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SUMMARY 

Non-ribosomal peptide synthetases (NRPSs) are known for their capability to 

produce a wide range of natural compounds and some of them possess interesting 

bioactivities relevant for clinical application like antibiotics, anticancer, and 

immunosuppressive drugs. The diverse bioactivity of non-ribosomal peptides (NRPs) 

originates from their structural diversity, which results not only from the incorporation 

of non-proteinogenic amino acids into the growing peptide chain, but also the 

formation of heterocycles or further peptide modifications like methylation, 

hydroxylation and acetylation. 

The biosynthesis of NRPs is achieved via the orchestrated interplay of distinct 

catalytic domains, which are grouped to modules that are located on one or more 

polypeptide chains. Each cycle starts with the selection and activation of a specific 

amino acid by the adenylation (A) domain, which catalyzes the aminoacyl adenylate 

formation under ATP consumption. This activated amino acid is then bound via a 

thioester bond to the 4’-phosphopantetheine cofactor (PPant-arm) of the following 

thiolation (T) domain. Before substrate loading, the PPant-arm is post-translationally 

added to the T domain by a phosphopantetheinyl transferase (PPTase), which 

converts the inactive apo-T domain in its active holo-form. In the last step of the 

catalytic cycle, two T domain bound peptide building blocks are connected by the 

condensation (C) domain, resulting in peptide bond formation and transfer of the 

nascent peptide chain to the following module. Each catalytic cycle is performed by a 

C-A-T elongation module until the termination module with a C-terminal thioesterase 

(TE) domain is reached. Here, the peptide product is released by hydrolysis or 

intramolecular cyclisation. 

In comparison to single-protein NRPSs, where all modules are encoded on a single 

polypeptide chain, multi-protein NRPS systems must also maintain a specific module 

order during the peptide biosynthesis. Therefore, small C-terminal and N-terminal 

communication-mediating (COM) domains/docking domains (DD) were identified in 

the C- and N-terminal regions of multi-protein NRPSs. It was shown that these 

domains mediate specific and selective non-covalent protein-protein interaction, even 

though DD interactions are generally characterized by low affinities. 



SUMMARY 
 

IX 
 

The first publication of this work focuses on the Peptide-Antimicrobial-Xenorhabdus 

peptide-producing NRPS called PaxS, which consists of the three proteins PaxA, 

PaxB and PaxC. Here, in particular the trans DD interface between the C-terminal 

attached DD of PaxB and N-terminal attached DD of PaxC was structurally 

investigated and thermodynamically characterized by isothermal titration calorimetry 

(ITC), yielding a dissociation constant (KD) of ~25 µM, which is a DD typical affinity 

known from further characterized DD pairs. The artificial linking of the PaxB/C C/NDD 

pair via a glycine-serine (GS) linker facilitated the structure determination of the DD 

complex by solution nuclear magnetic resonance (NMR) spectroscopy. In 

comparison to known docking domain structures, this DD complex assembles in a 

completely new fold which is characterized by a central α-helix of PaxC NDD wrapped 

in two V-shaped α-helices of PaxB CDD. 

The first manuscript of this work focuses on the application of synthetic zippers (SZ) 

to mimic natural docking domains, enabling the easy assembly of NRPS building 

blocks encoded on different plasmids in a functional way. Here, the high-affinity 

interaction of SZs unambiguously defines the order of the synthetases derived from 

single-protein NRPSs in the engineered NRPS system and allows the recombination 

in a plug-and-play manner. Notably, the SZ engineering strategy even facilitates the 

functional assembly of NRPSs derived from Gram-positive and Gram-negative 

bacteria. Furthermore, the functional incorporation of SZs into NRPS modules is not 

limited to a specific linker region, so we could introduce them within all native NRPS 

linker regions (A-T, T-C, C-A). 

The second publication and the second manuscript of this thesis again focus on the 

multi-protein PaxS, in particular on the trans interface between the proteins PaxA and 

PaxB on a molecular level by solution NMR. Therefore, the PaxA CDD adjacent T 

domain was included into the structural investigation besides the native interaction 

partner PaxB NDD. Before a three-dimensional structure could be obtained from NMR 

data, the NH groups located in the peptide bonds had to be assigned to the 

respective amino acids of the proteins (backbone assignment). Based on these 

backbone assignments, the secondary structure of PaxA T1-CDD and PaxB NDD in 

the absence and presence of the respective interaction partner were predicted. 

The structural and functional characterization of the PaxA T1-CDD:PaxB NDD complex 

is summarized in manuscript two. The thermodynamic analysis of this complex by 
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ITC determined a KD value of ~250 nM, whereas the discrete DDs did not interact at 

all. The high-affinity interaction allowed to determine the solution NMR structure of 

the PaxA T1-CDD:PaxB NDD complex without the covalent linkage of the interaction 

partners and an extended docking domain interface could be determined. This 

interface comprises on the one hand α-helix 4 of the PaxA T1 domain together with 

the α-helical CDD, and on the other hand the PaxB NDD, which is composed of two α-

helices separated by a sharp bend. 

In an additional chapter the PaxB/C trans interface of the first publication 1 is 

analyzed with regard to the question if this DD interface is also extended by regions 

of the T domain. In contrast to the docking domains between PaxA and PaxB, the 

PaxB/C DD pair assembles in a stable DD complex even if the adjacent T domain is 

not present. Nonetheless, ITC measurements determined a 25-fold increased affinity 

(~1 µM) if the CDD flanking T domain was included into the analyses. The structural 

investigation of this PaxB T4-CDD:PaxC NDD complex by solution NMR was not 

successful because it was not possible to assign most of the backbone amide signals 

to the respective amino acids. However, based on the incomplete chemical shift 

assignment, the secondary structure could be predicted for the unbound and bound 

PaxB T4-CDD. Further NMR titration experiments imply large chemical changes for 

residues located in the T domain α-helix 4, which gives a first hint to that also the 

PaxB/C DDs possess an extended interface. 
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ZUSAMMENFASSUNG 

Nicht‐ribosomale Peptidsynthetasen (NRPSs) sind für die Biosynthese einer Vielzahl 

von Naturstoffen verantwortlich, welche teilweise Bioaktivitäten aufweisen, die 

insbesondere für die klinische Anwendung interessant sind wie bspw. Antibiotika, 

Medikamente gegen Krebs und Immunsuppressiva. Die strukturelle Vielfalt von nicht-

ribosomalen Peptiden (NRPs) ist hierbei nicht nur auf die proteinogenen 

Aminosäuren beschränkt, sondern es können darüber hinaus auch nicht-

proteinogene Aminosäuren eingebaut werden. Außerdem sorgen die Ausbildung von 

Heterocyclen und die Modifizierung des Peptides durch Methylierungen, 

Hydroxylierungen und Acetylierungen für eine zusätzliche strukturelle Diversität. 

Die Biosynthese von nicht-ribosomalen Peptiden wird hierbei durch das geregelte 

Zusammenspiel voneinander unabhängiger katalytischer Domänen realisiert, die zu 

Modulen zusammengefasst und auf einem oder mehreren Proteinen lokalisiert sind. 

Jeder katalytische Zyklus startet mit der Auswahl und Aktivierung einer spezifischen 

Aminosäure unter Bildung eines Aminoacyladenylates und dem Verbrauch von ATP 

durch die Adenylierungsdomäne (A). Die aktivierte Aminosäure wird dann über einer 

Thioesterbindung mit dem 4′‐Phosphopantethein (PPant)-Kofaktor der 

darauffolgenden Thiolierungsdomäne (T) verknüpft. Bevor die T-Domäne das 

Substrat jedoch binden kann muss diese zuerst mit dem PPant-Kofaktor 

posttranslational modifiziert werden, wodurch die Domäne durch die 

Phosphopantetheinyl-Transferase vom inaktiven apo- in den aktiven holo-Zustand 

überführt wird. Der letzte Schritt eines Biosynthesezykluses umfasst die Ausbildung 

der Peptidbindung durch die Kondensationsdomäne (C) zwischen zwei T-Domänen 

gebundenen Bausteinen, wodurch gleichzeitig die wachsende Peptidkette auf das 

darauffolgende Modul übertragen wird. Die katalytischen Zyklen werden in der Regel 

durch sogenannte C-A-T Elongationsmodule durchgeführt, bis das finale Produkt die 

C-terminale Thioesterasedomäne (TE) im Terminationsmodul erreicht, von welcher 

das Peptid durch Hydrolyse abgespalten oder durch einen intramolekularen 

Ringschluss abgelöst wird. 

Im Vergleich zu NRPSs, bei welchen alle Module auf einem Protein lokalisiert sind, 

müssen auch NRPS aus mehreren einzelnen Proteinen eine definierte Modulabfolge 

während der Peptidbiosynthese gewährleisten um einen Naturstoff mit einer 
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spezifischen Aminosäureabfolge zu synthetisieren (Kolinearität). Dafür sind an den 

C- und N-Termini von multi-protein NRPS sogenannte communication-mediating 

(COM) domains/ docking domains (DD) ausgebildet, die durch nicht-kovalente 

Interaktionen für eine spezifische und selektive Proteinassemblierung unumgänglich 

sind, auch wenn diese häufig nur eine sehr geringe Affinität zueinander besitzen. 

Trotz der Tatsache, dass die meisten NRPSs aus mehreren Proteinen aufgebaut 

sind, ist das strukturelle Wissen über DDs bisher sehr eingeschränkt, weshalb die 

Durchführung weiterer Studien, die sich mit der strukturellen Aufklärung dieser trans-

Interaktionsflächen und deren zugrundeliegenden Mechanismen beschäftigen, 

unerlässlich ist. Des Weiteren war bisher die Anwendung von DDs als Engineering-

Werkzeuge durch deren geringe Affinität limitiert, was in Theorie durch die 

Verwendung synthetischer und hoch-affiner DDs überwunden werden könnte. 

Die erste Publikation mit dem Titel „A new docking domain type in the Peptide-

Antimicrobial-Xenorhabdus peptide producing nonribosomal peptide synthetase from 

Xenorhabdus bovienii“ befasst sich mit der PAX-Peptid produzierenden Synthetase 

(PaxS), die sich aus den drei Proteinen PaxA, PaxB und PaxC zusammensetzt. 

Besonderes Augenmerk wurde in dieser Untersuchung auf die Interaktionsfläche 

zwischen der C-terminalen DD (CDD) von PaxB und der N-terminalen DD (NDD) von 

PaxC gelegt, welche strukturell charakterisiert wurden. Durch die thermodynamische 

Analyse mittels isothermer Titrationskalorimetrie (ITC) konnte darüber hinaus eine 

Dissoziationskonstante (KD) von ~25 µM bestimmt werden. Die artifizielle 

Verknüpfung des PaxB/C N/CDD-Paares mittels eines Glycin-Serin-Linkers 

ermöglichte die Strukturaufklärung des Proteinkomplexes in Lösung durch 

Kernspinresonanzspektroskopie (NMR). Im Vergleich zu bekannten DD-Strukturen 

zeichnet sich die gelöste Komplexstruktur durch ein komplett neues Faltungsmuster 

aus, in dem eine zentrale PaxB NDD α-Helix von zwei in einem V-angeordneten 

PaxB CDD α-Helices umhüllt ist. Neben der Strukturanalyse beider DD im 

gebundenen Zustand wurden diese ebenfalls im ungebundenen Zustand mittels 

NMR untersucht, um die aus der Interaktion resultierenden strukturellen 

Veränderungen nachzuweisen. Die PaxB CDD wies in der Abwesenheit des 

Bindungspartners bspw. lediglich eine α-Helix am C-Terminus auf, wohingegen die 

übrigen Aminosäuren in einem intrinsisch ungeordneten Bereich lokalisiert sind. In 

diesem Bereich bildet sich während der Proteininteraktion eine zweite α-Helix aus. 

Die PaxC NDD setzt sich hingegen unabhängig vom Interaktionsstatus immer aus 
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einer α-Helix zusammen. Auf molekularer Ebene konnte nachgewiesen werden, dass 

der DD-Komplex durch die Kombination von hydrophoben Wechselwirkungen, 

Salzbrücken und Wasserstoffbrückenbindungen stabilisiert ist. Bei dieser NMR-

Struktur handelt es sich erst um die zweite aufgeklärte DD-Struktur eines NRPS-

Systems. 

Das erste Manuskript dieser Arbeit beschäftigt sich mit der Anwendung von 

synthetischen Zippern, welche natürliche DD imitieren und so die funktionale 

Assemblierung von NRPS-Bausteinen, die auf verschiedenen Plasmiden kodiert 

sind, ermöglichen. Durch die hohe Affinität der synthetischen Zipper wird die 

Reihenfolge der kombinierten Synthetasen eindeutig definiert, wodurch der 

Austausch einzelner NRPSs per Plug-and-Play möglich ist. Dabei konnten sogar 

Synthetasen aus Gram-negativen Bakterien mit Synthetasen aus Gram-positiven 

Bakterien funktional kombiniert werden. Des Weiteren wurde nachgewiesen, dass die 

Position zum Einfügen der synthetischen Zipper nicht auf einen spezifischen Linker-

Bereich beschränkt, sondern in allen Linker-Bereichen (A-T, T-C, C-A) möglich ist. 

Durch die Verwendung mehrerer heterospezifischer Zipper-Paare konnten sogar 

mehr als zwei NRPS-Bausteine funktional zusammengefügt werden, wodurch eine 

strukturell diverse Peptidbibliothek samt einiger neuer Naturstoffe generiert wurde. 

Die nahezu grenzenlosen Kombinationsmöglichkeiten von NRPS-Bausteinen die auf 

verschiedenen Plasmiden kodiert sind, birgt darüber hinaus zwei weitere große 

Vorteile: erstens ist die Klonierung der relativ kleinen kodierenden NRPS-Sequenzen 

viel schneller realisiert und zweitens werden etwaige Größenlimitierungen bei der 

Translation von NRPSs im heterologen Escherichia coli-Expressionssystem 

umgangen. 

Die zweite Publikation und das zweite Manuskript dieser Arbeit beschäftigen sich 

erneut mit der zuvor eingeführten PaxS NRPS, dieses Mal jedoch aus dem 

Bakterium Xenorhabdus cabanillasii. Hierbei liegt der Fokus auf der 

Strukturaufklärung der trans-Interaktionsfläche zwischen den Proteinen PaxA und 

PaxB durch Flüssig-NMR, wobei die PaxA CDD benachbarte T-Domäne neben der 

PaxB NDD in die Untersuchung miteingeschlossen wurde. 

Bevor jedoch die dreidimensionale Struktur aus NMR-Daten berechnet werden 

konnte, mussten die chemischen Verschiebungen (chemical shifts) der 

Peptidbindungs-NH-Gruppen zunächst den jeweiligen Aminosäuren zugeordnet 
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werden. Dieser sogenannte Backbone-Assignment-Prozess ist in Publikation zwei für 

die ungebundene und gebundene PaxA T1-CDD (12 Kilodalton (kDa)) und PaxB NDD 

(3,5 kDa) beschrieben. 98,0 % aller Amid-Peptidrückgrat-NMR-Signale konnten für 

die ungebundene und gebundene PaxA T1-CDD zugeordnet werden und 96,4 % 

dieser für die beiden Bindungszustände von der PaxB NDD. Basierend auf den 

Backbone-Assignments konnte die Sekundärstruktur beider Proteine (PaxA T1-CDD/ 

PaxB NDD) in der An- und Abwesenheit des jeweiligen Bindungspartners bestimmt 

werden. Die PaxA T1-CDD ist aus vier α-Helices im ungebundenen Zustand 

aufgebaut, welche typisch für T-Domänenstrukturen sind und die CDD-Region ist 

unstrukturiert. Die ungebundene PaxB NDD weist lediglich eine α-Helix auf. Im 

gebundenen Zustand kommt es auf beiden Seiten des Proteinkomplexes zu 

strukturellen Veränderungen: erstens bildet sich eine weitere α-Helix aus 

Aminosäuren der CDD aus und zweitens ordnen sich Aminosäuren des N-Terminus 

der PaxB NDD ebenfalls in einer weiteren α-Helix an. Neben dem Backbone-

Assignment konnten auch nahezu alle Seitenkettenatome der Aminosäuren den 

jeweiligen chemischen Shifts zugeordnet werden. 

Die strukturelle und funktionelle Charakterisierung des PaxA T1-CDD:PaxB NDD-

Komplexes ist in Manuskript zwei zusammengefasst. Die thermodynamische Analyse 

dieser Interaktion mittels ITC ergab einen KD-Wert von ~250 nM, wohingegen keine 

Bindung zwischen der PaxA CDD und der PaxB NDD nachgewiesen werden konnte. 

Dies widersprach allen bisherigen Erkenntnissen über DDs, welche besagen, dass 

DDs unabhängig von ihren benachbarten Domänen miteinander interagieren und 

dabei maximal eine Affinität im niedrigen mikromolaren Bereich kennzeichnet. 

