonation of the α-carbon of the 

T domain-bound donor AA.98 To ensure the incorporation of the D-AA from the D/L 
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equilibrium, E domains are followed by C domains of the DCL subtype.90
 Furthermore, 

E domains in elongation modules act preferentially on donor peptidyl substrates (elongated 

intermediate of the condensation reaction of the N-terminal C domain) than donor 

aminoacyl substrates (AA tethered to the T domain before condensation reaction) which is 

in sum another checkpoint for keeping the directionality of NRPS biosynthesis.99 

In 2005, the Walsh group observed D-AAs in athrofactin without an E domain in the 

respective NRPS.100 They identified that some C domains are able to perform both, 

epimerization and condensation reaction. These C/E domains contain an extended 

HH[I/L]xxxxGD motif next to the N-terminus in addition to the His-motif of C domains 

within the tunnel. 

1.2.4.3 Heterocyclization 

Cy domains substitute C domains in NRPS assembly lines and introduce heterocycles like 

thiazoline in bacitracin39 or oxazoline in mycobactin101. They catalyse both, condensation 

between donor and acceptor (Ser, Thr or Cys) substrate as well as nucleophilic attack of 

the acceptor side chain onto the newly-formed peptide bond to form a hydroxylated 

thiazolidine (for Cys) and oxazolidine (for Thr and Serine), respectively, which is 

subsequently dehydrated.102 This can be followed by further reduction or oxidation.103,104 

1.2.4.4 Methylation 

Methyltransferase (M) domains transfer a methyl group from S-adenosyl-methionine 

(SAM) to the NRP.24 Although most of the methylations are carried out on nitrogen atoms 

(e.g. bassianolide)31 of the adjacent 4’-PPant-bound AA, O- (e.g. kutzneride)105, 

C- (e.g. yersiniabactin)106 and S- (e.g. thiocoraline)107 methylations are additionally known. 

M domains are mainly embedded within the Asub domain between core motifs A8 and 

A9.18 But also other A domain interruptions107, separated from the A domain within the 

assembly line108 or stand-alone M domains109 have been observed. 
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1.2.5 Peptide release 

Since the growing intermediate is tethered by a 4’-PPant moiety, the last step in NRP 

assembly has to be the release from the enzyme. In this section, two fundamental examples 

for peptide release will be highlighted; for further routes please refer to a detailed review.18 

1.2.5.1 Thioesterase domain 

TE domains can be divided into two types.110 Type I TEs of the α/β-hydrolase family are 

located C-terminal within a termination module and enable access of the peptidyl-4’-PPant 

substrate via a flexible lid to the catalytic triad (Ser-Asp-His) (Fig. 5A left).111 Here, the 

catalytic base/acid His is stabilized by Asp and enhances the nucleophilic character of the 

Ser which attacks the thioester in order to bind the substrate as peptidyl-O-Ser-TE on the 

TE domain. Subsequently, hydrolysis of the ester bond releases a linear peptide but 

intramolecular attack of nucleophiles can also release cyclic structures as macrolactons 

(e.g. xenoamicin)25 or -(thio)lactams (e.g. thiocoralin and GameXPeptide respectively)53,112 

(Fig. 5A right).113 As a consequence, TE domains are not only responsible for peptide 

release; but provide additional possibilities for increasing structural diversity of NRPs. 

T domains with acetylated 4’-PPant moieties or wrongly loaded AAs would bring the 

NRPS assembly line to a deadlock by covering active residues or the C domain’s 

proofreading mechanism. Regeneration of such misprimed T domains is achieved via 

hydrolysis of the 4’-PPant thioester by type II TEs.114 In contrast to type I TEs, they act 

in trans and exhibit low substrate specificity.115 
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Figure 5. TE and R domain-mediated peptide release in NRP biosynthesis.18,110 The starting point is the 
peptidyl-4’-PPant thioester as exemplified by a dipeptide (highlighted in grey). The C-terminal carbonyl 
group is shown in light blue and during further processing in green and blue (TE (circle) or R domain 
(square)-mediated release respectively) A. Left. Ribbon diagram of the TE domain from SfrA in B. subtilis 
(PDB-ID: 1JMK).111 The lid is highlighted in lighter green and the active site residues in yellow. 
Right. Nucleophilic attack of the active site Ser on the thioester, formation of a TE domain-bound ester and 
release from the T domain. The ester can be cleaved by (1) hydrolysis on water to release a linear peptide, 
(2) intramolecular attack of the N-terminal amino group to release a cyclic peptide (head-to-tail) or 
(3) intramolecular attack of another nucleophile to release a branched cyclic peptide (side-chain-to-tail). 
B. Left. Ribbon diagram of the R domain from myxalamid-producing PKS-NRPS in S. aurantiaca 
(PDB-ID: 4U7W).116 The active site residues are highlighted in yellow, NADPH in purple and the C-terminal 
hydrophobic insertion in brown. Right. NAD(P)H-derived hydride transfer on the thioester and release from 
the T domain. The aldehyde can be exposed to (1) a second reduction to an alcohol by the R domain, 
(2) intramolecular attack of the N-terminal amino group to form a cyclic imine or (3) no further modification. 
Based on 18,110,111,116 and processed with MOE 2016 (Chemical Computing Group). 
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1.2.5.2 Reductase domain 

Peptide release and further structural diversity can also be realised by terminal reductase 

(R) domains.117 Structural insights gained similarities to the short-chain 

dehydrogenase/reductase (SDR) superfamily with a Rossmann fold (TGxxGxxG) for 

cofactor nicotinamide adenine dinucleotide (phosphate) (NAD(P)H) binding and a 

catalytic triad (Thr/Ser-Tyr-Lys) (Fig. 5B left).116 These two motifs are located within a 

larger N-terminal subdomain and the less conserved C-terminal subdomain contains a 

hydrophobic insertion.118 

R domains catalyse reduction of the peptidyl-4’-PPant thioester to an alcohol without 

covalent binding of the substrate onto the domain (Fig. 5B right). A hydride is transferred 

from NAD(P)H to the thioester via a thiohemiacetal intermediate (stabilized by Tyr and a 

proton relay system) to form an aldehyde which can subsequently be further reduced to an 

alcohol (e.g. myxalamid A).116,119 This is a nonprocessive [2+2]e- mechanism, i.e. the 

aldehyde dissociates from the R domains active site for cofactor exchange and 

reassociates.118 Some R domains are capable of performing only the first round of 

reduction to the aldehyde (e.g. flavopeptin).28 This has been shown for carboxylic acid 

reductases (CAR) to be regulated by an absent reorientation of the nicotinamide moiety to 

a catalytically competent position in the second round due to no 4’-PPant binding.120 

Because of the high reactivity of aldehydes, such products can undergo intramolecular 

cyclization with e.g. the N-terminal amino group to form an imine which can be 

maintained (e.g. nostocyclopeptide)121 or further modified (e.g. tilivalline)27. Free 

aldehydes groups (e.g. flavopeptin or fellutamide B)28,122 can function as warheads since 

they can mediate potent protease inhibitor activity due to a nucleophilic attack onto the 

aldehyde.123 
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1.2.6 Multidomain aspects of non-ribosomal peptide synthetases 

In 2008, the crystal structure of SrfA-C from B. subtilis provided first insights into the 

overall structure of NRPSs and revealed the interaction between the domains.124 These are 

connected via linker regions ranging in length from 9 (T-TE) and 15 (A-T) up to 32 AAs 

(C-A). Marahiel and co-workers highlighted the numerous interactions of the L-shaped 

C-A linker with its adjacent domains as well as among themselves and stated this domain 

interface as inseparable. Furthermore, they noted that the distances from the T domain’s 

core motif to the active sites of the C, A and TE domain (up to 57 Å) exceed the length of 

the 4’-PPant moiety (20 Å), although the T domain is the protagonist in the shuttle of the 

intermediates. This implicated an overall structural rearrangement and flexibility during 

the catalytic cycles of NRPSs124,125 since the T domain itself remains rigid regardless of 

whether being in the apo or holo state or in different catalytic steps what has been proven 

by following studies.70  

Drake et al. described the structures of two holo NRPSs revealing distinct steps in the 

catalytic cycle of NRPSs.126 The termination module from enterobactin-producing NRPS 

(EntF) in E. coli is covalently trapped with serine adenosine vinylsulfonamide (Ser-AVS) 

within the A domain for thioester formation (Fig. 6A) whereas the 4’-PPant moiety of the 

termination module from holo-AB3403-NRPS in A. baumannii resides in the C domain 

depicting the condensation state (Fig. 6B). Notably, the C-A interface and overall 

conformations of EntF, holo-AB3403 and SrfA-C124 differ and e.g. EntF is incompatible of 

the aminoacyl adenylate forming state. Based on this, the 140° rotation of the Asub domain 

(see chapter 1.2.1) is concluded to be a structural mechanism and guides the T domain with 

the 4’-PPant moiety between the active sites.60,126  

In addition, Drake et al. established a model which connects the three active sites, where 

the T domain bound 4’-PPant moiety has to interact with the four catalytic structural 

states.126 The latter ones are (I) substrate binding in the A domain in the open 

conformation, (II) thiolation reaction with the 4’-PPant moiety in the closed conformation 

(Fig. 6A), (III) delivery to the upstream C domain for condensation as acceptor aminoacyl 

(Fig. 6B) and (IV) delivery to the downstream C domain as donor peptidyl for 

condensation or peptide release in case of an termination module. Strikingly, states (I) and 

(III) are structurally identical i.e. peptide bond formation in the C domain as acceptor 
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substrate and AA adenylation in the A domain can occur simultaneously within one NRPS 

module.126 

 
Figure 6. Structure of an NRPS module and domain movement.126 Comparison of two superposed 
termination modules with the C (grey), Acore (red), Asub (orange) and T (light blue) domain as well as the 
4’-PPant moiety (purple). The TE domains are not shown. A. Ribbon diagram of the termination module 
from EntF in E. coli (PDB-ID: 5T3D).126 The catalytic state of thiolation within the A domain is trapped by 
the inhibitor Ser-AVS (black). B. Ribbon diagram of the termination module from holo-AB3403-NRPS in 
A. baumannii (PDB-ID: 4ZXI).126 Here, the T domain delivers the 4’-PPant moiety to the condensation state 
within the C domain. These two structures implicate a domain rearrangement during the catalytic cycle of 
NRPSs. Based on 126 and processed with MOE 2016 (Chemical Computing Group). 

A great contribution to the understanding of multimodular NRPSs during the catalytic 

cycles has been achieved by Schmeing and co-workers.127,128 In a current and remarkable 

study, they determined five independent structures of LgrA including the initiation module 

up to the three following domains of the elongation module.85 In sum, they concluded that 

multimodular NRPSs are very flexible as no strict coupling between the catalytic states of 

a particular module and the overall conformation of the multimodular NRPS has been 

observed. Different models for the higher order architecture of multimodular NRPSs have 

been proposed,129,130 however it is becoming obvious that NRPSs do not possess constant 

and rigid supermodular architecture.85 
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1.3 Approaches for modifying non-ribosomal peptides 

Inspired by the fact that NRPSs harbour a modular architecture and a module contributes 

its respective substrate to the final NRP, engineering of NRPSs is in focus of several 

laboratories since 1995.16,131,132 Overcoming resistance mechanisms (in case of peptides 

with antimicrobial properties), increasing biological activities or decreasing side effects are 

some incentives to modify NRPS assembly-lines133–135 as nature is thought to do similarly 

during the evolutionary process.136 To achieve this, different approaches have been 

published including modification of the precursors, engineering of the gatekeeping 

function of A domains or substitution of whole (di)domains or modules (Fig. 7).137 

 
Figure 7. Approaches for modifying NRPs. A schematic trimodular NRPS (top; grey) and the production 
of a modified NRP (bottom) by three different engineering strategies (highlighted in green). A. Precursor 
modification covers providing modified substrates to the NRPS which can be either directly added or 
provided by manipulated biosynthesis pathways. B. Targeting the A domain include modification of the 
binding pocket by mutations or exchange. C. (Multiple) domain substitution base on exchange of whole 
(di)domains or modules. For domain assignment see Figs. 2 and 5; further symbols: diamond, 
dual C/E domain. Based on 137. 
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1.3.1 Precursor modification 

Although the mutasynthesis is not engineering of the enzyme itself, it provides access to 

more diversity of NRPs. The probably simplest approach is to feed a modified precursor to 

the strain expressing the NRPS of interest which is subsequently activated and processed 

by the enzyme. However, this approach relies on the requirement of the gatekeeping 

domains to accept the non-natural substrate. Another drawback is that the added precursors 

compete with the natural substrates. When adding e.g. 3-fluoro-L-Tyr to iturin-producing 

B. subtilis, the incorporation of the non-natural halogenated substrate beside the natural 

substrate L-Tyr has been observed.138 This can be solved by reducing the naturally 

occurring substrates in a pathway engineering approach. In the lipopeptide 

calcium-dependent antibiotic (CDA) biosynthetic gene cluster (BGC) in S. coelicolor, a 

deletion of hmaS abolished the production of CDA since hmaS is involved in the synthesis 

of the A6 domain’s substrate 4-hydroxymandelic acid.139 Exogenous supply of 

4-hydroxymandelic acid or derivatives thereof, restored the CDA biosynthesis in the 

ΔhmaS mutant and led to the production of non-natural lipopeptides. 