Nichtsdestotrotz konnte in weiteren NMR-Titrationsexperimenten erstmals bestätigt 

werden, dass α-Helix 4 der T-Domäne an der Interaktion zwischen der PaxA T1-CDD 

und der PaxB NDD beteiligt ist. Die hohe Affinität erlaubte es die PaxA T1-CDD:PaxB 

NDD-Komplexstruktur mittels Flüssig-NMR zu lösen ohne die Bindungspartner mittels 

eines künstlichen Linkers, wie bspw. in Publikation 1 beschrieben, kovalent zu 

verknüpfen. Dabei wurde zum ersten Mal eine erweiterte DD-Interaktionsfläche 

nachgewiesen. Diese setzt sich einerseits aus α-Helix 4 der T-Domäne sowie der 

CDD α-Helix und andererseits aus den zwei PaxB NDD α-Helices, die durch einen 

scharfen Knick voneinander getrennt sind, zusammen. Im Vergleich zu bekannten T-

Domänenstrukturen hebt sich die PaxA T1-Domäne durch eine signifikant längere α-

Helix 4 hervor, wodurch erst diese Interaktionsplattform für die PaxB NDD geschaffen 
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wird. Eine Vielzahl von Aminosäureaustauschen in der PaxB NDD und deren 

thermodynamische Analyse mittels ITC bestätigte die Struktur noch einmal auf 

molekularer Ebene. Dabei konnte nachgewiesen werden, dass das erweiterte DD-

Interface durch das Zusammenspiel von Salz-Brücken, hydrophoben 

Wechselwirkungen und Wasserstoffbrückenbindungen stabilisiert ist. 

In einem weiteren Kapitel wird beleuchtet, inwieweit die PaxB/C trans-

Interaktionsfläche der PaxS von Xenorhabdus bovienii SS-2004, deren DD-

Komplexstruktur in der ersten Publikation gelöst wurde, ebenfalls durch die CDD 

flankierende T-Domäne erweitert ist. Im Gegensatz zu den DDs von PaxA und PaxB 

ordnet sich das PaxB/C N/CDD-Paar in einem stabilen DD-Komplex an, auch wenn 

die T-Domäne nicht anwesend ist. Interessanterweise führte das Hinzufügen der C-

terminalen T-Domäne von PaxB (PaxB T4-CDD-Konstrukt) in ITC-Experimenten zu 

einer 25-fach höheren Affinität (~1 µM) im Vergleich zur Affinität der reinen DDs. 

Leider war jedoch die Strukturaufklärung des PaxB T4-CDD:PaxC NDD-Komplexes 

mittels Flüssig-NMR nicht erfolgreich, da keine ausreichenden Anzahl an NH-

chemischen Shifts der Peptidbindungen den jeweiligen Aminosäuren im Backbone-

Assignment-Prozess zugeordnet werden konnte. Dennoch konnte basierend auf den 

unvollständigen Backbone-Assignments der ungebundenen und gebundenen PaxB 

T4-CDD deren Sekundärstrukturen bestimmt werden. Die ungebundene PaxB T4-CDD 

ist aus vier T-Domänen-typischen α-Helices und einer zusätzlichen α-Helix am  

C-Terminus (PaxB CDD-Region) aufgebaut. Während der Interaktion mit der PaxC 

NDD bleibt die generelle Sekundärstruktur der T-Domäne unangetastet und lediglich 

eine weitere α-Helix wird in der PaxB CDD ausgebildet. Diese strukturellen 

Veränderungen in den DD-Bereichen gleichen denen, die bereits in Publikation 1 

veröffentlicht wurden. In zusätzlichen NMR-Titrationsexperimenten konnten jedoch 

nicht nur große chemische Shiftveränderungen für Aminosäuren der PaxB CDD, 

sondern auch für Aminosäuren die in der α-Helix 4 der T-Domäne beheimatet sind 

nachgewiesen werden. Diese vorläufigen Ergebnisse implizieren, dass auch das 

PaxB/C DD-Interface durch die T-Domäne erweitert ist. 
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I. INTRODUCTION 

1. NRPSs produce diverse natural products 

Non-ribosomal peptide synthetases (NRPSs) and polyketide synthases (PKSs), 

which possess a similar modular architecture, produce a wide range of natural 

products with a large structural and functional diversity. The biosynthesis is realized 

by enormous multi-enzyme machineries (200–2,000 kDa) harboring repeated 

functional units - denoted as modules. Each module is responsible for the 

incorporation of one specific building block in the growing peptide chain. Therefore, 

each module is equipped with a set of distinct domains with different catalytic 

functions necessary for a single chain elongation cycle until in the final step the 

peptide product is released from the NRPS assembly line, leading to the release of 

non-ribosomal peptides (NRPs). These peptides are synthesized by almost all 

bacteria, archaea and fungi and for some of them a bioactivity was determined, which 

resulted in their application as potent pharmaceuticals (antibiotics, anticancer, 

immunosuppressive), agrochemicals and veterinary agents (Fig. 1).1–3 

 

Fig. 1. Selection of marketed NRP drugs.  
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The structural complexity of these linear, cyclic or branched cyclic natural compounds 

often makes it impossible to produce them completely by chemical synthesis and 

therefore their production relies on bacterial fermentation to obtain the final product or 

a precursor molecule, which is further modified chemically. Especially the simple 

incorporation of D-amino acids, heterocyclic rings, N-methylated residues, sugar and 

fatty acid moieties, catalyzed by module incorporated domains or tailoring enzymes, 

expands the chemical diversity of natural products (NPs) and increases their 

biological activity.1,2 

Gram-negative entomopathogenic bacteria of the genus Xenorhabdus and 

Photorhabdus are known as a rich source for NRPs.4 The bioactivity testing of cell-

free culture supernatants of promoter-induced biosynthetic gene clusters in 

P. laumondii TTO1‐Δhfq and X. szentirmaii‐Δhfq mutants confirmed several known 

bioactivities5 like the quorum quenching activity of the phenylethylamides and 

tryptamides against Chromobacterium violaceum6 and the apoptosis‐inducing activity 

of the proteasome inhibitor glidobactin A.7,8 The bioactivity of further NRPs produced 

by bacteria of the genus Xenorhabdus and Photorhabdus is currently not known, but 

the NRPS clusters in these bacteria have turned out to be an excellent model to 

establish re-engineering strategies9,10 in order to gain further information in the NRPS 

assembly line arrangement.11 Especially the afore mentioned property of NRPSs to 

synthesize structurally complex peptides has driven the efforts to re-engineer these 

megaenzyme machineries and the structural insights already obtained into the NRPS 

single domain and overall domain architecture (chapter 2.2), increased our 

understanding of how NRPs are produced on molecular level. Finally, this knowledge 

could be used to develop different strategies (chapter 3) that can specifically modify 

NRPSs in a functional way. 
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2. The protein architecture of NRPSs 

 

Fig. 2. Example of a non-ribosomal peptide synthetase, producing the linear and cyclic 
xenotetrapeptide.12 The different steps of a typical NRP synthesis are displayed below and the 
respective roles of the domains during each step are explained (adapted from 13). Furthermore, for 
each adenylation domain the amino acid specificity is given as a one letter code. 

The biosynthesis of natural products by NRPSs is achieved by distinct steps in a 

catalytic cycle performed by distinct catalytic domains. These domains are in general 

grouped into modules and each of them is responsible for the incorporation of one 

amino acid building block in the nascent peptide chain. Therefore, an elongation 

module is basically equipped with a set of three domains: (I) an adenylation (A) 

domain, (II) a thiolation (T) domain also called peptidyl carrier protein (PCP) and (III) 

a condensation domain. Furthermore, the biosynthesis generally follows the 

collinearity rule, so the number of building blocks correlates with the number of NRPS 

modules. Additionally, the NRPSs’ sequential order defines the primary sequence of 

the peptide product. 
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The first step of a catalytic chain initiation or elongation cycle is mediated by the A 

domain, which is responsible for the selection and activation of an amino acid (AA) by 

the hydrolysis of adenosine triphosphate (ATP), forming an energy-rich aminoacyl-

adenylate intermediate.14 This activated AA is then tethered to the 4′-

phosphopantetheine (PPant)-arm of the downstream T domain,15 which transfers the 

building block to the C domain. The C domain catalyzes the peptide-bond formation 

between the T domain-linked activated AAs and transfers in parallel the donor 

substrate to the acceptor side.16 The final module, defined as termination module, 

often harbors a C-terminally located thioesterase (TE) domain. This domain is 

responsible for the release17 of linear, cyclic or branched cyclic peptides, after the 

transfer of the peptide chain to a serine residue positioned within a conserved Ser-

His-Asp catalytic triad has taken place.18 

To exploit the full potential of NRPSs, further tailoring enzymes can be installed 

within the NRPS machinery (acting in cis) or acting in trans on the way to the mature 

NRPS product. One example is the cyclization (Cy) domain, which replaces the core 

C domain and catalyzes the formation of 5-membered heterocyclic rings,19 namely 

oxazolines derived from serine/threonine residues and thiazolines derived from 

cysteine residues. In addition, the integration of epimerization (E) domains, located at 

the C-terminal end of modules, catalyzes the epimerization of L-amino acids to D-

amino acids which are located at the C-terminus of T domain-bound NRPs.20 Three 

further examples of tailoring enzymes are the methyltransferases (MT), responsible 

for the N- or C-methylation of amino acid residues by the transfer of the methyl group 

of its cofactor S-adenosyl methionine (SAM),21 oxidation domains, which catalyze the 

oxidation of oxazoline/thiazoline to thiazole/oxazole22, and the N-terminally located 

formyltransferase (F) domains in initiation modules, which incorporate a formyl group 

at the N-terminus of the natural product.23 

2.1. Types of NRPSs 

The potential for a diverse library of NRPs is based on the structural architecture of 

NRPSs, where distinct catalytic domains interact in an assembly line fashion. Mootz 

and colleagues24 initially classified NRPS systems into three groups with respect to 

the modular arrangement: (I) linear NRPSs (type A), (II) iterative NRPSs (type B), or 

(III) nonlinear NRPSs (type C). 
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The type A NRPSs are described as megaenzyme machineries in which the primary 

sequence of the final peptide product is unambiguously defined by the number and 

order of modules (initiation module-(elongation module(s))x-termination module) as 

previously seen for the xenotetraptide12 NRPS (Fig. 2). Further examples of this type 

A NRPSs are the tyrocidine,25 surfactin,26 bacitracin27 and cyclosporine21 

synthesizing NRPSs. An additional example of a type A NRPS is the peptide-

antimicrobial-Xenorhabdus (PAX) peptide-producing NRPS from Xenorhabdus 

nematophila HGB081,28 which will be described in detail later. 

In iterative type B NRPS modules or domains are used more than once during the 

peptide biosynthesis. Therefore, the number of modules in these NRPS systems is 

lower, compared to the number of building blocks in the final product. In the 

biosynthesis of the iron‐chelating siderophore enterobactin29 and gramicidin S30 the 

growing peptide chain, for example, is stalled on the active site serine residue of the 

C-terminal TE domain, thereby allowing preceding modules to assemble further 

building blocks until the full-length product is formed and released from the TE 

domain.31 

Nonlinear type C NRPSs on the one hand often possess modules with an atypical 

architecture in comparison to the classical domain arrangement (C-A-T) of elongation 

modules in linear type A NRPSs and on the other hand conflict with the collinearity 

rule. Two examples of type C NRPSs are the syringomycin32 and capreomycin33 

systems, in which in trans interacting di-domains (SyrB1: A-T; CmnI: T-C) deliver 

substrates (L-Thr) to modules with an unusual order [(C-A-T)8-(C-T)9] and therefore 

compensate for a missing A domain - or are loaded by a preceding A domain to 

elongate the growing peptide chain by a further building block. 

Notably, especially in the context of linear type A NRPSs, all domains can be located 

on a single polypeptide chain (all domains interact in cis) or divided on different 

polypeptide chains as seen for example in the tyrocidine, surfactin and PAX NRPSs. 

Each of these NRPS systems is composed of three polypeptide chains, which have 

to interact in trans during the peptide biosynthesis. Hahn and Stachelhaus34 

discovered short elements, denoted as “communication-mediating (COM) domains”, 

located at the C- and N-terminal ends between the tyrocidine NRPSs TycA, TycB and 

TycC, and confirmed their important role in the correct and functional assembly of 

multi-protein systems by the formation of non-covalent protein-protein interactions. 
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The accurate order of subunits is crucial also in related megaenzymes of polyketide 

synthases and it was shown that C- and N-terminal regions, called “docking domains 

(DDs)”35, are responsible for the specific protein-protein interaction. To decrypt the 

specificity achieving properties of these domains on a molecular level, structural 

analyses are indispensable. 

2.2. NRPS domains 

2.2.1. Thiolation domain/peptidyl carrier protein 

The peptidyl carrier protein or thiolation domain is the central domain of the three 

core domains (C, A, T) and has the important role of shuffling the substrates and 

peptide intermediates between different catalytic domains.13 This task is carried out 

by this 70-90 amino acids long domain, which for this purpose has to be activated 

from its inactive apo- to its active holo-form by the posttranslational modification with 

a PPant prosthetic group derived from coenzyme A (CoA).36 The PPant group is 

attached to the sidechain hydroxy group of a conserved serine residue (GGXS) within 

the T domain by a PPant-transferase (PPTase)36,37 and facilitates the T domain to 

covalently bind peptide building blocks via a thioester linkage. The T domain 

structurally benefits from this posttranslational modification, which expands the 

binding range of this domain by ~18 Å13 and allows to reach the catalytic centers of 

flanking A and C domains. 

The first structure of a T domain was solved by NMR, focusing on the third T domain 

of tyrocidine synthetase 3 (TycC). This study uncovered the general fold of T 

domains which are composed of four α-helices 1−4 arranged in a four-helical bundle. 

Compared to α-helices 3 and 4 the first two α-helices are longer and the conserved 

serine residue, to which the PPant-arm is post-translationally added, is located at the 

N-terminus of α-helix 2. All α-helices are connected by short loops except for the 

connection between α-helix 1 and α-helix 2.38 Here a long loop is installed which is 

diverse in sequence and structure as seen in the comparison of known PCP 

structures.39 

During the NRP biosynthesis, the T domain has to form transient interactions with 

adjacent A and C domains. Koglin et al.40 gave one explanation how these transient 

interactions are guided by identifying three structurally different states (apo (A), 

apo/holo (A/H), holo (H)) of a PCP domain form the tyrocidine TycC3 T domain. 

Therefore, it was assumed that this conformational switch regulates the T domain 
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interactions, but this observation was challenged by Lohman et al.39 comparing 

known T domain structures and almost entirely identifying the A/H state. 

 

Fig. 3. Structures of NRPS thiolation, adenylation, condensation, and thioesterase domains and their 
catalytic activity. (a) NMR solution structure of an NRPS extracted apo-PCP domain from the NRPS 
TycC which possesses the typical four-helical bundle arrangement of the A/H state (PDB: 1DNY). The 
conserved serine residue is labeled with an asterisk and the chemical structure of the PPant-arm is 
given, which is attached to the conserved serine residue in the active holo-state.38 (b) X-ray crystal 
structure of the “closed” A domain from the gramicidin S NRPS system in a complex with adenosine 
monophosphate (AMP; magenta), L-phenylalanine (green) and Mg2+ (blue ball). The A domain 
specificity defining residues located in the binding pocket are labeled additionally.41 (c) X-ray crystal 
structure of the free standing Vibrobactin (Vib)H condensation domain (Protein Data Bank (PDB): 
1L5A). The pseudo-dimer is composed of a N- and C-terminal domain (N-/C-lobe) and the C domain 
typical HHXXXDG (asterisk: catalytically important histidine) motif is located at the interface between 
the two domains right next to the solvent channel.42 (d) Cartoon representation of the TE domain from 
the surfactin A-producing NRPS (PDB: 1JMK). The x-ray crystal structure represents the “closed” 
conformation, in which the peptide binding pocket is surrounded by the three-helical lid region (green; 
αL1–αL3) and the catalytic triad residues (S80, H207 and D107) are highlighted as ball and stick 
models. An unordered loop region preceding the lid region is shown as a dotted line.43 

Furthermore, structural analysis of the apo- and holo-form of the terminal T domain 

(PCP7tei
44) from the teicoplanin NRPS by NMR determined highly similar structures 

(Cα root-mean-square deviation (RMSD) of 0.8 Å) and suggests that the T domain 

interactions are not driven by conformational changes during the catalytic cycle, but 

by fine structural rearrangements. The sequence alignment form PCP7 domains from 
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related glycopeptide biosynthetic NRPS systems further revealed that the C-terminal 

half following the conserved serine residue is the most diverse region of the 

compared sequences, whereas the N-terminal sequence half is highly conserved, 

leading to the assumption that especially this region composed of α-helices 2−4 are 

responsible for interdomain contacts.44 This hypothesis could be confirmed in the x-

ray crystal structure of the holo-AB3403 (C-A-T-TE) protein of an uncharacterized 

biosynthetic pathway, in which the PCP interface with the condensation domain is 

defined by α-helix 2 and the loops that precede and follow α-helix 2, comprising 

specific hydrophobic interactions and hydrogen bonds.45 The T-TE di-domain 

structure of the protein EntF from the enterobactin-producing synthetase, locked in 

an active conformation with a phosphopantetheine analog, shows as well numerous 

hydrophobic interactions between the TE and T domain, involving mainly α-helix 2 

and 3.46 

In summary, the T domain is catalytically inactive, but the described transient 

interactions with further NRPS core domains make this domain one of the key 

players of NRP biosynthesis. 

2.2.2. Adenylation domain 

The adenylation domain is responsible for the selection and activation of the correct 

substrate(s). In a canonical module (C-A-T), the A-domain is located directly 

downstream of the adjacent T domain47 and was for the first time structurally 

characterized by Conti and colleagues41, focusing on the phenylalanine‐activating 

subunit of gramicidin synthetase 1 (PheA). Here, the A domain typical large N-

terminal core domain (Acore: ~450 AAs) and the much smaller C-terminal subdomain 

(Asub: ~100 AAs) were determined, which are connected by a four residue “hinge”.48 

Co-crystallization of L-phenylalanine and AMP revealed that the N- and C-terminal 

domain are involved in the substrate recognition via a network of specific hydrogen 

bonds.41 Based on these structural insights, especially into the A domain binding 

pocket, Stachelhaus et al.49 were able to define a “specificity-conferring code” 

nowadays also known as “Stachelhaus code”. It was found out that substrate 

recognition of PheA involved ~10 amino acids residues. Stachelhaus et al. realized 

that the discovered signature sequences (A domain “code”) of cognate A domains 

could be leveraged to in silico predict A domain substrate specificity from the primary 

sequence.49 Today, this knowledge is still useful especially in the context of 

uncharacterized NRPSs, where a prediction of the final product composition can be 
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made by simply analyzing a given protein sequence derived from the gene 

sequence.50 

A domains catalyze two half-reactions: (I) ATP-dependent activation of a specific 

amino acid building block by forming an aminoacyl adenylate and (II) transfer of the 

activated-amino acid to the respective holo-T domain and covalent linkage of the 

building block via a thioester bond to the PPant-arm.51 Thus, structures of A domains 

in different functional states could be solved and it was confirmed that this two-step 

mechanism goes along with structural alterations.48 At the beginning of the A domain 

catalytic cycle an “open” conformation is assumed for NRPS A domains as seen for 

the firefly luciferase, which also belongs to the superfamily of adenylate-forming 

enzymes.52 In this conformation, the C-terminal Asub domain, previously termed as 

“lid” of the binding pocket, is separated by a large cleft from the N-terminal Acore 

domain53 by a 94° angle and the substrates (ATP, amino acid, Mg2+) can enter the 

active site. Then the adenylation reaction takes places after closing of the Asub “lid”, 

which further provides residues involved in the catalytic center.41,53 This closed 

conformation additionally protects the produced aminoacyl-adenylate from bulk 

solvent. Finally, the Asub domain rotates ~140°54,55 and allows the T domain to bind 

and the thioester bond between adenylate and the PPant-arm is formed. 

Notably, some bacterial A domains rely on the presence of MbtH-like proteins 

(MLPs), usually encoded in the gene cluster.56 These proteins bind to MLP-

dependent A domains and are necessary for their adenylation activity,57 as well as 

the efficient production of NRPs by non-ribosomal peptide synthetases. 

2.2.3. Condensation domain 

As mentioned above, C domains are responsible for peptide-bond formation, 

originally demonstrated by Stachelhaus and colleagues.16 In general, C domains are 

composed of ~450 AAs and show only low sequence homology to each other, except 

for their conserved HHXXXDG motif, which was previously shown as typical for the 

superfamily of acyltransferases like the chloramphenicol and dihydrolipoamide 

acetyltransferases.58 

The first crystal structure of a C domain identified a pseudo-dimeric configuration, in 

which a N-terminal and C-terminal subdomain, also referred to as N- and C-lobe,59 

adopt a V-shaped conformation.60 Each subdomain consists of an αβα sandwich 
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connected via a 56-residue linker composed of two α-helices. The HHXXXDG motif is 

located in a solvent channel that runs through the molecule in the interface between 

these two subdomains, which allows the access of two loaded PCP PPant-arms to 

the second histidine of the active site motif during the peptide bond formation.42 

Hereby, the ~15 Å distance of each of the C domain surfaces (N-/C-face) to the 

second histidine (HHXXXDG) ideally fits the range spanned by a PPant-arm.59 

The biochemical function of some of the amino acids, involved in the conserved 

HHXXXDG motif, was analyzed in different mutational analyses. Bergendahl et al.61 

for example tackled the catalytically important residues in a C domain of the 

tyrocidine NRPS system and could show that mutations of the second histidine 

(H147A) and aspartate (D151N) completely abolished condensation activity. With the 

first crystal structure of a free-standing NRPS C domain (VibH) in hand, Keating et 

al.42 also mutated the HHxxxDG residues H125L, H126A/E and G131L, which 

showed no (H125L) or only a minor effect (H126A/E, G131L) on product formation. 

Especially the observation made in the context of the VibH H126A/E mutants 

challenges the proposed critical role of the second histidine in the HHxxxDG motif to 

function as the general base catalyst for peptide bond formation.61 So far, all 

condensation domain structures are lacking native ligands in the active site which 

would help to reveal this mechanism. With respect to the peptide bond formation 

between two L-amino acids, C domains can be further classified as LCL domains or 

DCL domains if they are stereoselective for D-substrates as upstream donor and  

L-substrates as downstream acceptor.62 Typically, DCL domains are selective for the 

correct enantiomer and are found downstream of E domains.63 In addition,  

C domains are classified as dual condensation/epimerization (C/E) domains, which 

are DCL-catalysts that possess an intrinsic epimerase activity. Therefore, L-amino 

acids incorporated by the upstream module into the growing peptide chain are 

epimerized into D-configuration and connected with the L-residue activated by the 

module containing the C/E domain.64 

Interestingly, the C domain is not only responsible for the condensing of two amino 

acids via a peptide bond, but also contains an editing function especially on its 

acceptor site, which enables the selection of amino acids with the correct 

stereochemistry and side chain size, whereas the donor side is even more tolerant in 

its substrate spectrum.65,66 The fact that this C domain gatekeeper function is not 
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limited to the C domain itself, but also affects the specificity of the adjacent A domain 

was shown in further analyses. Meyer et al. compared the adenylation specificity of 

di- (A-PCP) and tri-domain (C-A-PCP) constructs extracted from modules of the 

microcystin NRPS system in vitro and showed that the substrate specificity of the 

adenylation reaction is reduced if the C domain was excluded from the analyses, 

whereas only the native amino acid substrates were activated (McyB: Leu; MycC: 

Arg) in the presence of the cognate C domain.67 This substrate specificity 

dependency on the C-A linkage can be structurally explained by the crystal structure 

of the Bacillus subtilis surfactin termination (SrfA-C) module. Here, Tanovic and 

colleagues68 determined an overall surface area of 1621 Å2, which is shielded by the 

A and C domains from solvent access and numerous interactions could be identified 

between residues of the Acore and C domain. Therefore, it was assumed that the C-A 

domain interface is unaffected during the catalytic cycle and a rigid catalytic C-A 

platform was proposed.68 

2.2.4. Thioesterase domain 

The non-ribosomal peptide synthesis is (in most cases, but not in fungal NRPS 

systems) terminated by a thioesterase domain, located at the C-terminal end of the 

termination module.17 Therefore, the ~280 AAs long enzyme hydrolyzes the PCP-

bound peptide chain in a two-step mechanism.69 Firstly, a serine residue, positioned 

in the active site of the TE domain, attacks the PCP-bound peptide thioester as 

nucleophile and generates an acyl-O-TE intermediate. Secondly, the TE-bound 

peptide chain is released either directly by a water molecule, functioning as an 

intermolecular nucleophile leading to a linear peptide, or by the attack of an 

intramolecular nucleophile, like the N-terminal amino group (-NH2) or the hydroxyl-

group (-OH) of a serine or threonine sidechain, producing a macrocyclic product,31 

e.g. as observed for surfactin A and tyrocidine A. The latter mechanism is most likely 

favored, highlighted by an increased proteolytic degradation resistance.63 

Mechanistic insights into the TE release mechanism eventually was obtained from 

the crystal structure of SrfTE published by Bruner et al.43 The SrfTE structure 

possesses a distinct bowl-shaped active site cavity, of which an “open” and “closed” 

conformation could be deduced. As a member of the α/β hydrolase enzyme family, a 

typical catalytic triad composed of S80, H207 and D107 could be identified in the 

active site. The active residue S80, where the acyl-O-TE intermediate is attached, 
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can easily be identified by the signature sequence GXSXG. This intermediate is 

stabilized in the oxyanion hole formed by the backbone amide group of A81 and 

amino acid V27. Also noteworthy is the detection of a three-helical lid region (αL1–

αL3), which can be folded back into the “open” conformation, allowing unrestricted 

access to the active site, whereas this cavity is only accessible by small molecules in 

the “closed” conformation.43 

2.2.5. Interdomain and intermodular linkers 

In this NRPS domain architecture overview it is also necessary to mention the 

interdomain and intermodular linker sequences as an essential module component. 

One example, showing the importance of maintaining the native interdomain linker in 

re-engineering approaches was shown by the translocation of the thioesterase 

domain of the ten-modular plipastatin synthetase to the end of internal T domains to 

generate truncated assembly lines. Only when instead of T-C linkers the T-TE linker 

was used to connect the TE domain to internal T domains, truncated branched cyclic 

or linear hepta–nonapeptides were produced. This suggests that this interdomain 

region is important for the catalytic activity of the TE domain.70 

Another study has focused on the T domain substitution effect in the single-module 

NRPS IndC from the indigoidine biosynthetic pathway of Photorhabdus luminescens. 

The exchange of the endogenous IndC T domain for natural and synthetic ones 

generated mutants that partially produced indigoidine, with higher yields even than 

the unmodified IndC, but surprisingly, the T domain exchange mutant of the closely 

related indigoidine synthetase BpsA was non-functional. It was supposed that an 

incompatible A-T or T-TE interdomain linker disrupts the domain-domain crosstalk 

and therefore different genetic constructs which include interdomain linker sequences 

of varying origin (IndC or BpsA) were analyzed. Interestingly, only if the 

bioinformatically suggested, complete A-T interdomain linker of the incoming BpsA T 

domain was included, a functional NRPS assembly line was built.71 

A recent study bioinformatically analyzed 39,804 intermodular linkers of well 

annotated and putative NRPS biosynthetic gene clusters from 39,232 bacterial 

genomes and identified a relationship between the A domain activated amino acid 

substrate and the intermodular linker between pairs of modules. Therefore, each 

module was represented by their activated amino acid substrates (An), defining an 

“A1-linker-A2” workspace. Hence, it could be determined that module pairs activating 
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the same amino acids tend to be linked by the same intermodular linkers, regardless 

of the bacterial species, which was explained by horizontal gene transfer.72 

This theoretical observation was proven in vivo in the work of Bozhüyük et al.10, in 

which A-T-C(/E) exchange units were substituted at a conserved WNATE sequence 

in the C-A linker, which maintained an intact domain connection and led to functional 

re-engineered NRPSs. 

In summary, it can be assumed that interferences in the linker regions can hinder 

module-module contacts and lead to decreased product yields or even non-functional 

NRPSs. 

2.2.6. NRPS overall domain arrangement 

During a peptide elongation cycle (Fig. 4a) the previously mentioned distinct catalytic 

domains have to interact in an orchestrated manner and only structural investigations 

of whole modules can enlighten what really happens on a molecular level during this 

process. 

The structures of a C-A-T-TE termination module for the first time showed the NRPS 

domain arrangement in a more holistic context.45,68,73 The first x-ray crystal structure 

of such a multi-domain complex of the 144 kilodalton Bacillus subtilis termination 

module SrfA-C (Fig. 4b) was solved at 2.6 Å resolution in the Essen lab.68 This 

structure captured an intermediary step of SrfA-C, characterized by a 63 Å distance 

between the C domain catalytic residue H147 and the A domain-bound substrate 

leucine, which suggested the necessity of large conformational domain 

rearrangements in the catalytic cycle. The overall structure is dominated by a huge 

C-A interface (1621 Å2) and includes a large number of residues that stabilize this 

interface. Therefore, a fixed C-A “catalytic platform” was proposed, which remains 

unaffected during the peptide elongation process. Both domains are connected via a 

32 AAs long L-shaped C-A linker, whose 11 residue long helical segment shows 

specific interactions with the ACore domain. The Asub domain is neither positioned in 

the postulated open, nor in the closed state,41 which is explained by the missing co-

substrate adenosine triphosphate and binding of which may alter the Asub orientation. 

The T domain is stalled in its apo-form due to the S1003A mutation, to which 

normally the PPant-arm is post-translationally added. Nonetheless, this apo-T 

domain structure partly covers the C domain acceptor site (downstream) and the 



INTRODUCTION 
 

14 
 

attachment of a PPant-arm with an attached aminoacyl group would allow to span the 

distance to the active site located at H147.68 

Two further termination module crystal structures of AB3403 and EntF with the same 

domain architecture were determined by Drake et al.45 from the Gulick lab. In the 

AB3403 structure (Fig. 4c), the unloaded PPant-arm is pointing into the hydrophobic 

tunnel of the C domain formed in between the C domain lobes and ends next to the 

C domain active site. PCP and C domain interactions were determined for residues 

located in the PCP helix α2 and the loops that precede and follow this helix. The 

adenylation domain is observed in the adenylate-forming conformation and the 

substrates AMP and glycine are trapped in the “closed” A domain state. In contrast to 

the observed adenylation state of AB3403, the EntF structure was solved in its 

thiolation state (thioester formation). For this purpose, a serine adenosine 

vinylsulfonamide (Ser-AVS) inhibitor was used which mimics the aminoacyl adenylate 

and is forced to react via its Michael acceptor with the pantetheine thiol of the PCP 

domain. That is why in the EntF structure the thioester-forming conformation of the A 

domain could be analyzed, but unlikely no electron density was observed for the 

thioesterase domain. It was suggested that the TE domain adopts different 

conformations in the crystal lattice, explained by the absence of a significant number 

of contacts to other catalytic domains. By comparison of the AB3403 and EntF 

structures to the SrfA-C structure, not only the TE domain positioning differs, but also 

the C-A domain interface varies due to an observed ~25° rotation of the C domain 

relative to the A domain. This observation leaves considerable room for doubt that 

the proposed C-A catalytic platform may not be as rigid as previously thought. 

Moreover, for the first time both structures provide structural evidence of 

conformational changes of the A domain, which guides the PCP domain between 

active sites of a NRPS module.74 Especially the Asub domain rotation from the 

adenylation to the thiolation state positions the PCP right next to the A domain ideally 

suited for substrate loading.45 

In a further study, the complete crystal structure of the termination module EntF, 

including the C-terminal TE domain in complex with the native MLP YbdZ and a MLP 

homolog PA2412 was solved (Fig. 4d). Again, these complex structures were trapped 

in the thioester-forming conformation by the application of a Ser-AVS inhibitor. The 

interface between the MLP and the termination module is dominated by the Acore 

domain and only minor contacts were determined between the MLP and C domain, 
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whereas no contacts could be observed neither between MLP and the Asub domain, 

nor the TE domain. Interestingly, as indicated by a low RMSD (Cα) of 0.3 Å 

comparing the MLP-free and MLP-bound A domains, MLP binding does not affect the 

A domain structure, suggesting that an activation of the A domain is not a result of 

structural alterations. Focusing on the overall module architecture, a linear domain 

arrangement is seen, in which the C domain is installed alongside the A domain 

followed by the TE domain. This TE domain orientation, stabilized by a 565 Å2 large 

interface with the Acore domain, is absolutely new in comparison to previously 

published module structures, again highlighting the dynamic character of TE domains 

in termination modules.73 

In the outstanding work of Reimer et al., all steps of the catalytic cycle of the 

formyltransferase containing F-A-PCP initiation module of the linear gramicidin 

synthetase subunit A (LgrA) could be structurally characterized, comprising x-ray 

crystal structures for the adenylation (open/closed conformation), thiolation and 

formylation state. In comparison to the formyltransferase domain, whose orientation 

stays nearly unaffected along all catalytic steps, especially the Asub and PCP 

domains undergo different conformational changes driven by numerous transient 

interactions. Interestingly, two Asub domain guided relocations of the PCP domain 

could be observed in this study: (I) the known 140° rotation of the Asub domain,75 

which transfers the PCP next to the A domain and so the activated Val-AMP can be 

tethered to the PPant-arm and (II) a 180° rotation and 21 Å movement of the Asub 

domain that flips the PCP over (75° rotation, 61 Å movement) to the F domain, where 

the formyl group from the donor cofactor formyltetrahydrofolate is attached to the 

amino group of the amino acid. Again, this work underlines the important role of the 

small (~100 AAs) Asub domain, which not only provides catalytic residues for the 

adenylation reaction,41 but also proves to be the driving force in the PCP relocation, 

enabling the PCP domain to meet different catalytic centers.76 

So far only structures of initiation and elongation modules have been solved, but 

recently also the x-ray crystal structure of a MLP-bound cross-module NRPS DhbF 

construct (MLP-A1T1C2) was solved (Fig. 4e), which for the first time contains 

domains from more than one module.77 Again, the complex was stalled in the 

thiolation state by using a Gly-AVS inhibitor and a resolution of 3.1 Å was obtained. 