Instead of the exogenous supply of non-natural substrates to the production strain, the 

endogenous biosynthesis of modified precursors is also possible. E.g. the biosynthesis of 

the antibiotic pacidamycin in S. coeruleorubidus was directed to the major production of 

chlorinated pacidamycin by integration of a halogenase into the host.140 Here, the 

chlorinated Trp residue was furthermore applicable for synthetic diversification with 

phenyl boronic acid derivatives. Modification of existing enzymes involved in the 

biosynthesis has been reported e.g. by Micklefield and co-workes.141 They were able to 

shorten the fatty acid side chain of CDA by site directed mutagenesis of an active site 

residue in β-ketoacyl ACP synthase of the fatty acid biosynthesis operon. 

1.3.2 Targeting the adenylation domain 

Identification of the specificity-conferring code by Stachelhaus et al. gave rise to NRPS 

engineering approaches targeting the A domain.64 As shown by the same group, a targeted 

mutation within the binding pocket led to a shift of the specificity of Glu- or 

Asp-activating A domains from SrfA to Gln and Asn, respectively.142 For the alteration of 

Glu to Gln, only one mutation was necessary. This position was also targeted in a 
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(methyl)-Glu-activating module of CDA NRPS and showed a significant effect on 

incorporation of (methyl)-Gln although wild type (WT) CDA was still produced in minor 

amounts.143  

Another single mutation enabled the activation of the non-natural AAs O-propargyl-L-Tyr 

and p-azido-L-Phe in GrsA.144 Such AAs are “clickable” and can undergo bioorthogonal 

click reactions for further labelling or enrichment.145,146 The AAs were incorporated 

in vitro and in vivo up to 105 fold more efficient than in the WT even upon L-Phe 

competition. The engineered A domain was furthermore able to interfere with the 

downstream GrsB1 module for diketopiperazine production.144 Latter finding highlighted 

that one has to consider downstream biochemical reactions for engineered NRPSs as single 

mutations in A domain has also led to insufficient thioester formation.147 Notably, the 

experiment was also transferred to tyrocidin-producing NRPS (Tyc) from B. brevis 

although with lower catalytic efficiency.144 

In a directed evolution approach, the L-Phe-activating A domain of TycA was successively 

suspended to saturation mutagenesis to finally activate L-Ala but with low catalytic 

efficiency.148 In 2018, Hilvert and co-workers presented a high-throughput assay for 

testing the adenylation as well as thioesterification reaction of just mentioned A domain.149 

They combined rational shortening of structural elements in the A domain to prefer β-AAs, 

fluorescence-activated cell sorting (FACS) via a yeast surface display for library screening 

and biorthogonal click chemistry to label active constructs. Finally, the engineered TycA 

accepts and processes (S)-β-Phe with a 220-fold preference over the native substrate, 

exhibits a very high fold switch in α/β-AA specificity and leads to modified tyrocidine 

with production titre of 120 mg/L in E. coli. 

A subdomain swap within A domains takes advantage of maintaining the native 

environment for altered substrate binding.132 Inspired by a bioinformatic view on enzyme 

evolution,150 Crüsemann et al. focused on exchanging parts of A domains which emerged 

by evolutional recombination.151 When exchanging this subdomain in an A domain of the 

hormaomycin-producing NRPS (Hrm) from S. griseoflavus against three other Hrm 

A subdomains, they observed the same AA activation by the engineered A domains as in 

their respective parental A domain in vitro. However, subdomains from CDA NRPS did 

not yield active engineered Hrm enzymes.151 The same approach was performed by 
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Kries et al. in Phe-activating A domain from GrsA but they were guided by a structural 

definition of subdomains which resulted in slightly different segments.152 Four out of nine 

tested subdomains showed significant adenylation activity with two being from different 

species than B. subtilis. Additionally, engineered Val-specific GrsA fused to the following 

GrsB1 module was shown to produce modified diketopiperazines in vitro, although 

300-fold slower than WT GrsA-GrsB1. 

1.3.3 (Multiple) domain substitutions 

If one relates the engineered part to the whole NRPS, substitution of domains up to whole 

modules depicts the biggest variances of the mentioned approaches (Fig. 7). Pioneers were 

Marahiel and co-workers with their A-T substitutions in SrfA. By exchanging the 

Leu-specific didomain against five Phe-, Orn-, Leu, Cys- and Val-specific didomains from 

B. brevis and P. chrysogenum, they reported the production of all peptides including four 

non-natural surfactin derivatives in vivo.131 When subjecting another Leu-specific 

didomain of SrfA to these substitutions, only the Orn-containing lipopeptide was 

detected.153 However, product yield was lowered compared to the WT and also undesired 

byproducts have been observed due to domain interactions or the subsequently discovered 

C domain specificity.88,89 

Different strategies of domain assembling have been performed by Duerfahrt et al. in a 

hybrid bimodular NRPS from SrfA and Tyc origin in vitro.154 The six tested constructs 

comprised reassembly points between the T-C, C-A, A-T or T-TE domains and all 

catalysed the formation of Asp-Phe. They concluded that all strategies can be used for 

production of novel peptides; however, differences in enzyme activity suggested a 

rearrangement at the T-C linker and a preservation of the C-A interface. The influence of 

the C-A didomain as well as C domain specificity was e.g. investigated in the 

pyoverdine-producing NRPS (Pvd) from P. aeruginosa.155 Substitution of the Thr-specific 

A domain led to WT pyoverdine in vivo although non-Thr-specific A domains from 

different Pseudomonas strains were used. Calcott et al. concluded that the adjacent 

C domain exhibits stronger acceptor substrate selectivity than the introduced A domain 

exhibits native substrate selectivity. In contrast, substitutions including this C domain led 

to the production of Lys- or Ser-containing pyoverdine but also several truncated 

peptides.155 Expanding the exchanged didomain to T-C-A did furthermore not lead to a 
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higher yield.156 However, the team around Ackerley reviewed in a current study their 

domain and module substitutions. Focusing on partially shuffling of regions within the 

C domain in order to narrow down the C domain’s specificity, they identified that 

substitution of the A domain with the preceding C-A linker allowed incorporation of the 

non-native AA compared to substitutions of different C domain regions or the A domain 

alone.157 Based on bioinformatic data suggesting that A domains may have evolved 

separately from C domains and the region harbouring their recombination site has low 

potential for structural disturbance substitution, they concluded that the C domain 

specificity is not mediated by the C domain but by the C-A linker. When applying their 

findings to other engineered PvdD constructs, they observed an increased yield compared 

to their previous study155 as well as new derivatives. Furthermore, the authors transferred 

the C-A linker and following A domain substitution in the system of Belshaw et al. which 

was fundamental for introducing the hypothesis of C domain specificity and enabled 

production of diketopiperazines.89 

In an prominent study, the NRPS of cyclic lipopeptide antibiotic daptomycin (Dpt) from 

S. roseosporus was subjected to multiple module substitutions in vivo.158 First, the C-A-T 

modules at position 8 and 11 of Dpt were exchanged among each other, leading to a Ser or 

Ala-containing daptomycin at the respective position. A heterologous exchange of these 

positions against an Asn-specific module from a related NRPS (A54145 from S. fradiae)159 

with as well as without downstream E domain also resulted in the production of the 

expected peptides. Furthermore, the modules 8 to 11 (D-Ala-L-Asp-L-Gly-D-Ser) from 

Dpt were successfully replaced by the modules 8 to 11 (D-Lys-O-methyl-L-Asp-Gly-

D-Asn) from A54145. Due to missing tailoring enzymes in S. roseosporus, non-methylated 

L-Asp was incorporated. Finally, these module substitutions were combined with exchange 

of the last Dpt subunit containing two modules. In total, Nguyen et al. generated a library 

of novel lipopeptides with partly WT activity against S. aureus but also noted a loss of 

production titre accompanied with an increasing number of module substitutions.158 

All above mentioned approaches were performed in bacterial systems. Module exchanges 

have also been tested in iterative fungal NRPS systems to change the depsipeptide 

structures of enniatin and beauvericin.160 In an additional work on these systems, Süssmuth 

and co-workers altered the ring size by terminal domain exchanges and introduced multiple 
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module substitutions without loss in production titre.161 Furthermore, some hybrid 

compounds showed increased antiparasitic activity or were also be modified in their 

backbone methylation by deletion of M domains. Engineering of NRPSs on these 

modifying domains is even proven to convert a naturally uninterrupted A domain into a 

bifunctional A domain with retaining the adenylation and methylation function as their 

origins.162 

1.4 Overview and aim of the thesis 

The scope of this PhD thesis is the engineering of NRPSs in order to produce non-natural 

natural products. This will be achieved with the elaboration of two engineering approaches 

that provide guidelines for the modification of these enzymes and their subsequent 

utilization as well as of terminal R domains for reductive release of the peptides. Based on 

the findings of R domain-containing NRPSs, further in silico insights for the 

characterisation of those megasynthetases will be gained. 

The current chapter 1 introduces NRPs, their biosynthesis as well as further details of the 

underlying biosynthetic machinery and how NRPSs can be engineered. 

In chapter 2, all contributed publications are listed. These include “De novo design and 

engineering of non-ribosomal peptide synthetases” and “Modification and de novo design 

of non-ribosomal peptide synthetases using specific assembly points within condensation 

domains” introducing two novel NRPS engineering approaches, as well as “Non-ribosomal 

peptides produced by minimal and engineered synthetases with terminal reductase 

domains” focusing on aldehyde-generating R domains within identified wild type and 

engineered NRPSs. 

Chapter 3 comprises additional results that were achieved within this research project but 

are not part of the listed publications. First, the use of R domains could be applied to other 

engineered NRPS systems in order to generate peptide aldehydes. Second, the study on an 

identified minimal NRPS is expanded to more Xenorhabdus strains. 

The discussion in chapter 4 will compare both presented NRPS engineering approaches 

and also review current literature referring to both concepts. Additionally, the functional 

role of aldehyde-containing peptides will be demonstrated as well as a revised NRP 
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biosynthesis by a constructed recombinant NRPS system. Regarding the minimal NRPS 

from Xenorhabdus, insights into the non-canonical active site residues will be given and a 

classification into three subtypes will be postulated. 

The PhD thesis finishes with the quotation of references, an attachment including all 

publications and supporting information, a curriculum vitae of the doctoral candidate, the 

list of publications and record of conferences as well as the declaration. 
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3 Additional results 

3.1 R domains in engineered NRPSs 

In the publication “Non-ribosomal peptides produced by minimal and engineered 

synthetases with terminal reductase domains” (chapter 2.3) it has been shown that the 

R domain of tilivalline-producing synthetase (Xtv) from X. eapokensis DL2027 processes 

different substrates and releases the respective peptides as aldehyde intermediates.165 

3.1.1 Substitution of termination domain 

The XtvB_R was tested to replace the TE domain in pyrrolizixenamide A-producing NRPS 

(PxaA) from X. stockiae DSM 17904. The bimodular PxaA is involved in the production of 

bacterial pyrrolizidine alkaloids and a monooxygenase (PxaB) processes the PxaA-derived 

intermediates 1a, 1b and 1c (Fig. 8) via Baeyer-Villiger oxidation, hydrolysis and 

decarboxylation to pyrrolizixenamide A.166 An exchange of the PxaA_TE against XtvB_R 

C-terminal of α-helix 4 of PxaA_T2 (NRPS-1) led to the production of 2a, 2b and 2c after 

heterologous expression in E. coli DH10::mtaA as detected by high resolution (HR)-high 

performance liquid chromatography coupled mass spectrometry (HPLC-MS) analysis 

(Fig. 8A; Supplementary Fig. 1.1). This suggests the successful replacement of the 

termination domains. 