Here, the PCP domain is sandwiched between the preceding A1 domain and the 
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following C2 domain, allocating on one side the A domain surface and reaching with 

its PPant-arm into the A domain active site, whereas the opposite PCP domain 

surface is packed against the C domain, docking on the C2 PCP donor binding site. 

No interactions could be detected between the A1 and C2 domains and most of the 

contacts between the A1 and PCP1 are formed between residues located in PCP 

helix α2 following the PPant-arm linked serine and A1core domain residues. However, 

also minor hydrophobic interactions are developed in the A1sub-PCP1 domain 

interface. The opposite PCP1-C2 interface, composed of the PCP back side and the 

C domain donor site, buries a 664 Å2 area and is dominated by several hydrogen 

bonds, but only if the PCP1 rotates by 180°, a catalytically relevant conformation can 

be obtained, which is necessary for the condensation reaction. For this necessary 

PCP1 rotation there is no space in the observed structure, which is why it is assumed 

that the A1 and C2 domains are separated farther, enabled through the flexible A1-

PCP1 and PCP1-C2 linkers. In addition, three-dimensional information for a multi-

modular NRPS (DhbFΔTe-MLP) was obtained by cryogenic electron microscopy (cryo-

EM) with a resolution of ∼26–29 Å, identifying a considerable flexibility in the module-

to-module conformation.77 It seems that the higher-order architecture of NRPSs is, 

other than previously suggested, rather dynamic than rigid,78 as NRPS domains are 

bouncing back and forth and functionally interact in a defined order during the NRPS 

catalytic cycle by forming transient interfaces. 

Most recently, the first di-modular NRPS structures were published focusing again on 

the linear gramicidin synthetase subunit A comprising the domain order 

F1A1T1C2A2T2Eo
2.79 In all obtained crystal structures both modules are characterized 

by a rather rigid di-domain “catalytic platform”68 (F1A1core/C2A2core), showing only 

minor changes in the F1:A1 and C2:A2 orientation. The crystal structure of the di-

module F1A1T1C2A2T2 construct (Fig. 4f) for the first time provides insight into the 

overall condensation conformation. Interestingly, in this structure the A1sub and A1core 

domains are arranged in the adenylation conformation and the T1 domain is 

positioned in parallel in the condensation conformation, which allows restarting the 

catalytic cycle, even if the peptide chain is not yet transferred to the downstream T 

domain. This double functional conformation results in a “skipping” of the T domain 
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Fig. 4. (a) Model of a NRPS peptide elongation cycle adapted from 2. Schematic representations of 
the domain-domain arrangements are given for each step of the catalytic cycle and the module 
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from the condensation directly to the thiolation step. It has to be mentioned that the 

crystal structure of a shortened F1A1T1C2A2 construct, which possesses an entirely 

different overall domain conformation, was also solved in the peptide bond forming 

conformation, thereby suggesting that different three-dimensional domain 

architectures can fulfill similar catalytic reactions. Nevertheless, in none of the 

determined structures domain positions were identified, which would allow module 1 

to take over catalytic steps of module 2, and only minimal interactions between the 

di-domains could be identified at all. This observation should enable an easy module 

swapping, where only a compatible interface between the Tn:Cn+1 domains has to be 

considered.79 

All single module and di-module structures described above highlight the overall 

flexibility in regard to domain-to-domain and module-to-module conformations and 

support the hypothesis that the biosynthesis in NRPSs works as a dynamic 

machinery and not as a rigid assembly line. 

2.3. PAX peptide-producing NRPS – an example of a multi-protein NRPS 

The peptide-antimicrobial-Xenorhabdus (PAX) peptide-producing NRPS from 

Xenorhabdus nematophila HGB081 analyzed by Fuchs et al.28 is composed of three 

proteins (PaxA/PaxB/PaxC) that harbor seven modules and interact in an 

unidirectional way which is characteristic for a type A NRPS. By a combination of 

labelling experiments and MALDI-Orbitrap MS/MS experiments, the amino acid 

comprising domains are highlighted by different colors (condensation domain (C), grey shades; 
adenylation (A) domain, raspberry; thiolation (T) domain, cyan; thioesterase (TE) domain, green; 
formyltransferase (F) domain, magenta; MbtH-like protein, orange). Before the catalytic cycle can 
start, the T domain is activated (“priming”) and transformed into its holo-form by a PPTase, which 
attaches the PPant-arm (wavy line) to a T domain internal conserved serine residue. After 
“adenylation” of the AA substrate by the A domain, the T domain is relocated next to the A domain, 
guided by an 140° Asub domain rotation, and the thioester-formation can take place, in which the 
activated AA substrate is tethered to the T domain PPant-arm “thiolation”. The PPant-arm linked 
substrate can undergo different modifications by in cis or in trans interacting tailoring enzymes. The 
substrate-loaded T domains then migrate to the acceptor site of the C domain and the peptide bond is 
formed (“upstream condensation”) and vice versa if the substrate-loaded T domain is bound to the 
donor side of the C domain (“downstream condensation”). During the condensation reaction, 
adenylation can already take place again and “skipping” directly to the thiolation step is possible. The 
C-terminally located TE domain of a termination module “releases” the peptide chain. (b) Crystal 
structure capturing the domain arrangement of an intermediary catalytic step of the SrfA-C termination 
module (PDB: 2VSQ).68 (c) Crystal structure of the termination module AB3403 (holo-form) with the A 
domain in the “closed” adenylation conformation, bound to AMP, glycine, and Mg+ (blue sphere), while 
the T domain is positioned for simultaneous upstream condensation (PDB: 4ZXI).45 (d) X-ray crystal 
structure of the MLP-bound termination module EntF possesing a linear domain arrangement (PDB: 
5JA1)73 (e) Cross-module fragment (A1PCP1C2) crystal structure of the di-modular NRPS DhbF 
trapped in the thioester formation via a mechanism-based inhibitor and bound to MLP (PDB: 5U89)77 
(f) Di-modular crystal structure of the initiation module LgrA, captured in the peptide bond forming 
conformation (PDB:6MFZ).79 
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composition of the PAX peptides was elucidated and the presence of numerous 

lysine residues was identified (Fig. 5). In addition, because of the N-terminally located 

starter C domain, a library of PAX peptides could be detected, resulting from the 

incorporation of different fatty acid moieties, which differ in length and double bond 

configuration. 

 

Fig. 5. Biosynthesis of the peptide-antimicrobial-Xenorhabdus (PAX) peptide-producing NRPS from 
Xenorhabdus nematophila HGB081. Boxed red are docking domain pairs located between the 
Proteins PaxA/B and PaxB/C. See Fig. 2 for assignment of the domain symbols. 

Although the biosynthetic gene cluster of the PAX peptide-producing NRPS is widely 

distributed in different Xenorhabdus strains, PAX peptide production was detected 

only in a small number of liquid culture extracts of these strains.4 Furthermore, the 

function of the PAX peptides has not been fully understood yet. 

Because of the amphiphilic properties (lipophilic head – fatty acid moiety; hydrophilic 

tail – lysine-rich amino acid composition) it was recently shown that PAX peptides are 

anchored in the bacterial outer membrane of the Gram-negative producer strains of 

the genus Xenorhabdus via their fatty acid moiety and present the positively charged 

lysine residues on the bacterial membrane surface. This accumulation of positively 

charged residues alters the membrane surface potential and functions as a protective 
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barrier against cytotoxic and positively charged compounds, which target the outer 

membrane of bacteria.80 

A further question of the PAX peptide biosynthesis is, how the unidirectional protein 

assembly (PaxA>PaxB>PaxC) is achieved. As known for further linear type A NRPS 

systems, N- and C-terminally located docking domains are responsible for the correct 

protein order, but to date, structural insights into this protein-protein interface, 

especially of pure NRPS systems, are limited. 

2.4. Structural aspects of natural docking elements 

In the last decades, the discovery that docking domains play an important role in the 

assembly of multi-protein NRPS and PKS systems increased the efforts to solve high 

resolution structures of these elements.11,35,81–88 This allowed for the identification of 

structurally diverse docking domain types.87 Furthermore, by employing bioinformatic 

methods, docking domains from PKS systems could be grouped into three non-

interacting phylogenetic classes, preserved via the interaction of key residues that 

are responsible for the specificity and selectivity.89 Besides the evolutionary 

relationship of docking domains, the following summary of known docking domain 

structures primarily takes structural aspects of classification into account. 

The first docking domains of class 1 (Fig. 6a/b) were identified in the modular  

6-deoxyerythronolide B synthase (DEBS) and the pikromycin (Pik)-producing multi-

protein polyketide synthase.35,81 The DEBS PKS system consists of three proteins 

DEBS1, DEBS2 and DEBS3,90 each of them being homodimers.91,92 At the very N- 

and C-terminal ends of these polypeptide chains, in trans interacting linker pairs were 

identified.93 Broadhurst et al.35 elucidated the structures of these C-/N-terminal 

elements attached to the last acyl carrier protein (ACP; related in structure and 

mechanism to T domains from NRPSs39) of DEBS2 and the first KS domain of 

DEBS3. These elements were termed as “docking domains (DDs)”, which 

functionally connect multi-protein PKSs and in the example of the erythromycin A-

synthesizing PKS system as well in a unidirectional way (DEBS1>DEBS2>DEBS3).94 

With regard to the localization of DDs at the C- or N-terminus of a polypeptide chain, 

these domains are labeled as CDD or NDD and even if the term “docking domain” 

originally referred only to PKS systems35 whereas the term “communication-

mediating (COM) domain” was used for protein-protein interacting regions in 

NRPSs,34 in the following the expression “docking domain” is used for both systems. 



INTRODUCTION 
 

21 
 

By the covalent fusion of the DEBS2 CDD (~90 amino acids) to the DEBS3 NDD 

(~35 amino acids), the proteolytic degradation during the protein purification could be 

minimized and allowed the investigation of this DD complex structure by NMR 

(Fig. 6a). The NMR solution structure confirmed the homodimeric appearance of this 

DEBS2/3 C/NDD pair, which comprises three α-helices in the DEBS2 CDDs and one 

α-helix in the DEBS NDDs. The overall structure is dominated by two four-helical 

bundles: the first is formed between α-helices 1 and 2 of the CDDs, functioning as a 

dimerization element, and the second arises from the interaction between the  

α-helices 3 of the DEBS2 CDDs and α-helices 1 of the DEBS3 NDDs, arranged in a 

coiled-coli motif burying a surface area of ~1100 Å2. Both four-helical bundles are 

connected via a 14 amino acid long stretch of highly mobile residues. Focusing on 

the dimerization and docking interface, mainly hydrophobic residues were identified, 

suggesting that the interaction within each four-helical bundle is dominated by 

hydrophobic interactions, which is further supported by a few salt bridges formed by 

charged residues.35 

Buchholz and colleagues81 focused on the DEBS related pikromycin multi-protein 

PKS system, which is composed of four proteins (PikAI–PikAIV), and were able to 

solve the crystal structure of a further class 1 DD pair (ACPdd/KSdd) connecting 

PikAIII and PikAIV by fusing them covalently (Fig. 6b). This DD complex structure 

lacks the previously introduced dimerization motif consisting of the first four-helical 

bundle and therefore just comprises the second one, composed of CDDs α-helices 3 

and NDDs α-helices 1, involved in the docking interface. Nonetheless, the coiled-coil 

packing of the DD pair and the mainly hydrophobic nature of interactions in the 

docking interface except for of a single salt bridge (D1545 of PikAIII CDD <> K17 of 

PikAIV NDD) was confirmed. Notably, because of the short distance between the 

fused DDs, the docking interaction in the PikA structure is formed by neighboring 

dimers whereas in the NMR solution structure the observed docking interaction is 

intramolecular. Even if the structural architecture looks highly similar, when 

comparing the docking domain structures of PikAIII/PikAIV and DEBS2/DEBS3, 

some aspects differ: (I) CDD helix 3 is significantly shorter (PikAIII (9-residues)/ 

DEBS2 (15-residues)) and comprises two smaller α-helices (PikA) compared to only 

one α-helix in the DEBS system and (II) the positioning of matching hydrophobic and 

polar key residues in the docking interface differs. The latter observation leads to the 
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assumption that especially mismatching charge-charge interactions prohibit the 

mixed assembly of PikAII/III and DEBS2/3 polypeptide chains. Besides structural 

aspects, binding affinities of discrete docking domains, including all CDDs and NDDs 

of the DEBS and PikA PKS systems, were determined via surface plasmon 

resonance. For all natively matching pairs KDs between 70-130 µM were measured, 

but no binding was detected if non-natively interacting DDs were analyzed.81 

Class 2 docking domains (Fig. 6c) firstly were identified in a cyanobacterial multi-

polypeptide chain PKS system producing curacin A by focusing on the interface 

between the proteins CurG/CurH and CurK/CurL. Both CDDs and NDDs are of similar 

sequence length (~40 AA), which is too short for the presence of a dimerization 

region in the CDD regions as previously described for class 1 DDs. Interestingly, each 

crystal structure of CurG/CurH C/NDD and CurK/CurL C/NDD comprises two α-helices 

connected by a sharp bend, which separates the two interaction regions of the NDD. 

On the one hand, NDD monomers build a parallel coiled-coil dimer via helices 2 and 

on the other hand, the polar NDD helices 1 point away from the dimer interface. On 

the opposite side, CDD helices 2 bind in parallel orientation to the coil-coil dimer and 

helix 1 interacts predominantly via hydrophobic interactions, with both helices of one 

NDD monomer all in all forming an eight α-helical bundle. This DD arrangement 

positions the CDD preceding ACP domain towards the NDD followed by the KS 

domain in proximity. In contrast, class 1 DDs arrange the DD attached ACP and KS 

domains on opposite sides of the DD interaction platform. Nevertheless, also the 

docking interface in class 2 is specified by hydrophobic as well as electrostatic 

interactions, burying a surface area of 1834 Å2. Furthermore, binding affinities for the 

ACP-CDD <> NDD-KS-AT complex formation were determined, yielding KD values of 

4-23 µM.83 

A third class of docking domains (class 3; Fig. 6d–g) was originally identified in a 

mixed PKS-NRPS system of the myxobacterial strain Angiococcus disciformis An 

d48 which synthesizes tubulysin, by Richter et al.84, focusing on the docking 

elements connecting the NRPS proteins TubB (CDD) and TubC (NDD). Here, the 

TubB CDD comprises 25 and the TubC NDD 73 residues, but only the TubC NDD 

could be solved in their NMR structure elucidation, which forms a homodimer 

identified by sedimentation velocity analysis in an analytical ultracentrifuge. 