Stable isotope labeling in combination with high-resolution MS, isolation and subsequent 

nuclear magnetic resonance (NMR) spectroscopy of 2a (NMR measured and analysed by 

Yi-Ming Shi, Goethe-university Frankfurt, Supplementary Figs. 1.2 – 1.8, Supplementary 

Tab. 1.4) confirmed a structure which is similar to the PxaA products apart from a hydroxy 

instead of a ketone group and differing in fatty acid chain length among the derivatives 

(Fig. 8B). Absolute quantification revealed a production titre of 8.9 ± 2.3 mg/L for 2a, 

2.1 ± 0.8 mg/L for 2b and 4.2 ± 0.8 mg/L for 2c. 
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Figure 8. Exchange of the TE domain in PxaA against the XtvB_R domain. A. Production of 1a, 1b and 
1c by PxaA166 as well as 2a, 2b and 2c produced by NRPS-1 in E. coli DH10B::mtaA (induced: continuous 
line; non-induced: dashed line). EICs of (I) 1c (m/z [M+H]+ = 293.18), (II) 1b (m/z [M+H]+ = 279.17), 
(III) 1a (m/z [M+H]+ = 265.15; y-axis decreased by factor 0.5), (IV) 2a (m/z [M+H]+ = 267.17), 
(V) 2b (m/z [M+H]+ = 281.18) and (VI) 2c (m/z [M+H]+ = 295.20). The colours of the chromatograms are 
according to the length n of the fatty acid side chain. For domain assignment see Figs. 2 and 5. B. Structure 
of 1a, 1b, 1c, 2a, 2b and 2c. 

3.1.2 In vivo production of a peptide aldehyde 

In combination with the established exchange unit (XU) NRPS engineering approach,163 an 

aldehyde-releasing NRPS was generated that should produce a linear lipopeptide with a 

C-terminal aldehyde. For this, the terminal XU including GxpS_A2T2 (P. laumondii) and 

XtvB_R (X. eapokensis)165 was fused with the butyric acid-L-Pro activating XU1 of 

xenoamicin-producing synthetase (XabS; X. doucetiae)25 and L-Ala activating XU2 of 

kolossin-producing synthetase (KolS; P. laumondii)167 to generate NRPS-2. Upon 

heterologous expression in E. coli DH10B::mtaA, the expected lipopeptide 3a was detected 

with software-based HR-HPLC-MS analysis (Figure 9A, Supplementary Fig. 1.9) and 

verified with stable isotope labelling and a synthetic standard (Supplementary Figs. 1.9 and 

1.10).  

To prove the existence of a free aldehyde in 3a, the expression of NRPS-2 was performed 

in presence of the aldehyde capture reagent O-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine 

(PFBHA). The derivatization product 3b was detected by HR-HPLC-MS verifying the 

peptide aldehyde (Figure 9B). 
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Figure 9. In vivo production and detection of a peptide aldehyde. A. Production of 3a by NRPS-2 in 
E. coli DH10B::mtaA (induced: continuous line; non-induced: dashed line) (I) without and (II) with PFBHA. 
EICs of 3a (m/z [M+H]+ = 354.24) and 3b (m/z [M+H]+ = 549.25). For domain assignment see Figs. 2 and 5. 
B. Structure of 3a and derivatization with PFBHA to yield 3b.  
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3.2 Investigation of ATReds in Xenorhabdus 

In the publication “Non-ribosomal peptides produced by minimal and engineered 

synthetases with terminal reductase domains” (chapter 2.3), the production of the pyrazine 

4a in X. indica DSM 17382 has been assigned to the gene xind01729 which encodes a 

minimal NRPS consisting of an A, T and R domain and is therefore called 

ATRedxind01729.
165 AntiSMASH analysis168 of Xenorhabdus WT genomes revealed 

additional 35 putative ATRed coding sequences (atred) in 20 strains in total (Tab. 1). 

Table 1. Overview of ATRed encoding gene in Xenorhabdus. Organism and its abbreviation as well as 
ATRed encoding gene. For further details, please refer to Supplementary Tab. 2.2. 

organism gene  organism gene 
X. khoisanae DSM 25463 03561  X. cabanillasii JM26 01329 
 03948   03628 
Xenorhabdus sp. KK7.4 01108  X. indica DSM 17382 00627 
 02190   01729 
X. bovienii SS-2004 00464  Xenorhabdus sp. PB62.4 01459 
X. cabanillasii DSM 17905 01493  X. innexi DSM 16336 00707 
 03579   02671 
X. poinarii DSM 4768 02758   02976 
X. nematophila ATCC 19061  00646  X. szentirmaii DSM 16338 01262 
 01475   03484 
 01561  X. mauleonii DSM 17908 04014 
X. miraniensis DSM 17902 01976   04297 
X. vietnamensis DSM 22392 00828  X. szentirmaii US 00630 
 03245   03375 
Xenorhabdus sp. KJ12.1 01708  X. kozodoi DSM 17907 00716 
 02365  X. budapestensis DSM 16342 02951 
X. stockiae DSM 17904 02049   03352 
 03518  X. hominickii DSM 17903 01101 

3.2.1 Active site residues of R domains from ATReds 

Clustal Omega alignment of the R domains of the ATReds with the structurally 

characterised R domains of myxalamid-producing synthetase (MxaA) from 

S. aurantiaca
116

 as well as probable peptide synthetase (Nrp) from M. tuberculosis
118 

revealed that the Lys of the catalytic triad of the SDR superfamily (Thr214-Tyr249-Lys253 

in MxaA_R) is substituted by a Gln in six ATReds of six different Xenorhabdus strains 

including ATRedxind01729 (ATReds of xind01729, xcabDSM03579, xnem01561, xvie03245, 

xcabJM01329 and xbud02951; Supplementary Fig. 2.1). With exception of 

X. budapestensis, five of these six Xenorhabdus WT strains are capable of the biosynthesis 

of 4a as detected by HR-HPLC-MS analysis (Fig. 10A, Supplementary Fig. 2.2). In 

addition, X. innexi produced a pyrazine with Ile (4b) instead of Phe-residues, although it 
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does only encode ATReds with the canonical catalytic triad (Supplementary Fig. 2.2 and 

2.3). All other Xenorhabdus WT strains with a putative atred did not show production of a 

pyrazine in the HR-HPLC-MS analysis. This suggests that the ATReds with the unusual 

catalytic triad Thr-Tyr-Gln might be pivotal for the biosynthesis of 4a.  

 
Figure 10. ATRed-dependent pyrazine production in Xenorhabdus. A. HR-HPLC-MS analysis 
(green: 4a, EIC m/z [M+H]+ = 261.14; blue: 4b, EIC m/z [M+H]+ = 193.17 and grey: no production of any 
pyrazines observed) of 20 Xenorhabdus WT strains and the extracted Clustal Omega alignment surrounding 
His736 and Gln813 in ATRedxind01729 (presence of His and Gln is highlighted in green, otherwise grey) of 
36 ATRed sequences as well as MxaA from S. aurantiaca. Strains with a detected pyrazine production are 
highlighted in bold. B. R domain active site of ribbon diagram of homology model (RMSD = 0.8 Å) of 
ATRedxind01729 from X. indica (green) based on MxaA_R from S. aurantiaca (grey; PDB-ID 4U7W)116. 
Important residues and their respective nomenclature are highlighted by arrows and the NADPH cofactor is 
shown in pink. C. Structure of 4a and 4b. Abbreviations: Bn, benzyl; iBu, iso-Butyl. 

In order to gain further insights into the unusual catalytic triad, a homology model of the 

R domain from ATRedxind01729 was calculated (Fig. 10B, Supplementary Fig. 2.4). This 

model bases on the crystal structure of MxaA_R from S. aurantiaca (PDB-ID 4U7W)116 

including the NADPH cofactor and has a root-mean-square deviation (RMSD) of 0.8 Å. 

Here, the catalytic triad of ATRedxind01729 (Thr774-Tyr809-Gln813) is in close orientation 

to the NADPH cofactor like in the template structure. The only major difference between 

ATRedxind01729 and MxaA_R within the active site was the presence of His736 instead of 
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Leu130 respectively. In the protein alignment of 36 ATReds, the appearance of this 

His-residue in the active site correlates in all cases with the Gln-residue in their catalytic 

triad (i.e. capable of the biosynthesis of 4a with exception of X. budapestensis). His736 is 

absent in ATReds of Xenorhabdus strains that do not produce 4a (Supplementary Fig. 2.1). 

In addition, 4b-producing X. innexi encodes one ATRed with only the His-residue (His740 

in ATRedxinn00707) but not the Gln-residue (canonical Lys817 instead). These findings 

indicate that both residues, His736 and Gln813 in ATRedxind01729, represent a different 

subtype of active site and might play an important role for successful biosynthesis of NRPs 

by ATReds in Xenorhabdus. 

3.2.2 Clustering of ATReds in Xenorhabdus 

Next, the AA sequences of all 36 ATReds from 20 Xenorhabdus strains were analysed for 

their similarity. Along with 4a-producing ATRedxind01729, all five ATReds with the 

identified unusual active site residues (His/Gln) of 4a-producing Xenorhabdus strains 

(xcabDSM03579, xnem01561, xvie03245 and xcabJM01329) and non-4a-producing 

X. budapestensis (xbud02951) as well as ATRedxinn00707 from 4b-producing X. innexi have 

a pairwise identity of at least 68 % (Fig. 11, Supplementary Fig. 2.5). This cluster of seven 

ATReds is distinct from all other examined ATReds. Those remaining ATReds can be 

divided in two clusters of 20 and 9 ATReds with high pairwise identity (at least 74 %) 

each. The ATReds of the three clusters share a pairwise similarity with ATReds from other 

clusters of below 48 % and differ over the full length protein. Notably, no ATReds of the 

same species containing two or three ATReds were found within the same cluster and with 

exception of ATRed02758 from X. poinarii, exclusively ATReds of the largest cluster have 

been found to be associated with an MLP encoding gene (mlp) in the genome. 
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Figure 11. Clustering of ATReds in Xenorhabdus. Heatmap (white, 0% pairwise identity; blue, 100 % 
pairwise identity) of the Clustal Omega alignment of 36 ATRed AA sequences from 20 Xenorhabdus WT 
strains, MxaA_R and Nrp_R. The three clusters are indicated by arrows and the ATRed abbreviations are 
further specified in Supplementary Tab. 2.2. Corresponding schemes of ATReds (green) with an MLP (grey) 
or His/Gln motif (orange) are assigned to the single ATReds by white lines. 
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4 Discussion 

4.1 The XU and XUC system for the engineering of NRPSs 

Pioneered by the Marahiel group in 1995,131 there has been a range of attempts on NRPS 

engineering using different approaches (see chapter 1.3).16,132 However, only little success 

was reported on modifying the biosynthesis of these pharmaceutically relevant 

mega-synthetases. It resulted in a drop of yield compared to the WT and impaired enzymes 

and did not establish general applicable guidelines.  

4.1.1 Comparison of the XU and XUC system 

This study comprises the concept of exchange unit (XU)163,169–171 and exchange unit 

condensation domain (XUC)164,172 which provide simple, efficient and reproducible 

strategies for the production of de novo or modified NRPs by engineered NRPSs (Fig. 12). 

Both vary from the universal definition of an NRPS module  

NRPS engineering using the XU concept follows three easy-to-follow rules. First, 

tridomains of A-T-C(/E) are used as building blocks and are called XU. Initiation XUs 

therefore may include a Cstart domain whereas a termination XU ends with the termination 

domain (see chapter 1.2.5). Second, the WNATE motif defines the fusion point between 

the XUs and divides the C-A linker in a 22 AA long N-terminal part and a ten AA long 

C-terminal part. These two parts are structurally unrelated with the longer N-terminal part 

being involved in C-A interactions and the shorter C-terminal part associating only with 

the A domain. Third, the C domains acceptor site specificity has to be respected, i.e. the 

processed AA of the downstream A domain of a XU in the engineered NRPS system 

coincides with that of the XU of its origin. With this in hand, three WT NRPS were 

reconstructed, restoring a good production yield of up to 88 % compared to the WT, NRPs 

were modified by the AA configuration or AA substitution and even de novo peptides were 

created.163,169–171 
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Figure 12. NRPS engineering using the XU and XUC system. A. Schematic representation of the fusion 
points of the XU163 (blue) and XUC164 (red) system compared to the canonical module definition (grey). 
Three hypothetical template NRPS (green, orange and purple) are shown. B. Production of a hypothetical 
linear tetrapeptide by engineered NRPSs using both strategies. For the XU-based NRPS, three building 
blocks from three origins have to be taken. The A domain specificity is indicated by one letter AA code 
within the A domains. For domain assignment see Figs. 2, 5 and 7. 

The C domain specificity at the acceptor site depicts the major drawback of the XU 

concept.88,89 The substitution of one building block that differs by the incorporated AA 

requires the exchange of at least two XU of the targeted NRPS, as exemplified in Fig. 12B. 

Even if this would not be limited by a sufficiently large number of building blocks, the 

increased number of artificial interfaces between the domains leads to a drop in peptide 

yields as also observed earlier.158 This issue has been addressed by the development of the 

XUC concept.164,172 Here, the catalytic units are defined as A-T didomains with flanking 

CDsub and CAsub and the fusion point is located within the 4 AA long linker region which 

connects the two C subdomains.173 Strikingly, XUCs comprise both C subdomains that 

interact with the 4’-PPant-bound AA activated by the same XUC, namely as acceptor 

substrate on the N-terminal CAsub and as donor substrate on the C-terminal CDsub within one 

XUC. As a consequence, the C domain specificity is “integrated” within one XUC 
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enabling the more versatile combination possibilities of XUCs. In numbers, only one tenth 

of XUCs compared to XUs are necessary to provide a pool of building blocks for any 

peptide based on the 20 proteinogenic AAs.164,172 

4.1.2 Placement within current literature 

In the past few years, novel insights into NRPSs touching the XU and XUC approaches 

have been gained. Steiniger et al. reported the first in vivo combination of linear and 

iterative NRPSs from fungi by incorporation of C-A-M-T, A-T and CAsub-A-T building 

blocks from cyclosporine-producing NRPS in enniatin- as well as bassianolide-producing 

NRPS.174 Although, they used a fusion point for XU reassembly C-terminal to the 

C domain, their results confirmed the consideration of C domain specificity at the acceptor 

site as postulated by the XU strategy and also at the donor site in C-A-M-T swaps. 

Otherwise, no functional construct was observed. Interestingly, the same constructs of the 

A-M-T and C-A-M-T swaps were impeded in seven out of eight cases when a 

C subdomain fusion point allegedly to the XUC strategy was used. They argued that on the 

one hand fungal systems might respond different to bacterial NRPS engineering strategies 

(and vice versa). This would be supported by our findings, since even engineered NRPSs 

consisting of Bacillus and Photorhabdus/Xenorhabdus XUCs led to truncated NRPs due to 

non-functional interactions between the domains of different genera.164 On the other hand, 

a possible disturbed integrity of the hybrid C domains with the floor loop and latch 

crossing from the CAsub to the non-native CDsub led to non-functional NRPSs. However, in 

an earlier work, Steiniger et al. targeted the Cterm domain of the same system.161 The 

heterologous intra-domain interface by substitution of either the CDsub or CAsub with related 

Cterm subdomains did not hamper the biosynthesis. The authors did not mention that the 

hybrid C domains are derived from a DCL (for D-2-hydroxyisovalerate) and a LCL subtype. 

This issue of structural intra-domain interaction of hybrid C domains has already been 

reported for the incompatibility of C and C/E domains164,172 and is likely to explain why 

their C subdomain exchanges did not work. This problem should be pursued once more 

structures of appropriate C domains are solved. 

Impressive structural contributions to the understanding of NRPSs have already been 

achieved by the groups of Schmeing and Gulick (see chapter 1.2.6) but the issue of how 

C domain acceptor site specificity is mediated remained unclear.70,79 The XUC concept 
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was shown to circumvent this limitation by dividing the C domain into its N-terminal CDsub 

(“left” subdomain) and C-terminal CAsub (“right” subdomain), formally keeping the 

C domain’s donor and acceptor subdomain with the C domain’s donor and acceptor 

substrate within an XUC, respectively.164,172 However, structural data of C domains 

interacting with their donor substrate bound to the N-terminal T domain (TD) or the 

acceptor substrate bound to the C-terminal T domain (TA) show that the interaction occurs 

from the ”back” and “front” of the C domain and not from the “left” and “right”. Both 

subdomains are therefore involved in domain interaction, regardless of being a hybrid or 

wild type C domain (Fig. 13). In the work of Reimer et al., multiple TD-C structures were 

captured in the condensation state for the first time and they noted slightly different 

residue-level contacts by van der Waals interactions within each structure.85 The authors 

highlighted the importance of this interaction for the overall NRPS structure since it is the 

only point where neighbouring modules have to coordinate within the flexible and not 

constant overall architecture (see chapter 1.2.6).85 Interestingly, six of seven C domain 

residues that were shown by mutational studies to influence this TD-C interaction are 

located within the CAsub and therefore non-native in XUC-based NRPSs. The GxpS 

comprising an XU (A-T-C) from the bicornutin-producing synthetase (BicA)175 and 

therefore a native TD-CAsub interface showed no production whereas the same construct 

with a non-native TD-CAsub interface due to an A-T-CDsub exchange showed over 200 % 

production compared to the WT.164 In addition, the successful generation of a peptide-

library by randomization of XUCs with multiple shuffling of non-native TD-CAsub 

interfaces implicates that maintaining this interaction is not the only decisive factor 

regarding NRPS functionality. At the acceptor site of C domains, different studies revealed 

hydrophobic interactions and hydrogen bonds of the TA with helices of the CDsub and 

predominantly CAsub.
85,124,126 The interplay between the C domain’s acceptor site with the 

following XU is thematised in one of the three rules of the XU approach or even 

predominantly maintained within XUCs. C domain specificity might be embedded in the 

CAsub but the underlying structural basis was still not deduced. Here, partial swapping of 

C domain regions would help to understand this issue. 
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Figure 13. Model of a C domain in its condensation state with both T domain-bound 4’-PPant moieties. 
Superposed ribbon diagrams of the TD domain with bound 4’-PPant moiety of LgrA in B. parabrevis 
(PDB-ID: 6MFY)85 and the C and TA domain with 4’-PPant moiety of the termination module of 
AB3403-NRPS in A. baumannii (PDB-ID: 4ZXI).126 The T domains are in light blue, CDsub and CAsub in dark 
and light grey respectively, the catalytic His-residue of the C domain in green, the 4’-PPant moieties in 
purple and the C-A linker157 in red. The view is from top onto the C domain compared to Fig. 4. Based on 
85,126 and processed with MOE 2016 (Chemical Computing Group). 

A current study picks up this strategy when Calcott et al. reviewed their domain and 

module substitutions in PvdD from P. aeruginosa.157 In short, they propose that C domain 

specificity is less important than discussed by the XU and XUC concept163,164,170–172 or 

others88,89,155 and specificity is embedded within the C-A linker (see chapter 1.3.3). 

However, their suggested recombination site C-terminal the C domain (Fig. 13) has already 

been described by Yan et al. in M. xanthus
176 and prior when engineering the GxpS with 

building blocks from Photorhabdus and Xenorhabdus.
163,170 Our results led to slightly 

reduced peptide production compared to the fusion point at the WNATE motif. Here, the 

GxpS could be reconstructed with XUs that do not respect to the C domain specificity and 

use the hybrid C-A linker163,170,171 as well as the fusion point suggested by Calcott et al.
157 

in order to verify their assumption. 

Recently, over 39 000 module-connecting T-C linkers have been analysed with regard to 

their sequence and their adjacent AA substrates pairs of the A domains.177 Farag et al. 

identified a striking relationship for more than 92 % of them suggesting that this region is 

specific to both adjacent A domains and specificity might be embedded within this region. 
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With referring to the XU approach in a retrospective analysis, they hypothesized that the 

reason for non-functional XU exchanges which disregard the third rule of the XU concept 

are incompatible intermodular interactions by the T-C linker and not due to C domain 

specificity. Apart from misquoting our results,163,169,171 their assumption bases on in silico 

analysis and should be verified by experimental data. Furthermore, it is not apparent from 

existing structural data of modular NRPSs how the T-C linker can interact with its 

downstream A domain.85 In addition, the authors emphasized that incompatibility of T-C 

linkers are the reason for a decreased yield compared to the wild type by engineered 

NRPSs even if these do consider the C domain’s specificity.163,169–171 In accordance with 

structural data suggesting the importance of T-C interaction,85 the striking relationship of 

this linker region suggests that a rearrangement of naturally optimised interactions between 

modules and domains, is likely to explain decreasing production titre upon increasing 

number of substitutions i.e. number of non-native interfaces.132,158,163,169–171 

4.2 R domains for peptide release 

Overall structural elements of NRPs, like being cyclic, linear and C-terminal variations are 

mediated by terminal domains for peptide release (see chapter 1.2.4). Aldehyde-generating 

R domains were consequently addressed in terms of NRPS engineering. For TE domains, it 

has been shown before that internal T domains of an elongation module are unable to 

interact with the termination domain unless they were subjected to directed evolution.178 

Our results indicate that R domains can be introduced within an elongation module for 

premature release of peptides.165 However, only few constructs were capable of the 

biosynthesis of pyrazines indicating that domain interaction might limit the general 

applicability. 

Based on structural modelling experiments, TE and R domains have been shown to share a 

high conservation of the overall architecture as well as the location of active 

site-residues.118 This finding by Chhabra et al. raised the question whether a 4’-PPant 

moiety of upstream T domain is able to interact with both terminal domains regardless of 

being a TE or R domain. An exchange of the PxaA_TE against XtvB_R resulted in the 

production of a 5,6-bicyclic compound verifying that the R domain can also replace the TE 

domain in an NRPS assembly-line in vivo. Here, the same fusion point was used that 

already led to functional NRPSs in our earlier experiments.163,165,171 As one could expect, 
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the released 5,6-bicyclic compounds by the TE and R domain-terminated NRPS slightly 

differ i.e. by a ketone or a hydroxy group (Fig. 8). In summary, these results show that 

modification of NRPs can also be achieved by addressing the termination domain. 

4.2.1 Deciphering the mechanism of PxaA 

The occurrence of a ketone or a hydroxy group at the carbon atom 4 in the products of 

PxaA WT and NRPS-1 (Supplementary Fig. 1.3) can be explained by the mechanism of 

peptide release in PxaA as proposed by Schimming et al.
166 and the different substrates of 

TE and R domains (see chapter 1.2.5). In PxaA, dehydroalanine (DHA) cyclizes with the 

TE domain-bound ester to form tautomerized 1a resulting in a ketone group (Fig. 14).166 

This is mediated by nucleophilic attack of the alkene of DHA onto the thioester. In contrast 

to this, NRPS-1 produces an aldehyde which results in a hydroxy group upon cyclization 

i.e. nucleophilic attack of the alkene of DHA onto the aldehyde. It is worth mentioning that 

in this nucleophilic addition an alkene acts as nucleophile for carbon-carbon bond 

formation. 

Such biosynthesis requires the dehydration of serine to DHA in order to provide the 

nucleophile. This was proposed to be conducted by an unusual TE domain166 as also 

observed in brabantamide A-producing synthetase (BraB) in Pseudomonas strain 

SH-C52.179 However, the shown result implicates that this reaction is catalysed by another 

domain since NRPS-1 does not contain the TE domain. Pairwise identities of a Clustal 

Omega alignment revealed that the C2 domain of PxaA shares low similarities to other 

C domains of the LCL, DCL, dual C/E and Cy subtype (Supplementary Fig. 1.11 and 

Supplementary Tab. 1.5) and therefore might likely take an unusual role in the 

biosynthesis. Gaudelli et al. described the dehydration of serine to DHA in the biosynthesis 

of nocardicin A (Noc).180 This is proposed to be mediated by the C5 domain of NocB. 

Here, an additional third His790-residue directly upstream of the catalytic His-motif acts as 

catalytic acid/base and abstracts the hydrogen of the α-carbon of T4 domain-bound donor 

serine. DHA formation is achieved by β-elimination of hydroxide from the seryl residue 

and is followed by nucleophilic attack of the α-amino group of T5 domain-bound acceptor 

substrate p-hydroxylphenylglycine onto the β-carbon of DHA. Finally, transfer from the 

T4 to T5 domain and formation of a β-lactam ring is achieved by an additional 

nucleophilic attack of the α-amino group of p-hydroxylphenylglycine onto the thioester. 
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Compared to PxaA, the role of DHA during biosynthesis differs. In NocB, DHA acts as 

electrophile for the α-amino group of the acceptor substrate, whereas in PxaA it serves as 

nucleophile onto the thioester of the acceptor substrate.  