Interestingly, the TubC NDD is characterized by an overall αββαα topology, in which a 
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central β-hairpin, consisting of β-sheet 1 and β-sheet 2, is flanked by three α-helices 

(α-helix 1‒3; Fig. 6d). Additionally, the dimer interface is formed between β-sheet 1 

and 2 plus the extended linker and α-helix 2 forming a hydrophobic core with a 

surface area of ~750 Å2. In addition, multiple salt bridges within each promoter and 

between the polypeptide chains were observed, stabilizing the β-hairpin and α-helix 2 

in cis and the NDD dimer in trans. In contrast to the well-folded TubC NDD, the 

unbound TubB CDD is unfolded - identified by circular dichroism spectroscopy and 

NMR analysis. Nevertheless, the quantitative analysis of the TubB CDD binding by 

ITC determined a KD of 47 ± 10 µM. Despite the unknown structure of the TubB CDD 

binding partner, the C/NDD binding interface could be tracked to residues located in 

the surface-exposed hydrophilic face of the β-hairpins. These residues possessed 

significant chemical shift changes in NMR titration experiments. The presence of a 

high number of charged amino acids in this region indicated an “electrostatic code” 

assuring the binding of the correct docking partner via salt bridges, which was 

confirmed by the production of an extensive number of arginine-to-alanine TubC NDD 

mutants.84 

A similar αββαα NDD topology was identified in a pure multi-protein NRPS system 

producing rhabdopeptide/xenortide-like peptides (RXPs; Fig. 6e)11 and the 

enacyloxin-producing mixed PKS-NRPS system (Fig. 6f).85 

Hacker et al.11 elucidated highly similar NDD structures by NMR in their three-protein 

(KJ12A/KJ12B/KJ12C) NRPS system, characterized by specific charged residues 

localized in β-sheet 2. The covalently linked C/NDD complex structure of the 

KJ12B/KJ12C protein-protein interface clarified the role of these charged residues, 

which define the “recognition rules” that have to be fulfilled by oppositely charged 

residues localized in the CDD binding partner, composed of a single β-sheet, to allow 

for a functional protein assembly. Remarkably, this salt-bridge guided DD recognition 

defines the overall arrangement of NRPSs in this system as a unidirectional or 

repetitive assembly line, leading to a diverse library of peptides. The determination of 

binding affinities of all possible DD combinations by ITC yielded dissociation 

constants of 8‒100 µM.11 

In the enacyloxin synthesizing PKS-NRPS system, the CDD is described as a “short 

linear motif (SLiM)”, localized within an intrinsically disordered region at the  

C-terminus of the protein Bamb_5917 in the absence of the Bamb_5915 NDD 

(Fig. 6f). In the DD complex, the CDD interacts as a β-strand with the β-hairpin 
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formed by the NDD.85 Unfortunately, it was not possible to solve the complex 

structure of Bamb_5917 (PCP-CDD) and Bamb_5915 (NDD-C domain), but NMR 

titration and carbene footprinting experiments revealed interactions between the DD 

connected PCP and C domain besides contacts in the docking interface.85 

A further example of a class 3 docking domain was uncovered in the epothilone PKS-

NRPS system (Fig. 6g). Dowling and colleagues86 analyzed the link between the 

proteins EpoA and EpoB, where the final EpoA ACP is C-terminally extended by a 

CDD and on the opposite side a NDD is put in front of a cyclization (Cy) domain. The 

crystal structure of EpoB NDD-Cy shows that the NDD is characterized by the class 3 

typical αββαα fold and no contacts between the docking domain and the cyclization 

domain could be identified.87 Furthermore, it was shown how widespread this type of 

DD interface is in NRPS and PKS systems, connecting a wide range of catalytic 

domains besides ACP/PCP and C/KS domains like cyclization domains, 

condensation/epimerization domains, thioesterases, thioester reductases, 

halogenases, methyltransferases and other proteins of unknown function.85 

The fourth class of docking domain structures was detected in the trans-

acyltransferase (AT) PKS of virginiamycin,95 consisting of the proteins VirA, VirFG 

and VirH, by analyzing the docking domain interaction between VirA and VirFG 

(Fig. 6h). The VirA CDD was predicted to contain 50 residues after an ACP domain 

and the VirFG NDD 70 residues N-terminally attached to a conserved KS domain, 

forming a heterodimeric complex during interaction with a KD of 5.8 ± 0.2 μM. In the 

unbound state, the VirA CDD tends to form nonspecific dimers and the CD spectrum 

showed a high content (73 %) of α-helical secondary structure, whereas the VirFG 

NDD seemed to be unstructured and was described as intrinsically disordered 

protein. The covalent artificial linkage of this DD pair (VirA CDD-VirFG NDD) enabled 

elucidating the NMR complex structure. Thereby, a four-helical bundle with a surface 

area of ~730 Å2 was observed to which each DD contributes two α-helices (α-helix 1 

and 2). These findings identify a structural transition of the VirFG NDD if its partner 

VirA CDD is present. The docking interface is dominated by hydrophobic interactions 

and only three further electrostatic interactions were determined, whose crucial role 

in the assembly of the VirA CDD/VirFG NDD complex was confirmed by DD mutants 

that exchanged charged residues for alanine or reversed the charge.87 
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A structurally similar NDD was solved from the seven polypeptide macrolactin trans-

AT PKS, analyzing the linkage between the proteins MlnD/MlnE (Fig. 6i). Here, a 

crystal structure of the N-terminally located MlnE NDD-ketoreductase (KR) domain 

 

Fig. 6. Structural classes of docking domains identified in modular NRPS and PKS systems. All DDs 
are shown in the presence of typical up- and downstream flanking domains. The CDDs are colored 
orange and the NDDs blue. (a‒c) Class 1 (PDB: 1PZQ/1PZR; 3F5H)35,81 and class 2 (PDB: 4MYY)83 
DDs are characterized exclusively for cis-AT PKSs, whereas (d‒g) Class 3 DDs are found in hybrid 
PKS-NRPS systems (PDB: 2JUG; 5MTI/6CGO; 5T81)84–86 (homodimeric NDD) and pure NRPSs (PDB: 
6EWV)11 (monomeric NDD). (h/i) Class 4 DD (PDB: 2N5D; 5D2E)87,88 structures are described only of 
trans-AT PKSs, in which two α-helices of each C/NDD contribute to the four-helical bundle DD complex. 
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was solved, again highlighting the application of similar DD folds in different systems 

and connecting not only ACP/KS domains but also KS/DH, KS/KR, DH/KR, KR/MT 

domains.88 

3. NRPS engineering 

3.1. NRPS engineering strategies 

The re-engineering of NRPSs is challenging because of different control mechanism 

established in megasynthetases, for example the gatekeeper function of A domains, 

the editing function of C domains, and especially the formation of many transient 

domain-domain interactions during the catalytic cycle. Nonetheless, in the last 

decades, four major strategies to overcome these barriers and allow the functional 

re-engineering of NRPSs (Fig. 7) have been developed: (a) A domain exchange, with 

or without its adjacent T domain, (b) modification of the A domain substrate specificity 

by site-directed mutagenesis or A subdomain swap, (c) substitution of domain 

building-blocks comprising C-A, C-A-T, A-T-C, CAsub-A-T-CDsub domains and (d) 

docking domain mediated rearrangement of the NRPS assembly line. 

The first engineering attempt (Fig. 7a) focuses on the substitution of single A 

domains or A-T di-domains to activate an alternative substrate. The general success 

of an A domain exchange was shown in module 2 of the Pseudomonas aeruginosa 

NRPS Pyoverdine (Pvd)D, but only in the case of conservative exchanges of A 

domains, which activate the native amino acid substrate L-Thr, a significant 

pyoverdine production was observed.96 In contrast, the A-T di-domain exchange in 

the surfactin-producing NRPS allowed the incorporation of valine, phenylalanine or 

cysteine instead of leucine via module 7 in front of the C-terminal TE domain.97 

Furthermore, a most recent study of Calcott et al.98 challenges the dogma that the C-

A interface has to be maintained in re-engineering attempts, in order to not disrupt 

the C domain acceptor site specificity. Here, the successful in vivo A domain 

substitution in the pyoverdine-producing NRPS and the in vitro characterization of an 

A domain exchanged di-domain model system showed good production titers of the 

desired peptide, leading to the assumption that selecting the correct A domain 

boundaries in the substitution strategy are more important than maintaining the C-A 

domain interface.98 
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Fig. 7. Toolbox to re-engineer NRPS templates at a genetic level. (a) Exchange of the substrate-
specifying A domain, with or without its adjacent T domain. (b) Modification of the A domain substrate 
specificity by site-directed mutagenesis or A subdomain swap. (c) Strategies that use the substitution 
of domain building-blocks comprising C-A, C-A-T, A-T-C, CAsub-A-T-CDsub domains to change the final 
product composition. (d) Docking domain mediated rearrangement of the NRPS assembly line. See 
Fig. 2 and Fig. 5 for assignment of the domain symbols. 

The second engineering approach (Fig. 7b) is based on the adenylation domain 

specificity code identified by Stachelhaus et al.49 and has the benefit that amino acid 

exchanges within the protein structure will most likely not affect the overall structure 

and, even more important, not influence the NRPS domain-domain interfaces. In 

separate studies, the A domain binding pocket modification had three main goals: 

changing the specificity for (I) an alternative substrate99 (II) an alternative non-natural 

amino acid and (III) reducing the promiscuous A domain activity. (II) In the calcium‐

dependent antibiotics (CDA)-producing NRPS, a single mutation of K278Q in the A 

domain of module 10 alters the A domain specificity from glutamate or 3-

methylglutamate to the amino acid glutamine and non-proteinogenic amino acid 3-
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methylglutamine.100 (III) A reduced promiscuous A domain activity was shown for the 

A domain located in the third module of Plu3262/GxpS, producing luminmides A and 

B101/GameXPeptides (GXP) A and C102. Remarkably, the single or double mutants 

C278M, A301G and I299F/A301G, selected by the comparison of the specificity 

conferring code of Plu3262 with different A domains, which specifically incorporate 

Leu, Phe and Val, showed an increased production of luminmide B/GXP C, whereas 

the Phe-derivative (luminmide A/GXP A) was only produced in trace amounts.103 A 

further approach targeting the A domain specificity was established by Crüsemann et 

al.104, who with bioinformatic methods identified evolutionary recombination sites in A 

domains of the hormaomycin NRPS, which were further used to create functional 

chimeric A domains with altered substrate specificity analyzed in vitro.104 This result 

was confirmed in a proof-of-principle demonstration by Kries and colleagues, who 

termed this strategy as “subdomain swap”, which yields active and selective A 

domain chimeras.105 

The third strategy (Fig. 7c) of successfully exchanging di-domains (C-A)106 or even 

whole modules (C-A-T)107 as an engineering possibility was already shown two 

decades ago, but two recent publications of Bozhüyük et al.9,10 have paved the way 

for an unforeseen NRPS recombination potential. Firstly, they proclaimed the 

eXchange Unit (XU) concept, which uses A-T-C domain units from 15 NRPSs to re-

build functional assembly lines of known peptides and even generate chimeric 

NRPSs that produce new-to-nature peptides in good yield, only limited by the rule 

that the substrate specificity of the C domain acceptor site has to be met.10 Secondly, 

a fusion point in between the two lobes (N-terminal donor/C-terminal acceptor 

subdomains (CAsub/CDsub)) connecting linker region of the pseudo-dimeric 

condensation domains was identified, leading to the development of the eXchange 

Unit Condensation domain (XUC) strategy. This uses CAsub-A-T-CDsub units to de 

novo design NRPSs with high production yields, but building blocks from different 

genera (e.g. Bacillus and Photorhabdus/Xenorhabdus) could not be efficiently 

recombined and the interfaces of CAsub/C/EDsub units and vice versa were not 

compatible. 

A fourth strategy (Fig. 7d) to re-engineer NRPSs is based on the studies of Hahn et 

al., who identified the previously introduced in trans interacting COM domains in 

multi-protein NRPS systems that select the correct interaction partner via specific key 
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residues.34,108 Therefore, similar to DDs that are found in modular PKSs, COM 

domains also maintain a specific order of synthetases in modular NRPSs. The first 

attempt to use these COM domain properties in vivo focused on the three protein 

NRPS system of surfactin (SrfA-A/SrfA-B/SrfA-C), where the COM domain pair 

between the proteins SrfA-A/SrfA-B (COMDonor(D)
SrfA-A/COMAcceptor(A)

SrfA-B) was 

targeted. Remarkably, either the exchange of this pair with a matching COM domain 

pair of the heterologous tyrocidine biosynthetic system (COMD
TycB/COMA

TycC) or with 

a cognate COM domain pair COMD
SrfA-B/COMA

SrfA-C enabled the functional assembly 

of this NRPS system. In contrast, the exchange with a heterologous, mismatching 

pair COMD
TycA/COMA

TycC led to the skipping of the trimodular SrfA-B resulting in the 

biosynthesis of a shortened lipopeptide.109 A further in vitro study confirmed that 

COM domains are suited to form a functional tri-modular NRPS complex (A/B/C) 

composed of modules derived from the tyrocidine, bacitracin and surfactin NRPSs, 

which in nature normally do not functionally interact.108 The in vitro installation of 

compatible linker recognition (docking domain) sequences even allowed the 

integration of noncognate proteins into the PKS-NRPS epothilone assembly line and 

an efficient intermodular chain transfer from noncognate proteins could be 

observed.110 Furthermore, a more recent study has shown that docking domains are 

an ideal tool to artificially split the natively single-protein xefoampeptide NRPS 

system in vivo in two or even three independent translated proteins by the insertion of 

matching DD pairs in between E/C and T/C domains, producing smaller 

enzymatically active NRPS proteins, which are better suited for the re-engineering of 

NRPSs. Unfortunately, especially the NRPS split into two proteins by the insertion of 

matching DDs into the T-C linker region led to significantly reduced peptide 

production rates.111 

Additionally, the portability of DDs was shown by Cai et al.112, who transferred DDs 

from linear type A NRPSs to an iterative type B NRPS to produce a unidirectional 

NRPS assembly line. This DD exchange alters the normally diverse product 

spectrum of the rhabdopeptide/xenortide-like peptides (RXPs)-producing NRPSs 

from a peptide library to a single biosynthesis product. Nonetheless, the replacement 

of the wild type DDs with naturally compatible DD pairs in some cases tremendously 

reduced the peptide production level, which suggests that further protein-protein 

interactions between DD adjacent domains play an important role in a functional 

NRPS assembly.112 
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Further structural insights into the docking domains installed within the proteins 

Kj12A/Kj12B/Kj12C identified “recognition rules” of specific key residues in the 

docking interface, which could be used to reprogram the RXP-synthesis in vivo and 

alter the protein affinity in vitro.11 Especially in PKS systems, native and synthetic 

docking domains were established as a tool to engineer new biosynthetic 

machineries.113–115 

3.2. Characteristics of a potential synthetic docking element 

Even if docking domains are structurally diverse in nature and have the indisputable 

property to select the correct interaction partner in the context of NRPS and PKS 

systems, consisting of more than one polypeptide chain, they have one major 

drawback in common: overall low affinities (4–20 µM11,81,83). In the cellular context, 

these weak-affinity, non-covalent interactions between DDs cannot explain how a 

stable and enzymatically active protein complex is formed between modules, which 

are distributed across different polypeptide chains. Thus, protein-protein interactions 

between DD flanking domains most likely contribute to the stabilization of the inter-

protein interface in multi-protein NRPSs. This hypothesis would also explain, why the 

application of native docking domains as a tool to form de novo multi-protein NRPS 

assembly lines, for example by just adding them at the N- and C-termini of NRPS 

subunits, is not always highly efficient.111,112 

Therefore, instead of using natural docking domains in combination with an optimized 

inter-protein interface, a further idea to recombine NRPS building blocks is to use 

small (~5 kDa), high-affinity docking elements, which produce a covalent-like 

connection between modular synthetases. This covalent-like coupling of NRPSs will 

ideally force them to interact in a functional way. 

With regard to structural similarities, α-helical coiled-coils,116 which are formed by 

approximately 3–5 % of all amino acids in proteins (Fig. 8a),117 seem to be an 

interesting target for the replacement of native docking domains. Typically, coiled-

coils are dimers or higher oligomers composed of α-helices wrapped around each 

other in a left-handed helix and build a supercoil. Luckily, the de novo design of such 

α-helical coiled-coil motifs with high affinities can be accomplished relatively easy 

using computer-based prediction schemes. The reason for the predictability of 

primary sequences forming coiled-coil helical bundles is their characteristic 

interaction termed as ‘knobs-into-holes’ packing, postulated almost 70 years ago,118 
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in which a residue from one helix (knob) packs into a space surrounded by four 

sidechains of the other helix (hole). Here, in sequences of parallel left-handed coiled-

coil proteins, each helix is characterized by a repeating seven amino acid pattern 

(heptad repeat) with anywhere from two in designed coiled-coils (Fig. 8b/c).119 

The heptad repeat is usually denoted as (a-b-c-d-e-f-g)n in one helix and (a´-b´-c´-d´-

e´-f´-g´)n in the other, both harboring mostly nonpolar residues at the positions a/a´ 

 

Fig. 8. Structural and functional insights into coiled-coil proteins. (a) Examples of coiled-coil proteins: 
basic-region leucine zipper (bZIP; (PDB: 1FOS)),120 Trypanosoma brucei surface glycoprotein 
(PDB: 1VSG),121 synthetic 5-helical α-barrel (PDB: 4PN8)122 and synthetic 2-helical heterodimer 
(PDB: 3HE5).123 Coiled-coil regions are highlighted in cyan and homo-oligomeric chains are colored 
dark grey. (b) Front view representation as helical wheel diagram focusing on specific interactions in 
an exemplarily parallel dimeric coiled-coil looking down the axis from the N-terminus to the C-terminus 
and (c) as side view representation. The residues are labeled a-g in one helix and a´-g´ in the other 
while the color coding highlights hydrophobic interactions (green shades; a/a´, d/d´) and ionic 
interactions (red and orange; e/e´, g/g´) at specific positions in the heptad repeats. (d, e) Ribbon 
diagram of the x-ray structure of a synthetic leucine zipper (PDB: 3HE5)123 as front and side view with 
highlighted residues colored as in b (generated with PyMOL). 
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and d/d´, localized at the interface of the two helices responsible for the formation 

and stabilization of the coiled-coil, whereas solvent-exposed polar residues are 

positioned at e/e´ and g/g´.124 Especially the latter positions e/e´ and g/g´ ensure 

pairing specificity between helices due to electrostatic interactions. Additionally, the 

arrangement of α-helices in left-handed coiled-coils leads to distortion induced 

structural alterations in the helices itself, reducing the normally observed 3.6 residues 

per turn in α-helices to around 3.5, so heptad repeats occur every two turns of the 

helix.116 

Keating et al. originally designed anti-bZIP (Fig. 8d/e) peptides by computational 

techniques that bind specifically to different human basic-region leucine zippers 

(bZIPs) transcription factors and form parallel coiled-coils (“leucine zipper”).125 The 

interaction analysis of these synthetic anti-bZIP peptides (SYNZIPs) and human 

bZIPs comprised 48 synthetic and 7 human bZIP coiled-coils and identified 27 

heterodimeric coiled-coil pairs, which mainly interact in parallel (26/27) and generally 

possess dissociation constants of less than 10 nM. Furthermore, these 27 pairs can 

be combined in networks of varying topologies with 2–6 nodes to assemble 3 to 6 

proteins.126 Especially orthogonally interacting SYNZIP pairs are ideally suited to 

connect proteins in a unique way and were already successfully used in the 

molecular engineering of megasynthases,115 but so far have not been used in  

re-engineering strategies of NRPSs. 

4. Structure determination of proteins with NMR 

4.1. Chemical shift assignment 

To obtain structural insights into NRPS docking domains at atomic resolution, nuclear 

magnetic resonance (NMR) spectroscopy is an ideal method. Because of their small 

size of below 5 kilodalton, docking domain proteins are ideally suited for NMR 

whereas they are too small for cryo-EM. Furthermore, DDs often possess flexible 

protein regions that impair the protein crystallization, which is essential for x-ray 

crystallography. The focus in this work will be on practical aspects of liquid NMR 

spectroscopy, specifically, on the application of NMR techniques as a tool to solve 

molecular structures. 

The general procedure to solve at best a molecular structure at atomic resolution by 

NMR starts with the protein expression, in general in a heterologous host (e.g. 

Escherichia coli127), to obtain a uniformly 15N- and 15N, 13C-labeled protein sample. 
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The presence of nuclei with odd mass numbers is essential for NMR purposes 

because only these nuclei possess an NMR-necessary nuclear spin angular 

momentum yielding nuclear magnetism. A further benefit of 15N, 13C-labeled samples 

is the resolution of 1H resonance overlaps by heteronuclear 1H-15N and 1H-13C 

correlations. 

With these labeled proteins, different NMR experiments are performed to obtain 

chemical shift values (resonances) of specific atoms in the polypeptide chain. 

Furthermore, to translate these chemical shifts into structural information, each 

chemical shift must be unambiguously assigned to the respective atom in the protein, 

which is described as “assignment process”. This protein NMR resonance 

assignment process in general consists of two steps: (I) assignment of protein 

backbone atoms to their respective Hα, Cα, HN, N and CO resonances and 

identification of sequentially linked spin systems and (II) assignment of resonances 

belonging to atoms localized in the aliphatic or aromatic sidechains of the different 

amino acids. With the assignment of the 1H resonances at hand, 1H,1H distance 

information can be extracted from nuclear Overhauser effect (NOE) intensities and 

used for structure calculation by computational methods. Even if these steps look 

rather simple in theory, in the following the essential but complex NMR experiments 

for each step are outlined. 

The assignment of resonances to the respective amino acids in a protein sequence 

and finally the assignment of all protons of a protein are essential to finally obtain 

high-resolution structures. Therefore, triple resonance experiments (Fig. 9) were 

developed to link resonances intra-residually or to sequentially linked spin 

systems.128 All triple resonance experiments are named according to the nuclei they 

detect and correlate with. For protein backbone assignment, typically a set of NMR 

experiments is performed, starting here with the most sensitive one: the 3D HNCO.129 

This experiment correlates the HN and N chemical shifts of one amino acid (i) with the 

carbonyl C´ (CO) of the preceding amino acid (i-1), but no sequential information can 

be identified in this spectrum. Even if the pulse sequences of 3D HNCO and 3D 

HNCA129 experiments are identical, except for Cα and C´ specific pulses, only the 3D 

HNCA experiment correlates HN(i), N(i), Cα(i) and HN(i), N(i), Cα(i-1) due to too 

similar intra- and inter-residual scalar coupling constants (1JCα(i),N(i) = 11 Hz, 

2JCα(i-1),N(i) = 7 Hz) and allows to extract sequential assignment of backbone 
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resonances based on Cα chemical shifts. Due to the fact that Cα chemical shift 

dispersion is often very low, especially in proteins dominated by alpha-helical 

secondary structures, and because sometimes the differences in signal intensities of 

intra-residual and sequential cross peaks are rather small, an additional 3D 

HN(CO)CA129 experiment can be used to unambiguously assign HN(i), N(i), Cα(i-1) 

correlations by abolishing the presence of HN(i), N(i), Cα(i) cross peaks by correlation 

of the amide resonances to the preceding Cα and C´(i-1). Nonetheless, further three-

dimensional experiments are necessary to confirm the backbone assignment. One 

idea is the sequential linking via carbonyl carbons in a so called 3D HN(CA)CO130 

experiment. The 3D HN(CA)CO experiment correlates HN(i), N(i), C`(i) and HN(i), N(i), 

C`(i-1) in analogy to the HNCA experiment but focusses on carbonyl C´ chemical 

shifts. Also, the pulse sequences of a 3D HNCA and 3D HN(CA)CO are similar, but 

in an additional step the magnetization is transferred between the Cα and C´ spins. 

This results in the major drawback of 3D HN(CA)CO experiments, which are lower in 

sensitivity than the HNCA due to loss in magnetization during a longer magnetization 

transfer pathway. 

Last but not least, 3D HNCACB131 experiment can be applied, which involves cross 

peaks for HN(i), N(i), Cα(i); HN(i), N(i), Cα(i-1); HN(i), N(i), Cβ(i) and HN(i), N(i), Cβ(i-1). 

The cross peaks representing Cα and Cβ atoms are of opposite sign and enables 

easily distinguishing the respective resonances. Additionally, sequential cross peaks 

(HN(i), N(i), Cα(i-1); HN(i), N(i), Cβ(i-1)) are significantly weaker. Due to characteristic 

chemical shift regions for specific Cβ resonances such as the alanine, threonine, and 

serine Cβ, this experiment allows for an amino acid type specific assignment. 

Besides the fact that 3D HNCACB experiments are useful in the context of backbone 

assignment, this experiment already provides resonances of nuclei (Cβ) located in 

the amino acid sidechain. 



INTRODUCTION 
 

35 
 

 

Fig. 9. Overview of triple resonance experiments essential for the backbone and sidechain assignment 
process. The obtained resonances for each experiment are highlighted and the information content 
regarding intra-residue and sequential chemical shifts is mentioned in the strip representation. The 
size of the filled circles in the HN strips represents the relative NMR signal intensity, which is generally 
observed in the respective spectra. The blank circles indicate chemical shifts, which are detected in 
other NMR experiments to reconfirm the respective chemical shifts. The arrows highlight the 
assignment of sequential chemical shifts. 

In summary, the combination of these 3D NMR experiments normally allows the 

assignment of intra-residue 13C chemical shifts and sequential chemical shift values, 

which are linked to specific NH groups. The comparison of these 13C cross peaks, 

which are associated to different NH groups, allows the identification of sequentially 

linked spin systems and the assignment to the primary protein sequence. 

In a second step, the assignment of resonances has to be expanded from backbone 

to sidechain atoms, starting with nuclei located in aliphatic amino acid side chains. To 



INTRODUCTION 
 

36 
 

this end, 3D CBCA(CO)NH132 and 3D HBHA(CBCACO)NH133 experiments are 

applied, which correlate HN(i), N(i), Cα(i-1), Cβ(i-1) or HN(i), N(i), Hα(i-1), Hβ(i-1) 

chemical shifts, respectively. The latter triple resonance experiment is obtained from 

3D CBCA(CO)NH experiment, but the chemical shift evolution of carbon atoms is 

replaced by that of aliphatic protons. Due to the fact that the magnetization transfer in 

triple resonance experiments from sidechain carbon atoms, especially beyond Cβ 

nuclei, to backbone amide protons become insensitive, especially with regard to an 

increasing molecular weight, it is often difficult to record such spectra efficiently. 

Therefore, HC(C)H-/(H)CCH-total correlation spectroscopy (TOCSY) experiments are 

preferred, which connect side chain chemical shifts of protons or carbons to the 

respective spin systems on basis of sequentially assigned Hα/β and Cα/β chemical 

shifts, which were previously isolated from 3D CBCA(CO)NH, 3D HNCACB and 3D 

HBHA(CBCACO)NH experiments. Further proton assignments, for example of 

asparagine Hδ-Nδ and glutamine Hε-Nε sidechain amino group resonances or 

protons connected to carbons in aromatic ring systems of histidine, tryptophan or 

phenylalanine, can often be assigned via 13Caromatic- or 15N-NOESY-heteronuclear 

single quantum correlation (HSQC) spectra. 

The assignment of proton resonances to specific sidechain atoms via NOESY-

experiments is based on the dipole-dipole cross-relaxation to correlate 1H spins that 

are close in space. More importantly, 15N-/13C-NOESY-HSQC experiments are 

essential for the third step in structure elucidation: the isolation of 1H, 1H distance 

restraints derived from nuclear spin polarization from one nuclear spin population to 

another via dipole-dipole cross relaxation,134 the so-called nuclear Overhauser effect. 

Hereby, two protons that are separated by less than 5 Å generate a NOE and the 

intensity of this peak is dependent on the 1H-1H distance with stronger intensities for 

shorter distances. Many of such NOE peaks, each of them representing one 

structural restraint of the molecule, are necessary to calculate a three-dimensional 

structure. How a structure is calculated from this pool of distance information by 

computational methods is described in the following. 

4.2. Calculation of structures from NMR restraints 

The raw data of a structure calculation consist of a given chemical shift assignment 

and most likely unassigned lists of NOESY peaks defined by their positions and 

intensities. I focus here on the automated NMR structure calculation with the program 
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CYANA,135 which combines the methods of working in torsion angle space,136 relying 

on the knowledge that the protein conformation is uniquely defined by the sum of all 

torsion angles values, and using simulated annealing137 by molecular dynamics 

simulation allowing the system to escape from local minima. Additionally, the 

automated analysis of NOESY spectra with regard to the assignment of NOE peaks 

is realized in CYANA with help of the CANDID algorithm.138 For this purpose, the 

assignment of the backbone and side-chain chemical shifts has to be as complete as 

possible.139 The iterative structure calculation procedure of CYANA comprises seven 

cycles of automated NOE assignment and structure calculation, in the end leading to 

a determined structure with unambiguously assigned distance restraints. Every round 

of this iterative process optimizes the NOE assignment of the previous step, resulting 

in a structure represented by a bundle of conformers. This bundle of structures is 

characterized by two criteria: first, the RMSD describing the similarity of the atomic 

coordinates in all structures expressed in Å and second, the target function, 

representing how accurately the structural conformation is fulfilling the NOE defined 

distance restraints. Both values are ideally small, generating a homogenous bundle 

of reliable structures in good agreement with the distance restraints. 

4.3. Chemical shift based secondary structure determination 

Worth mentioning in the context of structural aspects is the knowledge that specific 

chemical shifts characterize regions of defined secondary structures in proteins,140 

which can be extracted of chemical shift data in general. This observation enabled 

the correlation of chemical shifts and local geometry, especially the backbone torsion 

angles Φ and Ψ by for example the programs TALOS141, TALOS+142 and TALOS-

N143. The first uses a database of assigned proteins with known structure and just 

compares tripeptides with similar chemical shifts and sequences for its prediction, 

whereas the latter ones are optimized with an artificial neural network (ANN) 

component, leading to more accurate predictions. In addition to the older TALOS 

versions, TALOS-N is also able to predict sidechain Χ1 angle information with the 

help of the ANN component, knowing that Χ1 is connected particularly to backbone 

NH and Cα chemical shifts.144 In summary, TALOS-N is able to predict backbone Φ/Ψ 

torsion and sidechain Χ1 torsion angles and secondary structures using the chemical 

shifts assigned to HN, Hα, Cα, Cβ, CO, N atoms of a given protein primary sequence 

as input. The graphical representation of a secondary structure prediction is defined 
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as chemical shift index (CSI),145 in which the secondary structure probability is plotted 

against the protein sequence. 

5. Overview and aim of this thesis 

The structural knowledge of domains and modules that fully interact in cis has 

constantly been enlarged in the last decade, but the structural insights into trans 

interfaces of multi-protein systems is limited so far. Therefore, the aim of this thesis 

was to reveal further aspects of the underlying mechanism in the contact surfaces 

between proteins of multi-protein systems by focusing especially on docking domains 

and their flanking domains. Additionally, the NRPS re-engineering potential of 

synthetic “docking domains” in form of synthetic zippers was evaluated. 

In chapter I the mechanism and structural knowledge of NRPSs is summarized, 

especially highlighting the structural aspects of already published DD structures. 

Furthermore, a brief overview is given about actual NRPS engineering strategies and 

the process, how a NMR solution structure or the protein secondary structure are 

obtained from NMR raw data. 

In chapter II all publications and manuscripts that contribute to this thesis, focusing 

on three major aspects of NRPS docking domains are listed. First, the structural 

knowledge of stand-alone DD complexes is expanded by solution NMR (“A new 

docking domain type in the Peptide-Antimicrobial-Xenorhabdus peptide producing 

nonribosomal peptide synthetase from Xenorhabdus bovienii”), second, the use of 

synthetic zippers as a tool to functionally recombine synthetases of different NRPS 

systems is established (“Synthetic zippers as an enabling tool for engineering of non-

ribosomal peptide synthetases”) and third, an extended NRPS docking interface 

reported for the first time is structurally characterized by solution NMR (“NMR 

resonance assignments for a docking domain pair with an attached thiolation domain 

from the PAX peptide-producing NRPS from Xenorhabdus cabanillasii” and 

“Cooperation between a T domain and a minimal C-terminal docking domain to 

enable specific assembly in a multiprotein NRPS”. 

In chapter III, some additional preliminary structural NMR results are described, 

which deal with the question if the DD interface between the proteins PaxB and PaxC 

of the three protein PaxS NRPS from Xenorhabdus bovienii SS-2004 highlighted in 

publication 1 is also extended by the CDD flanking T domain. 
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Chapter IV discusses the classification of the solved PaxB CDD:PaxC NDD complex 

structure with regard to known DD structures and compares the newly developed 

synthetic zipper based NRPS engineering tool to other favorable strategies that allow 

the exchange of modules to generate novel chemical derivatives. Furthermore, the 

extended docking interface is considered in context of the overall NRPS domain and 

module architecture by generating a model structure that unveils a possible ideal 

fusion point to use this extended interface as another NRPS engineering possibility. 

In this context also the results of the possibly extended PaxB/PaxC docking interface 

are discussed. 

The PhD thesis closes with the list of references and an attachment which includes 

all publications/manuscripts and supporting information, a curriculum vitae of the PhD 

student, the list of publications and manuscripts, a record of conferences, and finally 

the declaration and affidavit. 
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III. ADDITIONAL RESULTS 

1. Structural investigation of the extended PaxB/C docking domain 

interface in the PAX peptide-producing NRPS from Xenorhabdus bovienii 

The additional results of this thesis focus again on the PAX peptide-producing NRPS 

from Xenorhabdus bovienii SS-2004. In extension to publication 1, this work includes 

the CDD adjacent T domain into the analysis and evaluates if the docking domain 

interface is also extended between the proteins PaxB and PaxC (Fig. 10a). 

 

Fig. 10. (a) Schematic representation of the peptide-antimicrobial-Xenorhabdus (PAX) peptide-
producing NRPS from bacteria of the genus Xenorhabdus with focus on the trans docking interface 
between the proteins PaxB and PaxC. (b) ITC thermogram and the derived binding curve for titration 
between PaxB CDD:PaxC NDD, PaxB T4-CDD:PaxC NDD and PaxB T4:PaxC NDD are shown (n=3). 

In a first step, the interaction between the discrete docking domains PaxB CDD and 

PaxC NDD, the PaxB T4-CDD and PaxC NDD and the PaxB T4 domain without the 

CDD and PaxC NDD (Supporting Fig. 1a/b) were analyzed by ITC (Fig. 10b, 
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Supporting Fig. 2). For excised docking domain interaction, a KD value of 

25.0±8.3 µM was determined, but addition of the C-terminal T domain of PaxB leads 

to a ~25-fold increased affinity (1.2±0.1 µM), whereas no binding was observed 

between the PaxB T4 domain and the PaxC NDD. 

This observation should be structurally evaluated by solution NMR and therefore, a 

backbone assignment of the unbound PaxB T4-CDD was performed (Fig. 11). 

 

Fig. 11. (a) Assigned 1H,15N-HSQC spectrum (top) of the PaxB T4-CDD from Xenorhabdus bovienii 
SS-2004 in its unbound state. Below, the TALOS-N-derived chemical shift index is plotted onto the 
sequence and the predicted secondary structure (confidence value ≥ 0.6) elements according to 
TALOS-N are depicted on top. Red-labeled residues could not be assigned. 

The protein PaxB T4-CDD with a molecular weight of 13.7 kDa is composed of 120 

amino acid residues and in its 1H,15N-HSQC spectrum most of the backbone amide 
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signals are well dispersed, but some of them partially overlap. 117 peptide bond NH-

signals are expected in the 1H,15N-HSQC spectrum, excluding the two proline 

residues (P3214, P3267) and the N-terminal aspartate (D3202) residue, but only 112 

backbone amide signals could be assigned (112/117), 95.7 %, Fig. 11 (top)) to the 

respective residues. Furthermore, 97.5 % of all Cα (117/120) and 94.2 % of all CO 

(113/120) chemical shifts were assigned. The backbone assignment was confirmed 

by amino acid selective labelling (15N) of phenylalanine and leucine (Supporting 

Fig. 3). To get insights into the secondary structure of the PaxB T4-CDD in the 

absence of the PaxC NDD, a prediction was performed using TALOS-N (Fig. 11 

(bottom) and six amino acid stretches with high (≥ 0.6) α-helical propensity were 

identified. Here, five out of six α-helices are positioned within the T domain, whereas 

the sixth α-helix lies at the C-terminus in the CDD region. 