 
Figure 14. Biosynthesis of 1a and 2a by PxaA and NRPS-1 respectively.166 Standard NRPS biochemistry 
attaches the ACP-bound fatty acid to serine on the T1 domain of PxaA. A. His1343 of the C2 domain likely 
catalyses the dehydration of serine to DHA. B. For the TE domain-based pathway in PxaA, the peptide is 
transferred to the termination domain and the side chain of DHA acts as a nucleophile to (1) mediate 
cyclization and (2) release from the NRPS creating a ketone group which arises from the carbonyl group of 
proline. This is followed by imine-enamine tautomerism to yield 1a.166 For the R domain-based pathway in 
NRPS-1, the peptide is reductively released by consumption of NAD(P)H and the side chain of DHA acts as 
a nucleophile to mediate cyclization creating a hydroxy group which arises from the aldehyde group of 
proline. Subsequent imine-enamine tautomerism yields 2a. For domain assignment see Figs. 2 and 5. 

However, PxaA_C2 does not harbour a third His prior to the canonical His-motif of 

C domains (Supplementary Fig. 1.12A). In the sequence alignment, PxaA_C2 alternatively 

exhibits an additional His-residue which does not occur in other C domains 

(Supplementary Fig. 1.12B). Notably, the same holds true for BraB_C2. In a homology 

model with LgrA_C2 (PDB-ID: 6MFY),85 His1343 of PxaA is located within the floor 

loop at the substrate tunnel and therefore in a possible catalytic competent position 

(Supplementary Fig. 1.12C). Although the RMSD value is not significant due to the low 

sequence similarity to other C domains of PxaA_C2, this suggests that His1343 might act 

as the catalytical base for DHA formation in PxaA (His1379 in BraB, respectively). This 

has to be further investigated by mutational studies. It should be mentioned that the 
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moment of DHA formation in PxaA therefore rather occurs on the T1 domain-bound 

aminoacyl thioester before condensation with the second substrate,180 than on the 

T2 domain-bound dipeptidyl thioester before transfer on the TE domain as proposed by 

Schimming et al.
166 

4.2.2 Peptide aldehydes as proteasome inhibitors 

Natural products containing C-terminal warheads like β-lactone in belactosin A,181 

epoxyketone in epoxomicin182 or aldehyde in fellutamide B122 (see chapter 1.2.5) have 

been attributed with proteasome inhibition properties.183 By reversible binding of the 

α-hydroxy group of the proteasome’s active site residue Thr1 in one β-subunit, the peptide 

aldehyde fellutamide B exhibits an IC50 value in a nanomolar range against 

M. tuberculosis,184 which triggers one of the world’s deadliest infection diseases.4  

Our results have shown the functional integration of an aldehyde-producing R domain 

within engineered NRPSs. Hitherto, freestanding aldehydes were never preserved within in 

the final molecule due to intramolecular reaction with nucleophiles (Fig. 8).165 Upon 

XU-based exchanges covering all nucleophiles within the peptide, the free aldehyde was 

detected (Fig. 9). Since the production of the heterologous expression has not been 

optimized, chemical synthesis might allow structural data upon crystallization together 

with the proteasome. This potential proteasome inhibitory bioactivity has to be pursued in 

ongoing experiments. Based on structural data, the peptide could then be further modified 

since the P3 and P1 position as well as the aliphatic tail are known for fellutamide B to 

mediate preference to the active site.185 As already applied in earlier studies, this can 

improve selectivity towards different proteasomal β-subunits in different organisms and 

therefore the activity to act as a species or tissue specific proteasome inhibitor.186,187 
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4.3 The ATRed subtype of minimal NRPSs 

36 putative atreds have been identified in 20 different Xenorhabdus strains proposing the 

ATReds as a widespread representative of minimal NRPSs among Xenorhabdus. For 

X. indica, the predominant production of 4a has been assigned to the ATRedxind01729 which 

was proven by promoter exchange and subsequent HPLC-MS analysis.165 The biosynthesis 

of pyrazines was furthermore observed in five other Xenorhabdus strains (Fig. 10). 

4.3.1 Investigation of the active site 

A Clustal Omega alignment revealed the replacement of the active site Lys against a Gln in 

ATRedxind01729 at position 813 (all AA positions mentioned in this chapter are referred to 

ATRedxind01729 unless stated otherwise). Reflecting this finding in the wider context of 

ATReds of all examined Xenorhabdus strains, exclusively those encoding an ATRed with 

Lys813 are capable of the biosynthesis of 4a. In addition, these ATReds do also contain a 

His736 which is located at the active site and - with one exception – is not present in 

ATReds where no pyrazine production was observed by the respective WT strain. 

Importantly, no other residues which significantly deviate from the active of SDR enzyme 

MxaA_R, were found. Due to the fact that pyrazine production in strains with ATReds 

without His736 and Gln813 (i.e. the canonical catalytic triad) was not observed, one has to 

further evaluate the impact of these two residues. Here, the single and double point 

mutation His736Leu and Gln813Lys in ATRedxind01729 and vice versa in a Leu736 and 

Lys813 containing ATRed will gain further insights. 

In the canonical active site of R domains of the SDR superfamily, Tyr809 acts as the 

catalytic base (2e- reduction) and is also required for high-affinity binding of NAD(P)H.188 

The substrate is stabilized by Thr774. Lys813 would form hydrogen bonds with NAD(P)H 

and lower the Tyr’s pKa value to promote the proton relay system.189 This is supported by a 

water molecule and a carbonyl backbone of a conserved Asn750 which also stabilizes the 

position of Lys813 and is therefore part of an extended catalytic tetrad.190 Here, it is 

suggested that the substitution Lys813Gln still maintains the hydrogen bonding ability to 

the hydroxy groups of the ribose moiety of NAD(P)H (Fig. 15).191 The Leu736His 

substitution is additionally involved in the proton relay system. Such role has already been 

shown in the ketoreductase (KR) 7 – another member of the SDR superfamily192 - of the 
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simocyclinone D8-producing PKS (SimC7) from S. antibioticus.193 Here, His interacts 

with the 2`-hydroxy group of the ribose moiety of NAD(P)H and a carbonyl backbone. In 

the structure of SimC7, the α-carbon of His is located 6.9 Å away from this hydroxy 

group193 while the distance in the homology model of ATRedxind01729_R between the 

α-carbon of His736 and the 3`-hydroxy group was also measured with 7.1 Å. This 

indicates that His736 is in sufficient proximity to the cofactor. Although the homology 

model positions the side chain of His736 not towards the cofactor, His736 is aligned in a 

structurally undefined region of the template MxaA_R and the true orientation might 

enable its function in the proton relay system. Structural data from X-ray crystallography 

of ATRedxind01729_R would support this hypothesis and this should be addressed in the 

future. Otherwise, a π-π stacking interaction with the adenine moiety of NAD(P)H could 

also be possible and contribute to the overall functionality of the R domain. In this 

scenario, a water molecule would bypass the proton relay system from 2`-hydroxy group of 

NAD(P)H to Asn750. 

 

Figure 15. Proposed Gln/His-catalysed reduction of thioesters. NAD(P)H-derived hydride transfer onto 
the 4’-PPant-attached thioester and the corresponding proton relay system. Residues of the R domain are 
highlighted in green, Gln813 and His736 in orange, the substrate in blue and the cofactor in pink. 
Abbreviations are R1 = peptide and R2 = adenosine (3` phosphate-) ribose pyrophosphate moiety of 
NAD(P)H.  
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4.3.2 Classification of the ATReds 

A heatmap of pairwise identity of a multiple alignment with all ATReds from 

Xenorhabdus unveiled three distinct clusters of ATReds (Fig. 11, Supplementary Fig. 2.5). 

According to this, it can be postulated that ATReds from Xenorhabdus are divided into 

three subtypes (Fig. 16). The largest cluster contains only ATReds with a canonical 

catalytic triad of R domains and with exception of xpoi02758, all respective atreds are 

associated with an mlp. Here, these are named as subtype 1 of ATReds. Subtype 2 ATReds 

differ only by the absence on an mlp from subtype 1. Finally, the third subtype harbours all 

ATReds with His736 and Gln813 or His736 only (for ATRedxinn00707).  

 
Figure 16. The three ATRed subtypes in Xenorhabdus. Schematic overview and classification of atreds 
(green) according to the presence of an mlp (grey) or the His/Gln motif (orange). 

The strains differ by the number of encoded ATReds (e.g. one atred in X. miraniensis, two 

atreds in X. vietnamensis or three atreds in X. nematophila) and there is not more than one 

atred of each subtype present in each strain. However, pyrazine production was only 

observed in Xenorhabdus strains with atreds of subtype 3 and because of this, it can be 

assumed that the pyrazine production in Xenorhabdus strains is related to the subtype 3 

ATReds. These are namely ATRedxcabDSM03579 in X. cabanillasii DSM 17905, 

ATRedxnem01561 in X. nematophila ATCC 19061, ATRedxvie03245 in X. vietnamensis and 

ATRedxcabJM01329 in X. cabanillasii JM26 as well as ATRedxind01729 in X. indica DSM 

17382, respectively. However, this should be verified by promoter exchange or deletion 

mutants as conducted in X. indica.165 

In general, non-ribosomal R domains belong to the “extended” family of SDR enzymes. 

Those have been categorized in five families based on preserved residues within the 

coenzyme-binding site and active site region.194 “Extended” SDRs are defined by a 

[ST]GxxGxxG cofactor binding motif, an Yxx[AST]K active site motif and a less 

conserved C-terminal extension as seen e.g. in the structure of MxaA_R116 and homology 

model of ATRedxind01729_R (Supplementary Fig. 2.4). Other SDR families are 
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e.g. “classical” including CARs194,195 or “complex” like KRs.192 The latter ones have been 

reported to share an YxxxN active motif and a Tyr-based mechanism of reduction in an 

NAD(P)H-dependent manner as observed for ATRedxind01729_R with Gln instead of Asn. 

Despite the different substrates, the role of this Asn in “complex” SDR is, however, not 

equivalent to the active site Gln of pyrazine-producing ATReds. As e.g. the crystal 

structure of the KR domain of 6-deoxyerythronolide B-producing PKS (DEBS) in 

S. erythraea
196 illustrates, DEBS_Asn1817 forms a hydrogen bond with the carbonyl 

backbone of DEBS_Tyr1813 and the interaction with the cofactor is facilitated by another 

Lys-residue resulting in the canonical catalytic triad which is just contributed by distinct 

parts of the enzyme scaffold.192 Thus, the present case of Gln acting as part of the catalytic 

triad/proton relay system, represents to our knowledge a new active site motif within the 

families of SDRs. 

It should be noted that within the third subtype of ATReds, two deviations occur. First, the 

ATRedxinn00707 in 4b-producing X. innexi does contain a His736 but a canonical Lys instead 

of the discussed Gln813 for subtype 3 ATReds. However, this would not exclude the 

proposed mechanism with His736 contributing to the proton relay system (Fig. 15) since 

Lys only substitutes Gln in order to fulfil its published role in the catalytic triad. Second, 

despite encoding xbud02951, X. budapestensis does not show production of a pyrazine as 

observed for other strains with subtype 3 ATReds. One explanation could be e.g. the 

absence of a transcriptional activator.197 The experimental setup of all 20 tested 

Xenorhabdus strains was the same and no optimization on cultivation conditions was 

performed. The use of different media might stimulate the production of natural products 

by simulating the natural environment of Xenorhabdus
198 as e.g. observed for the 13 and 

64 fold-increased tilivalline production in X. eapokensis in Schneider’s or SF-900 insect 

medium respectively compared to LB medium.27 Beside this ecological approach, the 

exchange of the native promoter against an arabinose-inducible promoter would address a 

“silent” gene.199,200  

Nevertheless, it remains unclear why all strains with only ATReds of subtype 1 and/or 2 

did not show production of pyrazines. Apart from the active site, the ATReds of the three 

classes share less similarity among each other (Supplementary Fig. 2.5) indicating that 

rather multiple and overall intramolecular interactions than only single active site residues 
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might contribute to the enzyme function. More relevant is the fact that pyrazines can be 

volatile widespread in nature.201,202 In contrast to Phe-substituted pyrazine core structure 

4a, smaller substituents would lower their vapour pressure. In this case, the established 

extraction and detection method would not capture the whole spectrum of natural products. 

This can be addressed by using a dodecane or isopropyl myristate overlay, an in situ 

two-phase extraction or closed-loop stripping apparatus and subsequent gas 

chromatography-MS as reported for heterologous expression in E. coli or biosynthesis of 

volatiles in Myxococcus.203–205 

Pyrazine-based compounds have been attributed with functions in bacteria as e.g. quorum 

sensing (autoinducer 3,5-dimethylpyrazine-2-ol in V. cholera)206, antimicrobial activity 

(2,5-bis(1-methylethyl)-pyrazine produced by Paenibacillus sp. AD87 upon co-cultivation 

with Burkholderia sp. AD24)207 or pheromone activity for symbiotic lifestyle 

(ant-associated S. marcescens 3B2).208 Natural products with such properties fit to the 

chemical diversity of Xenorhabdus secondary metabolism.209
 In short, entomopathogenic 

Xenorhabdus spp. symbiotically colonizes the gut of the nematode Steinernema spp. which 

infests insect larvae and releases the bacteria until both re-associate and emerge from the 

cadaver.198 The metabolites produced by Xenorhabdus fulfil crucial functions like 

disabling the insect immune system, killing the insect, defence against food competitors, 

support of nematode development and acting in cell-cell communication during the 

organization of mutualism and pathogenesis.210 In this light, ATReds might contribute to 

their host`s complex lifecycle, although the true function of 4a, 4b as well as subtype 1 and 

2 ATReds is unknown up to date. The widespread existence of three different ATReds 

with not more than one of each subtype being present per strain supports this assumption. 
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6.1.2 Publication 
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6.2 Modification and de novo design of non-ribosomal peptide 

synthetases using specific assembly points within condensation 

domains 

6.2.1 Erklärung zu den Autorenanteilen an der Publikation 

Status:    published  

Name der Zeitschrift: Nat. Chem. 11, 653–661 (2019)164 

Autoren:  Kenan A. J. Bozhüyük (KAJB)*, Annabell Linck (AL)*, 

Andreas Tietze (AT)*, Janik Kranz (JK)*, Frank Wesche 

(FW), Sarah Nowak (SN), Florian Fleischhacker (FF), 

Yan-Ni Shi (YNS), Peter Grün (PG) und Helge B. Bode 

(HBB) 

*gemeinsame Erstautorenschaft 

Was hat der Promovierende bzw. was haben die Koautoren beigetragen? 

(1) zu Entwicklung und Planung 

KAJB (26 %), AL (20 %), AT (12 %), JK (12 %), HBB (30 %) 

(2) zur Durchführung der einzelnen Untersuchungen und Experimente 

Klonierung von Plasmiden: KAJB (5 %), AL (5 %), AT (3 %), JK (1 %), FF (2 %); 

Heterologe Expression: KAJB (3 %), AL (3 %), AT (3 %), JK (3 %), FF (3 %); Expression 

von His-markierten Proteinen: SN (2 %); Pyrophosphat-Assay: KAJB (2 %), SN (3 %), 

JK (1 %); HPLC-MS: KAJB (2 %), AL (3 %), AT (4 %), JK (4 %), FF (2 %); Homologie-

Modell: KAJB (1 %); Peptidisolation: AL (3 %), AT (3 %), JK (6 %), YNS (2 %), 

PG (5 %), FW (2 %); Peptidquantifizierung: KAJB (1 %), AL (4 %), AT (6 %), JK (4 %); 

Chemische Synthese: FW (5 %); NMR Experimente: YNS (3 %) 

(3) zur Erstellung der Datensammlung und Abbildungen 

Sequenzalignment und Strukturanalyse: KAJB (3 %), AL (3 %), AT (2 %), JK (2 %); 

Verifizierung des XUC-Konzepts: KAJB (4 %), AL (5 %), AT (4 %), JK (4 %), FF (3 %); 

Fusion Gram-positiver und –negativer XUCs: AL (2 %); AT (4 %); JK (4 %); 

in vitro-Assay: KAJB (2 %), JK (3 %); Erweiterung der Starter XUCs: KAJB (2 %); 

Fütterungsexperimente mit nicht-natürlichen Aminosäuren: KAJB (2 %), AL (3 %), 

AT (6 %), JK (6 %), YNS (2 %); Erstellung einer Peptidbibliothek: KAJB (4 %), 
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AL (6 %), AT (3 %), FF (3 %); Isolierung und Strukturaufklärung von Peptiden: AL (2 %), 

AT (5 %), JK (6 %), YNS (5 %) 

 

(4) zur Analyse und Interpretation der Daten 

Sequenzalignment und Strukturanalyse: KAJB (5 %), AL (3 %), AT (2 %), JK (2 %); 

Verifizierung des XUC-Konzepts: KAJB (3 %), AL (5 %), AT (4 %), FF (4 %); Fusion 

Gram-positiver und –negativer XUCs: AL (2 %); AT (4 %); JK (4 %); in vitro-Assay: 

KAJB (4 %), JK (3 %), SN (4 %); Erweiterung der Starter XUCs: KAJB (2 %); 

Fütterungsexperimente mit nicht-natürlichen Aminosäuren: KAJB (2 %), AL (2 %), 

AT (4 %), JK (4 %); Erstellung einer Peptidbibliothek: KAJB (4 %), AL (6 %), AT (3 %), 

FF (3 %); Isolierung und Strukturaufklärung von Peptiden: AL (3 %), AT (4 %), JK (5 %), 

YNS (4 %), PG (5 %) 

(5) zum Verfassen des Manuskriptes 

KAJB (30 %), AL (10 %), AT (10 %), JK (10 %), HBB (40 %) 

 

   

Ort/Datum  Unterschrift des Promovierenden 

   

Ort/Datum  Unterschrift des Betreuers 
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6.2.2 Publication 
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6.2.3 Supplementary information 
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6.3 Non-ribosomal peptides produced by minimal and engineered 

synthetases with terminal reductase domains 

6.3.1 Erklärung zu den Autorenanteilen an der Publikation 

Status:    accepted 

Name der Zeitschrift: ChemBioChem 10.1002/cbic.202000176165 

Autoren:  Andreas Tietze (AT), Yan-Ni Shi (YNS), Max Kronenwerth 

(MK) und Helge B. Bode (HBB) 

Was hat der Promovierende bzw. was haben die Koautoren beigetragen? 

(1) zu Entwicklung und Planung 

AT (70 %), HBB (30 %) 

(2) zur Durchführung der einzelnen Untersuchungen und Experimente 

Klonierung von Plasmiden und Herstellung von Mutanten, Kultivierung und heterologe 

Expression, Fütterungsexperimente, HPLC-MS, chemische Synthese, SDS-PAGE: 

AT (85 %); Isolation von Peptiden: AT (5 %), MK (5 %); NMR Experimente: AT (1 %), 

YNS (4 %) 

(3) zur Erstellung der Datensammlung und Abbildungen 

Promoteraustauch in Xenorhabdus, NRPS Reprogrammierung, Verifizierung der 

Proteinlevel, Biosynthesewege: AT (95 %); NMR Daten: YNS (5 %) 

(4) zur Analyse und Interpretation der Daten 

Promoteraustauch in Xenorhabdus, NRPS Reprogrammierung, Verifizierung der 

Proteinlevel, Biosynthesewege: AT (90 %); NMR Daten: YNS (8 %), MK (2 %) 

(5) zum Verfassen des Manuskriptes 

AT (80 %), HBB (20 %) 

   

Ort/Datum  Unterschrift des Promovierenden 

   

Ort/Datum  Unterschrift des Betreuers 
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6.3.2 Publication 
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6.4 Supporting information 

6.4.1 R domains in engineered NRPSs 

6.4.1.1 Material and methods 

Strains 

E. coli and X. eapokensis cells were grown in liquid or solid (1.5 % (w/v) agar) lysogeny 

broth (LB) medium (10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl, pH 7.5). 

S. cerevisiae cells were grown in liquid or solid (1.5 % (w/v) agar) yeast extract peptone 

dextrose (YPD) medium (10 g/L yeast extract, 20 g/L peptone, 20 g/L glucose) at 30 °C. 

E. coli cells were cultivated at 37 °C, all others at 30 °C. Kanamycin (50 µg/ml) and G418 

(200 µg/mL) were used as selection markers. All strains that were used and generated in 

this work are summarized in Supplementary Tab. 1.1. 

Supplementary Table 1.1. Strains used and generated in this work. NRPS-4 from 165 is indicated with an * to 
avoid confusion with NRPSs constructed in this work. 

Strain Genotype Reference 
E. coli DH10B F_ mcrA (mrr-hsdRMS-mcrBC), 80lacZΔ, M15, 

ΔlacX74 recA1 endA1 araD 139 Δ(ara, leu)7697 galU 

galK λrpsL (Strr) nupG 

211 

E. coli DH10B::mtaA DH10B with mtaA from pCK_mtaA ∆entD 212 

E. coli DH10B::mtaA pXst4_pxaA E. coli DH10B::mtaA pXst4_pxaA, KanR 166 

E. coli DH10B::mtaA pFF1_NRPS-1 E. coli DH10B::mtaA pFF1_NRPS-1, KanR This work 

E. coli DH10B::mtaA 

pFF1_13A_xabABC_kolS_txlA_gxpS 
E. coli DH10B::mtaA 
pFF1_13A_xabABC_kolS_txlA_gxpS, KanR 

163 

E. coli DH10B::mtaA pAT41_NRPS-2 E. coli DH10B::mtaA pAT41_NRPS-2, KanR This work 

E. coli DH10B::mtaA pAT41_NRPS-4* E. coli DH10B::mtaA pAT41_NRPS-4*, KanR 165 

S. cerevisiae CEN.PK 2-1C MATa; his3D1; leu2-3_112; ura3-52; trp1-289; MAL2-

8c; SUC2 

Euroscarf 

X. eapokensis DL20  DSMZ 

 

Isolation and purification of DNA 

Genomic DNA was isolated using the Gentra Puragene Yeast/Bact Kit (Qiagen). Plasmids 

from E. coli were isolated using Invisorb Spin Plasmid Mini Two (STRATEC Biomedical 

AG). DNA from polymerase chain reactions (PCRs) was purified with MSB Spin 
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PCRapace (STRATEC Biomedical AG) or from 1% Tris-acetate-

ethylenediaminetetraacetic acid (TAE) agarose gel using Invisorb Spin DNA Extraction 

(STRATEC Biomedical AG) and additionally digested with DpnI (Thermo Fisher 

Scientific) if the PCR template was plasmid-based. DNA from yeast was isolated by 

alkaline lysis. 

PCR, cloning of plasmids and transformation of cells 

PCR was performed with oligonucleotides (Supplementary Tab. 1.2) obtained from 

Eurofins Genomics and S7 Fusion High-Fidelity DNA Polymerase (Biozym) or Q5 High-

Fidelity DNA polymerase (New England BioLabs) according to the manufacturers’ 

instructions. Homology arms for cloning were introduced via primer design and a two-step 

PCR. The vector pFF1 was digested with EcoRI and SgsI (Thermo Fisher Scientific). 

Supplementary Table 1.2. Oligonucleotides used in this work. 
Plasmid Oligonucleotide Sequence (5’->3’) Template 

pFF1_NRPS-1 AT_286 TTCTCCATACCCGTTTTTTTGGGCTAACAGGAGGAA

TTCCATGAAAACTTCACAATTAGTACCTCTTACCCA

G 

pCX2_bm76III 

 AT_292 TTTCATTATTTGATTTTTTATCACTATTCAGATAGG

TATCGATATGTGCAGCTAACTGAGCAACC 

 

 AT_293 GATACCTATCTGAATAGTGATAAAAAATCAAATAAT

G 

X. eapokensis DL20 

 AT_289 TCATGAACTCGCCAGAACCAGCAGCGGAGCCAGCGG

ATCCCTTACTTTCAGGTTTATATGACGGTATGCTTG 

 

pAT41_NRPS-2 AT_226 TGGAACGCGACAGAAACC pAT41_NRPS-4* 

 pAT41_bb_rv GGAATTCCTCCTGTTAGCCC  

 AT_491 TTGGGCTAACAGGAGGAATTCCATGCCTATGTCATG

CAATGGTATTAAC 

pFF1_13A_xabABC

_kolS_txlA_gxpS 

 AT_492 GATAGGGGGTTTCTGTCGCGTTCCAAGTTTCCAATA

ACAACTTGCGCTC 

 

 

Cloning was done by transformation-associated recombination (TAR)213 in yeast and 

NEBuilder HiFi DNA Assembly Master Mix (New England Biolabs) according to the 

manufacturers’ instructions. E. coli cells were transformed with the plasmids by 

electroporation. Plasmids were verified by restriction digest or sequencing (Eurofins 

Genomics). All plasmids that were used and generated in this work are summarized in 