Also, the backbone of the PaxB T4-CDD bound to the PaxC NDD was assigned 

(Fig. 12) with a completeness of 88.9 % for all HN/N (104/117), 94.2 % for all Cα 

(113/120) and 88.3 % for all CO (106/120) chemical shifts. Based on these chemical 

shift assignments, the secondary structure composition of the bound PaxB T4-CDD 

was determined by TALOS-N. The interaction with the PaxC NDD induces the 

formation of an additional α-helix in the CDD area, whereas the other secondary 

structure elements, defined for the non-interacting state of the PaxB T4-CDD as well, 

remain unaffected. In summary, residues of the PaxB T4 domain comprise five and of 

the PaxB CDD two regions with high α-helical propensity (≥ 0.6). 

To further investigate the PaxB T4-CDD:PaxC NDD interaction, NMR titration 

experiments were carried out. Therefore, the unlabeled (14N) PaxC NDD was added 

to the 15N-labeled PaxB T4-CDD in a stepwise manner and evaluated in 1H,15N-HSQC 

experiments (Fig. 12a). In all six titration experiments, gradual chemical shift changes 

and/or peak broadening during the stepwise addition of the NDD peptide were 

detected. These findings confirm on the one hand the interaction between both 

proteins in general and on the other hand the observed KD value (1.2±0.1 µM), which 

is in good agreement with the fast to intermediate exchange regime observed in the 

NMR titrations. 

The quantified chemical shift changes of each residue were plotted onto the PaxB T4-

CDD sequence, identifying two regions that are predominantly affected by the 

complex formation with the PaxC NDD (Fig. 12b). 
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The first region, which possesses one of the largest chemical shift changes is the 

CDD, in which an additional α-helix is formed upon binding to the NDD and the second 

region is the C-terminal α-helix of the T4 domain. Even if the backbone assignment of 

 

Fig. 12. (a) Overlay of 1H,15N-HSQC spectra (top) of PaxB T4-CDD from Xenorhabdus bovienii SS-
2004 in the absence (blue) and presence (different green shades) of increasing amounts of unlabeled 
PaxC NDD. The molar ratios of the two interaction partners are 1:0.25, 1:0.5, 1:1, 1:2, 1:4, 1:6. The 
assignment is given for the PaxB T4-CDD, bound in a stable PaxB T4-CDD:PaxC NDD complex. Below, 
the TALOS-N-derived chemical shift index is plotted onto the sequence and the predicted secondary 
structure (confidence value ≥ 0.6) elements according to TALOS-N are depicted on top. (b) Chemical 
shift changes observed upon complex formation of unambiguously assigned residues plotted onto the 
sequence. Red-labeled residues could not be assigned either in the unbound or bound state. 
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these residues is incomplete, their obvious chemical shift alterations regarding the 

observed and assigned chemical shifts in the unbound state, indicate an interaction 

induced effect. 

To get insights into the tertiary structure of the PaxB T4-CDD bound to the PaxC NDD, 

a chemical-shift-ROSETTA (CS-ROSETTA)146 run was performed, which relies on 

the experimentally determined NMR chemical shifts to calculate the three-

dimensional protein structure. Even if the CS-ROSETTA run did not converge 

(Fig. 13b), meaning that the selected structure is not necessarily representative of the 

ensemble of structures formed, it gives an idea of the α-helices three-dimensional 

arrangement. 

 

Fig. 13. (a) Lowest-energy CS-ROSETTA model (Rosetta version 3.8, CS-Rosetta Toolkit version 3.3) 
of bound PaxB T4-CDD. (b) Plot of ROSETTA all-atom energy versus Cα RMSD relative to the lowest-
energy model (bold dot on vertical axis). 

In addition, the chemical shifts and TALOS-N secondary structure predictions of the 

PaxB CDD residues in the PaxC NDD-(GS)12.5-PaxB CDD82 and the PaxB T4-CDD 

(bound state) constructs were compared (Fig. 14a/b). 
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Fig. 14. (a) Overlay of 1H,15N-HSQC spectra (top) of the PaxB T4-CDD bound to the PaxC NDD (green) 
and the covalently linked PaxB/C C/NDD complex (blue). Below, the TALOS-N-derived chemical shift 
index is plotted onto the CDD sequence and the predicted secondary structure (confidence value ≥ 
0.6) of both constructs according to TALOS-N is depicted on top. (b) Chemical shift differences 
determined for CDD residues of the proteins PaxC NDD-(GS)12.5-PaxB CDD and PaxB T4-CDD (bound 
state) plotted onto the sequence. Blue-labeled residues could only be assigned for the artificially linked 
DD complex. 

Only minor chemical shift differences of CDD residues could be defined between the 

PaxC NDD-(GS)12.5-PaxB CDD and bound PaxB T4-CDD constructs, but most likely, 
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the first PaxB CDD α-helix is extended at its C- and N-terminus if the preceding T4 

domain is present during the DD interaction. 

In a final set of experiments, the effect of the T4 domain C-terminal α-helix 4 

(Supporting Fig. 1a) and the NDD flanking C5 domain on the affinity of the overall 

docking interaction was evaluated in ITC experiments (Fig. 15, Supporting Fig. 4). 

The attachment of the T4 domain α-helix 4 to the CDD increased the binding affinity 

by factor of ~2 (12.5±1.8 µM), relative to that of the wild type DD interaction 

(25.0±8.3 µM), whereas the binding affinity between the proteins PaxB T4-CDD and 

PaxC NDD-C5 (1.4±0.1 µM) is identical to the KD value of the PaxB T4-CDD:PaxC NDD 

interaction (1.2±0.1 µM). 

 

Fig. 15. ITC analysis (n=3) to prove if the T4 domain α-helix 4 or the NDD adjacent C5 domain 
contribute to the trans docking interface between the proteins PaxB and PaxC of PaxS from 
Xenorhabdus bovienii SS-2004. 
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IV. DISCUSSION 

1. Protein-protein interactions in multi-protein NRPSs 

As NRPSs, that consist of a single polypeptide chain and in which all modules are 

covalently connected via linker regions, also multi-protein NRPSs must maintain a 

defined order during the biosynthesis of natural products. In these systems, multiple 

modules are distributed across several gigantic polypeptides and only if the correct 

order of these proteins is achieved, the biosynthesis can take place. The correct 

order is achieved via high-specificity interactions of short elements originally termed 

as DDs35 in PKS and mixed PKS-NRPS systems or as COM domains in NRPSs,34 

which are located at the extreme termini of the different polypeptide chains. With 

respect to their absolute position at the C- or N-terminus of the protein, they are 

further described as CDD or NDD, respectively. 

These DDs prohibit the unnatural protein ordering due to two mechanisms that 

maintain selectivity and specificity and guarantee that DDs only interact with their 

respective native partner. Firstly, only structurally compatible DDs can interact and 

numerous studies have identified multiple types of DDs that significantly differ in their 

overall fold and secondary structure composition.11,35,81,83,84 Secondly, strategically 

positioned key residues in the interaction surface of DDs allow them to select the 

correct binding partner via specific interactions.11,89,108  

In the last decades, efforts in several laboratories have uncovered numerous 

structures of DDs from NRPS, PKS and mixed PKS-NRPS systems, which were 

further classified with respect to their overall structural appearance (see introduction 

chapter 2.4). Furthermore, some studies have evaluated the underlying mechanism 

in all protein interfaces of multi-protein systems with respect to a structure- or key 

residue interaction-based DD selectivity.11,83,147 

In the following, the DD structures of PaxS are compared to known DD classes and 

an explanation is given for how the communication across the different protein 

interfaces of PaxS (PaxA/B; PaxB/C) is maintained. 

1.1. Structural and mechanistical classification of PaxS DDs 

The PAX peptide-producing NRPSs from bacteria of the genus Xenorhabdus consist 

of the three proteins PaxA, PaxB and PaxC, which interact in a unidirectional way 
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(PaxA>PaxB>PaxC) and comprise two in trans interacting docking domain pairs 

(PaxA CDD:PaxB NDD; PaxB CDD:PaxC NDD). 

Initially, putative DDs with partially different sequence lengths were identified by 

bioinformatic methods at the extreme N-termini of PaxB (~30 AAs) and PaxC 

(~33 AAs) and C-termini of PaxA (~19 AAs) and PaxB (~34 AAs) of the Xenorhabdus 

bovienii SS-2004 PaxS. Both DD pairs share the accumulation of negatively charged 

residues in the CDDs and positively charged ones in the NDDs and even their 

positions within the CDD and NDD sequences are highly similar (Fig. 16).82 Thus, no 

significant differences in the ΔpIs among both DD pairs (ΔpI = theoretical pI NDD-

theoretical pI CDD:148,149 PaxB NDD:PaxA CDD = 5.7 and PaxC NDD:PaxB CDD = 6.1) 

could be identified. 

 

Fig. 16. Schematic representation of the domain and module arrangement in the PaxS. Below, the 
PaxA/B CDD and PaxB/C NDD sequences are given. The residues are colored according to their 
polarity. 

Nonetheless, the interactions of both DD pairs are orthogonal to each other as shown 

in ITC measurements of the discrete C/NDDs of PaxA/C, in which no binding was 

detected.82 These findings highlight that divergent electrostatics are most likely not 

the major driving force in the correct DD partner selection of PaxS, as previously 

suggested for similar DD junctions in the enacyloxin IIa polyketide synthase.147 

Therefore, the structure of both PaxS DD pairs should be elucidated by solution NMR 

to identify the underlying mechanisms that maintain docking specificity. 

At first, the solution NMR structure of the artificially linked PaxC NDD-(GS)12.5-PaxB 

CDD construct was solved. This DD complex structure consists of a three-helical 

bundle, in which the single α-helix of the PaxC NDD is surrounded by two α-helices of 

the PaxB CDD arranged in a V-shape, and is stabilized mostly by hydrophobic 

interactions and a few salt bridges between charged amino acids e.g. NDD R23:CDD 

D3296 and NDD K19:CDD E3303.82 

Furthermore, the discrete DDs were analyzed thermodynamically by ITC and a KD of 

25.0±8.3 μM was measured, which is in good agreement with previously published 
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DD affinities (~20 µM).35,81,83 This confirms the previously defined features of DDs, 

which comprise generally weak affinity interactions and interact with matching 

partners independent of the presence of their flanking domains and thus form a 

stable and stand-alone complex.11,81,83,87 

As DDs of class 1, class 2 and class 4, as well as the PaxB/C C/NDDs purely consist 

of an α-helical secondary structure,35,81,83,87,88 but in contrast to class 1 and class 2 

DDs, none of the PaxB/C C/NDD α-helices functions as a dimerization element.35,83 

The reason for this is the generally different oligomerization state of PKSs as 

homodimers and NRPSs as monomers.150 Nonetheless, class 1 DDs, class 2 DDs, 

class 4 DDs, and PaxB/C C/NDDs have a similar docking interface, dominated by 

hydrophobic interactions supported by electrostatic interactions (salt bridges) of 

strategically positioned residues that are responsible for the docking 

specificity.35,82,83,87 Nonetheless, no DD specificity code could be deduced from these 

structures in contrast to the class 3 DDs of the rhabdopeptide-producing NRPS, 

where the docking interface is limited to a β-strand of the CDD that interacts with 

another β-strand stabilized in a β-hairpin motif of the NDD.11 

A further aspect of the unbound PaxB CDD is its intrinsically disordered region (IDR) - 

besides a stable C-terminal α-helix in the absence of the PaxC NDD binding partner. 

During DD complex formation, a structural transition of the IDR to an additional α-

helix is seen, whereas the PaxC NDD is always composed of a single α-helix 

independent of the binding state.82 Also in the virginiamycin trans-AT PKS the VirFG 

NDD is described as an IDR in the absence of the VirA CDD, whereas the bound 

VirFG NDD contributes to the class 4 DD typical four-helical bundle with two  

α-helices.87 Additionally, all CDDs in the cis-AT/trans-AT enacyloxin PKS possess 

strong characteristics of IDRs.147 It seems that besides obvious structural variations 

the DD binding induced folding mechanism of IDRs is a further gatekeeper function to 

maintain DD specificity. 

It is shown that the PaxB/C C/NDD pair has a lot in common with previously defined 

DD classes like the similar type of interactions in the docking interface, the pure  

α-helical secondary structure composition, and the low affinity consistent among all 

DD classes. However, none of the previously elucidated DD complex structures 

matches the three-helical bundle topology of the DD complex located in the PaxB/C 
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inter-protein interface. Therefore, this PaxB/C C/NDDs define a structurally new type 

of DDs. 

In publication 2 and manuscript 2 the inter-protein interface between the proteins 

PaxA and PaxB was analyzed. At first, focusing only on the PaxA/B C/NDD regions, 

the obtained CD data of both isolated DDs identified a completely random coil 

conformation of the CDD and a large α-helical content of the NDD. Thus, the PaxA 

CDD possesses characteristics of an IDR, like the previously described PaxB CDD. 

Furthermore, the PaxA/B C/NDD complex formation was thermodynamically analyzed 

by ITC, but no interaction between both mutually compatible partners could be seen. 

This observation leads to the assumption that other regions of the DD flanking 

domains contribute to the inter-protein interface between PaxA and PaxB; so larger 

constructs that especially include the CDD preceding T domain were analyzed in the 

following. 

1.2. Extended docking domain interface between PaxA/B of PaxS 

The inclusion of the PaxA CDD flanking T1 domain into the docking interface analysis 

enables the detection of a PaxA T1-CDD:PaxB NDD complex. Surprisingly, for this 

protein-protein interaction a high affinity (KD of 248±18 nM) could be determined by 

ITC, which is significantly higher than previously described affinities of pure docking 

domain interactions (~20 µM).35,81 The structural evaluation of this protein complex by 

NMR (see publication 2 & manuscript 2) uncovers the structural alterations in both 

parts of the complex during the complex formation and identifies the role of the T 

domain in this inter-protein interface. 

In the unbound state, the PaxA CDD region of the T1-CDD construct is characterized 

as an IDR, whereas the PaxB NDD is composed of a single α-helix, which is 

separated from an additional IDR at its N-terminus by a proline-induced bend. Again, 

the disordered conformation of C/NDDs as IDRs seems to be a widespread motif in 

inter-protein interfaces as a tool to achieve specificity.87,147 In the presence of the 

interaction partners, the CDD residues undergo a disorder-to-order transition and 

form a single α-helix and also at the N-terminus of the NDD a second α-helix is built. 

So far, it was still unclear how the T1 domain participates in this docking interface, but 

NMR titration experiments indicated that especially α-helix 4 of the T domain takes 

part in the interaction, which was then proven in the 3D structure of the PaxA T1-

CDD:PaxB NDD complex. 
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For the first time, an extended docking domain interface could be proclaimed in which 

the cooperation of parts of the T domain with the connected CDD is necessary for the 

NDD recognition. Also Hacker et al. analyzed the effect of the CDD preceding T 

domain on the NDD affinity by ITC, but no difference in the KD values could be seen 

(Kj12B CDD:Kj12C NDD: 8 ± 6 µM; Kj12B T-CDD:Kj12C NDD: 19±6 µM) in this class 3 

DD interface of a pure NRPS system. A similar class 3 DD interaction of a hybrid 

PKS-NRPS system was analyzed by Kosol and colleagues85 in a more holistic 

context, where the protein-protein interactions between T-CDD (Bamb_5917) and 

NDD-C domain (Bamb_5915) constructs were evaluated. Based on NMR titration and 

carbene footprinting experiments, three regions were proclaimed that directly interact 

with Bamb_5915: α-helices 1 and 2 of the T domain plus the CDD. Additionally, 

neither a defined interaction surface between the T domain and the NDD could be 

detected, nor a complex structure of these in trans interacting proteins could be 

elucidated.85 Furthermore, in ITC measurements it was observed that the affinity of 

the DD interaction in trans-AT PKSs is not altered by the incorporation of the CDD 

flanking ACP domain (VirA CDD/VirFG NDD pair: KD 5.8±0.2 μM; VirA ACP5b-

CDD/VirFG NDD pair: KD 4 µM). 

Contrary results relating to the role of DD adjacent ACPs were obtained most 

recently in the analysis of a cis-AT PKS inter-protein interface, in which a three-fold 

increased affinity to the NDD was determined if the CDD flanking ACP was present.147 

This observation indicates that also in some inter-protein interfaces of PKSs the ACP 

besides the CDD takes part in the NDD recognition. 