Supplementary Tab. 1.3. 
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Supplementary Table 1.3. Plasmids used and generated in this work. 
Plasmid Genotype Reference 

pCX2_ pXst4_pxaA 2μ ori, kanMX4, T7lac promoter, PBAD promoter, 

pBR322 ori, KanR, G418, pxaA_C1A1T1C2A2T2TE 

166 

pFF1 2µ ori, kanMX4, PBAD promoter, pCOLA ori, Ypet-Flag, 

KanR, MCS 

212 

pFF1_NRPS-1 2µ ori, kanMX4, PBAD promoter, pCOLA ori, Ypet-Flag, 

KanR, pxaA_C1A1T1C2A2T2-xtvB_R 
This work 

pAT41_NRPS-2 2µ ori, URA3, PBAD promoter, pCOLA ori, Ypet-Flag, 

KanR, xabABC_C1A1T1C2-kolS_A2T2C3-gxpS_A2T2-

xtvB_R 

This work 

pAT41_NRPS-4* 2µ ori, URA3, PBAD promoter, pCOLA ori, Ypet-Flag, 

KanR, gxpS_A1T2CE2A2T2-xtvB_R 

165 

pFF1_13A_xabABC_kol

S_txlA_gxpS 
2µ ori, kanMX4, PBAD promoter, pCOLA ori, Ypet-Flag, 
KanR, xabABC_C1A1T1C2-kolS_A2T2C3-
txlA_A3T3C4-gxpS_A5T5TE 

163 

 

Heterologous expression and extract preparation 

An overnight culture of E. coli DH10B::mtaA with the plasmid of interest was inoculated 

(1:100) into 10 mL LB medium with respective selection marker, 0.02 mg/mL L-arabinose 

for induction and 2 % (v/v) amberlite XAD-16 (Sigma-Aldrich). After 48 h at 22 °C and 

160 rpm, the XAD-16 was harvested by decanting the supernatant and incubated for 

30 min with one culture volume MeOH with 160 rpm. The organic phase was filtered and 

evaporated to dryness under reduced pressure as described previously.164 For LC/MS 

analysis, the extracts were dissolved in 1 mL MeOH and a 1:10 dilution centrifuged for 

20 min at 13.300 rpm. 

In vivo aldehyde derivatization 

The cultures for heterologous expression were supplemented with 0.5 mM PFBHA.214  

LC/MS analysis 

All measurements were carried out as described previously165 by using an UltiMate 3000 

liquid chromatography (LC) system (Dionex) on a C18 column (ACQUITY UPLC BEH, 

1.7 µm, 2.1mm*100 mm (Waters); gradient of acetonitrile (ACN)/0.1 % formic acid in 

H2O/0.1 % formic acid, 5 % to 95 %, 15 min, flow rate 0.4 mL/min) coupled to an 
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AmaZonX electrospray ionization (ESI)-ion trap-MS (Bruker). For HR-MS, an Impact II 

ESI-quadrupole orthogonal time of flight-MS (Bruker) with internal 10 mM sodium 

formate calibrant was used. The software DataAnalysis 4.3 (Bruker) was used to evaluate 

the measurements. The software MetaboliteDetect 2.1 (Bruker) was used to calculate 

differences in chromatograms. 

Stable isotope labelling 

Stable isotope labelling53 was carried out in 5 mL 13C or -15N medium (20 g/L 

ISOGRO-13C or -15N powder (Sigma-Aldrich), 1.8 g/L K2HPO4, 1.4 g/L KH2PO4, 1 g/L 

MgSO4, 10 mg/L CaCl2, pH 7.0 in water) under cultivation conditions as mentioned above. 

The overnight culture was washed in 13C respectively -15N medium before inoculation. 

Feeding experiments in 13C- or 15N medium were supplemented with 2 mM 12C-L-AAs. 

Peptide purification 

Peptides were isolated from extracts of 4 L E. coli DH10B::mtaA cultures using a 1260 

Infinity II LC system on a phenyl hexyl column (Kinetex; 5µm Phenyl Hexyl 100 Å, 

AXIA Packed LC Column 250 x 21.2 mm; gradient of ACN/0.1 % formic acid in 

H2O/0.1 % formic acid, 35 % to 45 %, 22 min, flow rate 20 mL/min) coupled to a G6125B 

LC/mass selective detector ESI-MS (Agilent). 

NMR analysis 

NMR analysis was performed by Yi-Ming Shi (Goethe-university Frankfurt) on an 

AVANCE III HD 500 MHz spectrometer (Bruker) using DMSO-d6 as solvent. 

Sequence alignment 

Multiple protein sequence alignments were prepared with the Clustal Omega algorithm 

(European Bioinformatics Institute)215 and visualized with Geneious 6.1.7 (Biomatters). 

Homology modelling 

Homology modelling was carried out using the software MOE 2016 (Chemical Computing 

Group).  
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Chemical synthesis 

Chemical synthesis of the peptide aldehyde was performed in a Syro Wave peptide 

synthesizer (Biotage) using 100 mg (21 µmol) H-Leu-H NovaSyn TG resin 

(Sigma-Aldrich) as described by Schilling et al.216  

For AA coupling, 6 eq. fluorenylmethoxycarbonyl (Fmoc)-L-Ala respectively 6 eq. 

Fmoc-L-Pro (Iris Biotech, c = 0.2 M) in dimethylformamide (DMF), 

6 eq. O-(6-chlorobenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate 

(HCTU, Carl Roth, c = 0.54 M) in DMF and 12 eq. N,N-diisopropylethylamine (DIPEA, 

Iris Biotech, c = 2.4 M) in N-methylpyrrolidone (NMP) were used. The Fmoc protection 

group was cleaved with 40 % piperidine (Iris Biotech) in NMP and 20 % piperidine in 

NMP. The resin was washed after every coupling and deprotection step with NMP and 

finally with dichlormethane (DCM). 

Fatty acid coupling was performed as described previously with 10 eq. butyric acid, 10 eq. 

O-(7-azabenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate (HATU, 

Carbolution Chemicals), 10 eq. 1-hydroxy-7-azabenzotriazole (HOAt, Carbolution 

Chemicals) and 20 eq. DIPEA in DMF over night at 37 °C.163 

The peptide was washed extensively with DCM, cleaved from the resin with 2 mL of 

79.95 % ACN/20 % water/0.05 % trifluoro acetic acid (v/v/v) overnight as described by 

Schilling et al.216 and evaporated to dryness under reduced pressure.  
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6.4.1.2 Supplementary data 

 
Supplementary Figure 1.1. High-resolution HPLC-MS data of 1a, 1b, 1c, 2a, 2b and 2c produced by 
PxaA and NRPS-1. A. BPC (blue) and EIC (1a, m/z [M+H]+ = 265.155; 1b, m/z [M+H]+ = 279.170 and 1c, 
m/z [M+H]+ = 293.184) after heterologous expression (induced: continuous line; non-induced: dashed line) of 
PxaA in E. coli DH10B::mtaA. The colours of the EIC chromatograms are according to the length n of the 
fatty acid side chain. B. MS2 spectra of 1a, 1b and 1c. The parental ions are depicted by red diamonds. 
C. BPC (blue) and EIC of 2a (m/z [M+H]+ = 267.170; calculated ion formula C14H23N2O3; Δppm 1.5), 
2b (m/z [M+H]+ = 281.186) and 2c (m/z [M+H]+ = 295.202) after heterologous expression (induced: 
continuous line; non-induced: dashed line) of NRPS-1 in E. coli DH10B::mtaA. The colours of the EIC 
chromatograms are according to the length n of the fatty acid side chain. D. MS2 spectra of 2a, 2b and 2c. 
The parental ions are depicted by red diamonds. 
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Supplementary Figure 1.2. Stable isotope labelling of 2a. A. High-resolution MS spectra at 6.25 min of 

HPLC-MS analysis after heterologous production of NRPS-1 in E. coli DH10B::mtaA in LB (blue), 
13C (purple) and 15N (green) media. The shifts due to stable isotope incorporation are indicated by arrows. 
B. MS2 spectra of m/z [M+H]+ = 267.17 (LB, blue), m/z [M+H]+ = 281.17 (13C, purple) and 

m/z [M+H]+ = 269.16 (15N, green). The shifts due to stable isotope incorporation are indicated by arrows and 

the parental ions by red diamonds. C. Structure and fragmentation of 2a (m/z [M+H]+ = 267.1699). 

 

 

 

Supplementary Figure 1.3. Structure of 2a. Figure prepared and provided by Yi-Ming Shi (Goethe-

university Frankfurt). 
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Supplementary Table 1.4. 1H (500 MHz) and 13C (125 MHz) NMR spectroscopic data for compound 2a in 
DMSO-d6 (δ in ppm). Table prepared and provided by Yi-Ming Shi (Goethe-university Frankfurt). 

# 
2a 

δH
 δC

 

1  158.8 

2  134.8 

3 5.99 (s) 111.4 

4 5.80 (s) 73.4 

5 3.66 (m) 60.1 

6 1.70 (m) 

1.94 (m) 

27.6 

7 1.85 (m) 

1.70 (overlap) 

22.1 

8 3.33 (m) 45.7 

1’  171.7 

2’ 2.45 (m) 

2.56 (m) 

34.0 

3’ 1.49 (m) 24.4 

4’ 1.22 (m) 30.8 

5’ 1.22 (m) 22.0 

6’ 0.82 (t, 7.0) 13.9 
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Supplementary Figure 1.4. 1H NMR spectra of 2a. Figure prepared and provided by Yi-Ming Shi (Goethe-

university Frankfurt). 

 

Supplementary Figure 1.5. 13C NMR spectra of 2a. Figure prepared and provided by Yi-Ming Shi 

(Goethe-university Frankfurt). 
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Supplementary Figure 1.6. HSQC spectra of 2a. Figure prepared and provided by Yi-Ming Shi (Goethe-

university Frankfurt). 

 

Supplementary Figure 1.7. HMBC spectra of 2a. Figure prepared and provided by Yi-Ming Shi (Goethe-

university Frankfurt). 
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Supplementary Figure 1.8. COSY spectra of 2a. Figure prepared and provided by Yi-Ming Shi (Goethe-

university Frankfurt). 
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Supplementary Figure 1.9. High-resolution HPLC-MS data of 3a and 3b. A. BPC (orange) after 
heterologous expression (induced: continuous line; non-induced: dashed line) of NRPS-2 in E. coli 
DH10B::mtaA (I) without and (II) with PFBHA. B. EIC of 3a (blue; m/z [M+H]+ = 354.239; calculated ion 
formula C18H32N3O4; Δppm 0.5) and 3b (green; m/z [M+H]+ = 549.248; calculated ion formula 
C25H34F5N4O4; Δppm 1.0) and MS2 spectra of (I), (II) and (III) chemical standard (calculated ion formula 
C18H32N3O4; Δppm 0.4). The parental ions are depicted by red diamonds. C. Structure and fragmentation of 
3a and 3b.  
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Supplementary Figure 1.10. Stable isotope labelling of 3b. A. High-resolution MS spectra at 10.0 min of 
HPLC-MS analysis after heterologous production of NRPS-2 in E. coli DH10B::mtaA in LB (blue), 
15N (green) and 13C (purple) media with or without addition of 12C AAs. The shifts due to stable isotope 
incorporation are indicated by arrows. B. Structure of 3b. The PFBHA-derived moiety (red) contains 12C and 
14N isotopes and is therefore not considered in the analysis of stable isotope labelling experiments. 
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Supplementary Figure 1.11. Similarities of C domains. Heatmap of the Clustal Omega alignment 
(Supplementary Fig. 1.12) of PxaA_C2 (1) and other C domains which are further specified in 
Supplementary Tab. 1.5. Shown is the pairwise identity (white, low identity; dark grey, high identity). 

 

 

Supplementary Table 1.5. Overview of C domains for PxaA sequence alignment. Number and subclass 

of C domain, respective NRPS, organism and the sequence accession number. Further abbreviations are: 

XtpS, Xenotetrapeptide-producing synthetase; PAX, PAX peptide-producing synthetase; XfpS, 

Xefoampeptide-producing synthetase; TxlS, Taxlllaid-producing synthetase; XnmS, Xenematid-producing 

synthetase; BacA, bacitracin-producing synthetase and HMWP, yersiniabactin-producing synthetase. 

# C domain NRPS organism accession number 

1 C2 PxaA X. stockiae DSM 17904 WP_099124966 

2 C2 BraB Pseudomonas strain SH-C52 WP_084213812 

3 C5 NocB N. uniformis subsp. tsuyamanensis AAT09805 

4 LCL2 LgrA B. brevis ATCC 8185 PDB-ID 6MFY 

5 LCL2 PAX X. stockiae DSM 17904 WP_099124752 

6 LCL4 PAX X. stockiae DSM 17904 WP_099124752 

7 LCL2 XabS X. stockiae DSM 17904 WP_099124276 

8 C/E2 GxpS X. stockiae DSM 17904 WP_099123840 

9 C/E2 XtpS X. nematophila ATCC 19061 WP_013184203 

10 C/E5 PAX X. stockiae DSM 17904 WP_099124752 

11 C/E5 XabS X. stockiae DSM 17904 WP_099124276 

12 DCL5 LgrB B. brevis ATCC8185 Q70LM6 

13 DCL6 TxlS X. bovienii SS-2004 WP_080515938 

14 DCL2 XnmS X. mauleonii DSM 17908 WP_092509235 

15 DCL2 XfpS X. bovienii SS-2004 WP_041573262 

16 Cy1 BacA B. licheniformis ATCC 10716 WP_020452079 

17 Cy1 HMWP2 X. szentirmaii DSM 16338 WP_038233793 

18 Cy3 HMWP1 X. szentirmaii DSM 16338 WP_038233794 

 

 

# 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

1 31.4 18.4 15.2 16.6 16.3 15.8 17.8 18.0 16.5 16.6 21.7 16.1 15.2 16.6 14.2 12.3 11.7

2 31.4 19.7 16.7 19.0 17.6 19.6 18.2 18.3 17.6 18.7 22.8 19.3 18.0 18.7 13.7 12.2 12.6

3 18.4 19.7 19.0 22.7 22.9 22.4 24.0 23.8 23.3 24.2 30.7 23.9 24.7 24.7 13.0 13.7 13.6

4 15.2 16.7 19.0 27.3 27.2 25.2 16.6 17.3 14.7 17.0 20.4 15.4 16.3 16.7 13.5 13.6 12.3

5 16.6 19.0 22.7 27.3 65.1 53.4 20.5 19.1 17.9 20.0 23.5 21.6 23.0 19.2 17.4 17.9 16.2

6 16.3 17.6 22.9 27.2 65.1 54.7 19.4 17.7 16.5 19.5 21.6 20.0 21.4 19.7 15.4 16.3 15.9

7 15.8 19.6 22.4 25.2 53.4 54.7 18.3 18.7 16.8 19.3 21.1 18.8 19.0 18.1 14.9 14.8 14.6

8 17.8 18.2 24.0 16.6 20.5 19.4 18.3 43.0 40.4 81.6 26.0 20.8 22.2 21.1 14.0 14.5 13.0

9 18.0 18.3 23.8 17.3 19.1 17.7 18.7 43.0 49.8 45.2 26.3 17.8 18.4 19.5 15.2 13.8 13.3

10 16.5 17.6 23.3 14.7 17.9 16.5 16.8 40.4 49.8 42.5 24.3 18.1 17.6 18.2 14.0 14.3 14.5

11 16.6 18.7 24.2 17.0 20.0 19.5 19.3 81.6 45.2 42.5 25.1 20.6 21.0 20.1 14.9 12.4 13.0

12 21.7 22.8 30.7 20.4 23.5 21.6 21.1 26.0 26.3 24.3 25.1 28.0 27.3 25.1 17.2 15.7 17.1

13 16.1 19.3 23.9 15.4 21.6 20.0 18.8 20.8 17.8 18.1 20.6 28.0 71.7 36.9 13.3 12.5 14.5

14 15.2 18.0 24.7 16.3 23.0 21.4 19.0 22.2 18.4 17.6 21.0 27.3 71.7 37.2 13.2 13.5 13.5

15 16.6 18.7 24.7 16.7 19.2 19.7 18.1 21.1 19.5 18.2 20.1 25.1 36.9 37.2 11.6 13.2 11.5

16 14.2 13.7 13.0 13.5 17.4 15.4 14.9 14.0 15.2 14.0 14.9 17.2 13.3 13.2 11.6 30.9 26.5

17 12.3 12.2 13.7 13.6 17.9 16.3 14.8 14.5 13.8 14.3 12.4 15.7 12.5 13.5 13.2 30.9 26.1

18 11.7 12.6 13.6 12.3 16.2 15.9 14.6 13.0 13.3 14.5 13.0 17.1 14.5 13.5 11.5 26.5 26.1
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Supplementary Figure 1.12. Sequence alignment and homology model of PxaA_C2. Extracted Clustal 
Omega alignment of different C domains which are further specified in Supplementary Tab. 1.5. Highlighted 
are disagreements to the consensus sequence (upper line) in AA polarity colour (red, DE; green, CNQSTY; 
yellow, AFGILMPVW; blue, HKR). A. Region of the catalytic His-motif of C domains. The position of 
His1208 of PxaA_C2 (1) is highlighted by an arrow. B. Region within the C-terminal floor loop of 
C domains. The position of His1343 of PxaA_C2 (1) is highlighted by an arrow. C. Ribbon diagram of 
homology model (RMSD = 13.8 Å) of PxaA_C2 from X. stockiae based on LgrA_C2 from B. brevis 
(PDB-ID 6MFY)85 with N-terminal CDsub (black) and C-terminal CAsub (grey) subdomains. The catalytic triad 
with His1208 is highlighted in green and His1343 in blue.  
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6.4.2 Investigation of ATReds in Xenorhabdus 

6.4.2.1 Material and methods 

Strains 

Xenorhabdus strains were grown in liquid or solid LB medium at 30 °C. All strains that 

were used in this work are summarized in Supplementary Tab. 2.1.  

Supplementary Table 2.1. Strains used and generated in this work. 
Strain Genotype Reference 

X. bovienii SS-2004 WT DSMZ 

X. budapestensis DSM 16342  DSMZ 

X. cabanillasii DSM 17905  DSMZ 

X. cabanillasii JM26  217 

X. hominickii DSM 17903  DSMZ 

X. indica DSM 17382  DSMZ 

X. innexi DSM 16336  DSMZ 

X. khoisanae DSM 25463  DSMZ 

X. kozodoi DSM 17907  DSMZ 

X. mauleonii DSM 17908  DSMZ 

X. miraniensis DSM 17902  DSMZ 

X. nematophila ATCC 19061  ATCC 

X. poinarii DSM 4768  DSMZ 

X. stockiae DSM 17904  DSMZ 

X. szentirmaii DSM 16338  DSMZ 

X. szentirmaii US  217 

X. vietnamensis DSM 22392  DSMZ 

Xenorhabdus sp. KJ12.1  218 

Xenorhabdus sp. KK7.4  212 

Xenorhabdus sp. PB62.4  219 
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Extract preparation and LC/MS analysis 

After 48 h of cultivation in 10 mL LB medium, 0.2 mL of the culture was diluted 1:5 in 

MeOH and centrifuged for 20 min at 13.300 rpm. For further information, please refer to 

chapter 6.4.1.1. 

Stable isotope labelling 

Please refer to chapter 6.4.1.1. 

Sequence alignment 

The software PRISM 8 (GraphPad Software) was used to prepare the heatmap. For further 

information, please refer to chapter 6.4.1.1. 

Homology modelling 

Please refer to chapter 6.4.1.1.  
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6.4.2.2 Supplementary data 

Supplementary Table 2.2. Overview of ATReds from Xenorhabdus. Organism, ATRed encoding gene 

and the sequence accession number when available. The presence of an mbtH-like gene within the gene 

cluster is indicated by a checkmark and the classification. 

# organism gene accession number mbtH subtype 

1 M. tuberculosis H37 Rv Mtub nrp PDB-ID 4DQV   

2 S. aurantiaca SG15A Saur mxaA PDB-ID 4U7W   

3 X. khoisanae DSM 25463 Xkho 03561 WP_047964749  2 

4   03948 KMJ43401  1 

5 Xenorhabdus sp. KK7.4 Xkk 01108 WP_099122076  2 

6   02190 PHM51946  1 

7 X. bovienii SS-2004 Xbov 00464 WP_012987143  1 

8 X. cabanillasii DSM 17905 XcabDSM 01493 WP_115826099  1 

9   03579 WP_115827345  3 

10 X. poinarii DSM 4768 Xpoi 02758 WP_084717361  1 

11 X. nematophila ATCC 19061  Xnem 00646 WP_010848042  1 

12   01475 WP_041977370  2 

13   01561 WP_013183919  3 

14 X. miraniensis DSM 17902 Xmir 01976 PHM48830  1 

15 X. vietnamensis DSM 22392 Xvie 00828 WP_086108296  1 

16   03245 WP_086110177  3 

17 Xenorhabdus sp. KJ12.1 Xkj 01708 PHM70463  1 

18   02365 WP_099110217  2 

19 X. stockiae DSM 17904 Xsto 02049 WP_099124989  2 

20   03518 PHM63926  1 

21 X. cabanillasii JM26 XcabJM 01329 WP_038269276  3 

22   03628 WP_038260646  1 

23 X. indica DSM 17382 Xind 00627 n/a  1 

24   01729 WP_047678938  3 

25 Xenorhabdus sp. PB62.4 Xpb 01459 n/a  1 

26 X. innexi DSM 16336 Xinn 00707 WP_086953644  3 

27   02671 WP_086954558  1 

28   02976 WP_086953155  2 

29 X. szentirmaii DSM 16338 XszeDSM 01262 WP_038240738  1 

30   03484 WP_051462298  2 

31 X. mauleonii DSM 17908 Xmau 04014 WP_092511953  1 

32   04297 WP_092514341  2 

33 X. szentirmaii US XszeUS 00630 WP_038234872  1 

34   03375 WP_038240738  2 

35 X. kozodoi DSM 17907 Xkoz 00716 PHM74478  1 

36 X. budapestensis DSM 16342 Xbud 02951 WP_099136729  3 

37   03352 WP_099137116  1 

38 X. hominickii DSM 17903 Xhom 01101 WP_069317741  1 
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Supplementary Figure 2.1. Sequence alignment of ATReds from Xenorhabdus strains. Extracted Clustal 
Omega alignment of Nrp_R,118 MxaA_R116 and 36 ATRed sequences from 20 Xenorhabdus strains which are 
further specified in Supplementary Tab. 2.2. Highlighted are disagreements to the consensus sequence (upper 
line) in AA polarity colour (red, DE; green, CNQSTY; yellow, AFGILMPVW; blue, HKR). A. The position 
of His736 in ATRedxind01729 (24.) and Leu130 in MxaA_R (1.) is indicated by an arrow. B. The position of 
Gln813 in ATRedxind01729 and Lys253 (24.) in MxaA_R (1.) is indicated by an arrow. 
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Supplementary Figure 2.2. High-resolution HPLC-MS data of 4a and 4b produced by Xenorhabdus 
WT strains. Left. BPCs (purple) in continuous lines and EICs of 4a (green, m/z [M+H]+ = 261.138) and 

4b (blue, m/z [M+H]+ = 193.169) in dashed lines (4-fold increased intensity except for B) after cultivation of 

A. X. innexi DSM 16336 (calculated ion formula C12H21N2; Δppm -0.3), B. X. indica DSM 17382 (calculated 

ion formula C18H17N2; Δppm -0.1), C. X. cabanillasii JM26 (calculated ion formula C18H17N2; Δppm -0.5), 

D. X. vietnamensis DSM 22392 (calculated ion formula C18H17N2; Δppm 0.8), E. X. nematophila 

ATCC 19061 (calculated ion formula C18H17N2; Δppm -0.2) and F. X. cabanillasii DSM 17905 (calculated 

ion formula C18H17N2; Δppm -0.1). Right. Corresponding MS2 spectra of 4a and 4b, respectively. The 

parental ions are depicted by red diamonds. 
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Supplementary Figure 2.3. Stable isotope labelling of 4b. High-resolution MS spectra at 9.5 min of 
HPLC-MS analysis of X. innexi in LB (blue), 15N (green) and 13C (purple) media with or without addition of 
12C AAs. The shifts due to stable isotope incorporation are indicated by arrows 

 



Attachments 

268 
 

 
Supplementary Figure 2.4. Homology model of ATRedxind01729_R based on MxaA_R. ATRedxind01729_R 
from X. indica (green) and MxaA_R from S. aurantiaca (grey; PDB-ID 4U7W)116 share a pairwise identity 
of 28.2 % and the homology model has an RMSD of 0.8 Å. Important residues and the NADPH cofactor are 
highlighted as in Fig. 10B. 
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Supplementary Figure 2.5. Similarities of ATRed sequences from Xenorhabdus. Heatmap of the Clustal 
Omega alignment (Supplementary Fig. 2.1) of RNRP,118 MxaA_R116 and 36 ATReds from Xenorhabdus which 
are further specified in Supplementary Tab. 2.2. Shown is the pairwise identity (white, low identity; dark 
grey, high identity) in [%]. 
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