All mentioned examples lead to the assumption that two different principles have 

evolved to maintain specificity in inter-protein interfaces of NRPS and PKS systems 

by docking domains, which either interact independent of adjacent domains or can 

only interact if the additional interaction surface of the T domain is compatible. 
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Fig. 17. (a) Sequence alignment of in trans interacting T1 and C2 domains (DDs are excluded) of PaxS 
and Tn-Cn+1 di-domain sequences of published cross-module structures (PDB: 6MFZ, 5U89). The 
amino acids are colored according to their similarity and the secondary structures are depicted above 
each sequence. The dotted line represents a possible fusion point to incorporate this type of extended 
docking domains into single-protein NRPSs, ideally without affecting the structures of the flanking 
domains. (b) PaxA T1-CDD:PaxB NDD complex structure superimposed on the di-modular NRPS 
structure of LgrA with the command “align” in PyMOL. In the enlarged view the T-C linker is green-
colored, and the first α-helix of the C domain is orange-colored. 

To get a structural impression of how the extended docking interface interferes with 

the overall domain arrangement in a multi-modular context, the PaxA T1-CDD:PaxB 

NDD complex structure was superimposed onto the cross-module structure of LgrA 

(PDB: 6MFZ; Fig. 17).79 This di-modular structure captures the domain arrangement 

in the condensation conformation, in which the nascent peptide chain is elongated 

and transferred from the Tn domain to the downstream Tn+1 domain. Thereby, it links 

subsequent modules in a catalytic reaction step. The extended docking interface 

composed of T domain α-helix 4, CDD and NDD is positioned outwards of the Tn:Cn+1 

interaction surface and should not disrupt or hinder any domain interactions between 

the T and C domains. Therefore, this type of high-affinity extended docking domains 

should be ideally suited to split single-protein NRPSs into two parts, without 

negatively affecting the catalytic properties of NRPSs. 
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In manuscript 1 a functional insertion point for synthetic zippers within the T-C linker 

region was already shown, which should as well facilitate the insertion of natural 

docking domains. On the other side of the inter-protein interface it would most likely 

be beneficial to exchange the whole T domain, even if only α-helix 4 of the T domain 

contributes to the extended docking domain interface. The substitution of T domain 

α-helix 4 during the CDD insertion would presumably impair the formation of 

intramolecular interactions within the such generated chimeric four-helical bundle of 

the T domain. 

1.3. Extended docking domain interface between PaxB/C of PaxS 

In contrast to the docking interface between the proteins PaxA and PaxB in which the 

pure DDs do not interact, the discrete N/CDDs of PaxB and PaxC form a stable DD 

complex characterized by a binding affinity of ~25 µM,82 which is well within the 

range of already published DD affinities.11,81,83,87 In some of these publications, also 

the embedding of the CDD preceding carrier proteins by the expression of ACP-CDD 

(PKS)87 and T-CDD (NRPS)11 constructs was analyzed and showed no impact on the 

ITC measured binding affinities to the respective NDD partner. However, the PaxB T4-

CDD construct showed a 25-fold increased affinity to the PaxC NDD (~1 µM; Fig. 10). 

The NMR-based secondary structure prediction and the application of NMR titration 

experiments should further enlighten the protein regions that contribute to the 

docking interface. As known from already published T domain structures, also the 

determined four α-helices of the unbound PaxB T4-CDD most likely assemble in a T 

domain characteristic four-helical bundle.38 An additional single-turn helix within the 

loop region connecting the α-helices 1 and 2 is not found in all carrier protein 

structures,39 but was previously described as fifth loop α-helix (αl).151 The sixth α-

helix positioned at the C-terminus of the CDD is connected to the T domain via a 

stretch of intrinsically disordered residues (Fig. 11). This region of undefined 

secondary structure at the N-terminus of the CDD was as well seen in the unbound 

sate of the discrete CDD.82 During the PaxB T4-CDD:PaxC NDD complex formation, 

the overall secondary structure of the T domain is not altered, but a second α-helix 

appears in the previously intrinsically disordered CDD region (Fig. 12a). This 

observation alone could not prove any influence of the T domain on a possible 

extended docking interface, but again confirms the secondary structure appearance 

within both DDs upon binding as seen in the artificially linked PaxB/C C/NDD complex 



DISCUSSION 
 

58 
 

structure.82 Also the comparison of NH group chemical shifts of CDD residues located 

in the bound CDD and T-CDD constructs show only minor differences, which again 

supports the stand-alone character of the CDD except for CDD α-helix 1, which 

presumably benefits from the T domain in terms of further contacts that induce a 

single-turn extension at its N-terminus (Fig. 14). 

In an additional NMR titration experiment, the PaxC NDD-binding site could be 

specified. Not only residues of the CDD but also of the T domain (especially α-helix 4) 

show large chemical shift changes during the complex formation (Fig. 12b), thus both 

regions contribute to the docking interface. 

To get structural insights into this extended docking interface of the PaxB T4-CDD 

bound to the PaxC NDD, the lowest-energy CS-ROSETTA model of the bound PaxB 

T4-CDD was superimposed on the already solved PaxC NDD-(GS)12.5-PaxB CDD NMR 

solution structure (Fig. 18).82 Even if CS-ROSETTA was not capable of calculating a 

converged low energy fold, maybe because Cβ and Hα chemical shifts were lacking, 

the assembled complex structure possibly captures the true binding event in which 

the PaxC NDD α-helix is wrapped in three α-helices: T4 domain α-helix 4 and the two 

α-helices 5 and 6 of the CDD. 

 

Fig. 18. Lowest-energy CS-ROSETTA model of PaxB T4-CDD (blue) in its bound state superimposed 
on the PaxC NDD (orange)-(GS)12.5-PaxB CDD (grey) NMR solution structure. For reasons of clarity, 
the 25 amino acid long GS linker is not shown. 

The domain arrangement within modules differs significantly in the different steps of 

the catalytic cycle of NRPSs45,68,77 and in the publication of Reimer et al. the first 
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crystal structures of di-modular LgrA constructs of these different domain 

conformations were solved.79 Here it was proclaimed that only intramodular linkers 

and the Tn:Cn+1 domain interaction during the condensation reaction strictly connect 

adjacent modules of fully in cis interacting domains, whereas the overall positions of 

neighboring modules to each other are not unambiguously defined.79 Therefore, it 

was assumed that the binding affinity is also significantly altered if the NDD 

subsequent C domain of in trans interacting Tn/Cn+1 domains is present, but no effect 

on the KD value was observed. Because no structure of in trans interacting domains 

is available, it can only be speculated that the loss of further An+1 and Tn+1 domains of 

the module probably destroys the structural integrity of the C domain by the 

exposition of hydrophobic patches. Furthermore, the absence of the PPant-arm in the 

expressed apo-form of the Tn domain besides the missing Tn+1 domain prohibits 

formation of the overall condensation conformation. The protein structure of the PaxB 

T4 α-helix 4-CDD construct is most likely also not fully intact by reason of the isolation 

of the C-terminal T domain α-helix 4 from the four-helical bundle. Additionally, the CD 

spectra of the discrete PaxB CDD and the PaxB T4 α-helix 4-CDD are highly similar 

(Supporting Fig. 1c), indicating a similar α-helical composition supporting the 

hypothesis of an unfolded PaxB T4 α-helix 4 even though the affinity is slightly 

increased. 

In conclusion, it can now be explained how the unidirectional protein order is 

maintained in the PaxS, if neither key-residue interactions11 nor architectural 

variations of DDs assigned to the same class83 or topology differences of DDs of 

different classes147 are responsible for the NRPS order. It is shown that especially the 

C/NDD occurrence as IDRs is a selectivity feature in the PaxS, which is further 

supported by the evolution of extended inter-protein interfaces that include the CDD 

preceding T domains. This uncovers a further selectivity mechanism, in which the 

gatekeeper function, so far proclaimed only for DDs, is expanded to C-terminal T 

domains of multi-protein NRPSs, and explains how interaction specificity and 

selectivity is achieved even if DDs are highly similar within one system. 

2. Synthetic zipper approach vs. standard strategies of NRPS engineering 

In the past years different strategies have been developed, which allow to re-

engineer NRPSs by module and multi-module exchanges and to produce novel 

natural products (Fig. 19). Two of them, namely the exchange unit (XU)10 and 
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exchange unit condensation domain (XUC)9 concepts are the most favorable ones 

nowadays.152 

 

Fig. 19. Engineering strategies of NRPSs. Grey and orange shades indicate the original and modified 
domains, respectively. Additionally, the exchangeable units are given at the right of the domains for 
the XU and XUC concepts. 

The XU concept is based on exchangeable A-T-C or A-T-C/E units, which can be 

covalently fused in a conserved WNATE sequence of the C-A linker, but only in a 

way that the specificity of the downstream C domain is kept. In detail this means that 

the (XU)n following (XU)n+1 must incorporate the identical amino acid into the nascent 

peptide chain as the (XU)n would expect in the wild type NRPS. Nonetheless, this 

method was capable of generating numerous NRPSs with good production titers, but 

a correlation between a reduced peptide production and the number of used XUs 

was seen, most likely explained by the increasing number of non-natural C-A 

interfaces.10 

This C domain specificity limitation was tackled in the follow up XUC strategy of 

Bozhüyük et al.9 This concept is based on the assumption that the C domain 

structure is composed of two lobes59 (subdomains) connected via a four-AA-long 

flexible linker, of which especially the C-terminal lobe (≙ C domains' acceptor site 

(CAsub)) defines the C domain specificity. Therefore, the covalent fusion of CAsub-A-T-

CDsub building blocks within the short subdomain-linking loop region should preserve 

the C domain specificity. This enabled the emulation of natural NRPSs with XUCs, 
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but also the de novo design of NRPSs, both with good production titers. Nonetheless, 

this approach also has the following two major drawbacks: C/E and C domains 

cannot be combined with each other, explained by structural and sequential 

differences62 and XUCs from bacteria of different genera 

(Xenorhabdus/Photorhabdus vs. Bacillus) were incompatible, most likely by reason of 

the non-natural C subdomains interface.9 

Other engineering approaches take advantage of low-affinity DDs (COM domains),34 

which connect multi-protein NRPSs in nature by ensuring specificity and selectivity. 

The use of DDs allowed successful multi-module exchanges, but in both cases the 

re-assembled NRPSs rely on (multi-)module building blocks, which natively interact in 

trans via DDs.108,109 

From these different engineering strategies, the idea arises to combine the benefits 

of the XU concept with the flexibility of DD-mediated module exchanges. This new 

concept generates a new synthetic type of NRPSs (type S), in which high-affinity 

synthetic zippers (SYNZIPSs)125,126 are used to connect XUs generated from the 

splitting of single-protein NRPSs. SYNZIPs are composed of single α-helices 

(~5 kDa) that intertwine with dissociation constants less than 10 nM in most cases, to 

form a coiled-coil motif.126 This high affinity should facilitate a covalent-like binding 

state of XUs encoded on different plasmids and should not disrupt any essential 

domain-domain interactions by their small size. 

The possibility to artificially split single-protein NRPSs was already shown in the work 

of Kegler et al.111, but in this example only natural DDs were inserted within the linker 

regions connecting E-C and T-C domains. Between these domains (E/C; T/C), DDs 

are naturally present.108,109 Nonetheless, the artificial splitting of natively, fully in cis 

coupled domains does not seem to disrupt the non-covalent protein-protein 

interactions of adjacent domains.111 The newly developed tool to produce type S 

NRPSs goes one step further and incorporates in trans interacting synthetic zippers 

in all kinds of linker regions (C-A, A-T, T-C) to connect NRPS building blocks in a 

functional way. Thus, we were able to produce all kinds of possible XUs ([C-A-T]n,  

[A-T-C]n, [T-C-A]n) and efficiently recombine them functionally. As with the original 

XU strategy10, the recombination of XUs from different bacteria genera (Gram-

negative/Gram-positive) was possible. The structural diversity of peptides produced 

by type S NRPSs does not significantly differ from the peptides described in the XU 
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and XUC publications,9,10 as the artificially zipped NRPS building blocks were derived 

from the identical set of NRPSs found in bacteria of the genus Xenorhabdus and 

Photorhabdus. Nonetheless, the unique feature of the use of synthetic zippers as an 

NRPS engineering tool is the versatile and fast recombination capability, which is 

further expanded by the introduction of a second heterospecific SYNZIP pair to 

produce a linear network of three XUs that interact in trans. 

The answer to why this new strategy is so successful in the context of NRPSs, even 

if ripping normally in cis interacting modules out of their protein environment is a 

tremendous intervention, is given in recent structural studies of multi-modular NRPS 

constructs. In 2016, a higher-order architecture of NRPSs was proposed, in which all 

domains are regularly arranged within a helical filament structure.78 However, the 

electron microscopy of the di-modular NRPS DhbF and the x-ray crystallography of 

the di-modular NRPS LgrA revealed diverse module arrangements without any 

conserved inter-modular interaction surface, confirming that no rigid architecture 

underlies in NRPSs.77,79 In addition, not always is a single conformation of a multi-

modular NRPS linked to a distinct step of the NRPS catalytic cycle.79 However, the 

domain-domain contacts within a module are not arbitrary and guided by transient 

interactions, as for example the rather rigid C-A catalytic platform,68 in which the 

relative position of both domains to each other remains fairly unaffected during the 

catalytic cycle.79 Further examples of defined domain-domain orientations and 

interactions are for example the ~140° Asub domain rotation during the adenylation 

reaction and the overall T domain movement in the synthetic cycle.76,153 

Taking all this structural information into account, it becomes obvious that NRPSs 

possess no super-modular architecture. Therefore, it is possible to remove individual 

XUs from single-protein NRPSs and re-assemble new type S NRPSs via synthetic 

zippers. The replacement of native linker sequences with these synthetic zippers also 

challenges the role of linkers as the essential regions that stabilize domain-domain 

contacts.70,71 In a next step, it is essential to obtain structural insights into the 

synthetic zipper-coupled interface of type S NRPS to elucidate if and how the artificial 

in trans-linkage really interferes with domain-domain interactions and to allow for the 

structure-based optimization of this engineering strategy. 
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5. Supporting information 

5.1. Structural investigation of the extended PaxB/C docking domain 

interface in the PAX peptide-producing NRPS from Xenorhabdus 

bovienii 

5.1.1. Material and methods 

Strains 

Cultivation of X. bovienii SS-2004 was performed in lysogeny broth (LB) medium 

(pH 7.5, 10 g/L tryptone, 5 g/L yeast extract and 5 g/L NaCl) on an orbital shaker or 

on LB agar (1% (w/v) agar) plates at 30 °C. Cultivation of E. coli cells was performed 

in LB medium on an orbital shaker or on LB agar plates at 37 °C supplemented with 

antibiotics in appropriate concentrations (ampicillin 100 μg/ml). All strains that were 

used and generated in this work are summarized in Supporting Table 1. 

Supporting Table 1. Strains used in this work. 

Strain Genotype / NRPS Reference 

E. coli BL21(DE3)entD 
F– ompT hsdSB (rB

–, mB
–) gal dcm (DE3) 

ΔprpRBCD::T7prom-sfp T7prom-prpE ΔentD / - 
154 

E. coli DH10B 

F– mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 

ΔlacX74 recA1 endA1 araD139 Δ(ara-leu)7697 galU 

galK λ– rpsL(StrR) nupG/ - 

Invitrogen 

Xenorhabdus bovienii SS-2004 wild type / paxS  155 

Isolation and purification of DNA 

For the isolation of genomic DNA the Gentra Puragene Yeast/Bact Kit (QIAGEN) was 

used. The isolation of plasmids from E. coli cells was accomplished with help of the 

Invisorb Spin Plasmid Mini Two Kit (STRATEC Biomedical AG). DNA from 

polymerase chain reactions (PCRs) was purified with MSB SpinPCRapace 

(STRATEC Biomedical AG) or from 1% Tris-acetate-ethylenediaminetetraacetic acid 

(TAE) agarose gels using Invisorb Spin DNA Extraction (STRATEC Biomedical AG). 

An additional DpnI (Thermo Fisher Scientific) digestion was performed if the PCR 

template was plasmid-based. All steps of the plasmid isolation procedure and DNA 

fragment cleanup were carried out according to the manufacturers’ protocols. 

PCR, cloning of plasmids and transformation of cells 

S7 Fusion Polymerase (Mobidiag) was used for DNA amplification by PCR following 

the instructions of the manufacturer. PCR primers (Eurofins Scientific) used in this 
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study are listed in Supporting Table 2 and the homology arms for cloning purposes 

were introduced via oligonucleotide design and a two-step PCR. The linearization of 

the plasmid pET11a modified was accomplished by PCR using the primer pair 

pET11a-FW/pET11a_smt3-RV. 

Supporting Table 2. Oligonucleotides used in this work. 

plasmid 
oligo-

nucleotide 
sequence (5´3´; overlapping ends) template 

pJW43 

pET11a-FW TAAGGATCCGGCTGCTAAC pet11a modified 

pET11a_smt3-RV ACCACCAATCTGTTCACGA pet11a modified 

jw0046-FW CATCGTGAACAGATTGGTGGTACACTGTATAAACTTGCTGAACTTATTCTATC X. bovienii SS-2004 

ck0045-RV TTTGTTAGCAGCCGGATCCTTATTGTTGATCTCCATTTAACATGG X. bovienii SS-2004 

pJW44 

pET11a-FW TAAGGATCCGGCTGCTAAC pet11a modified 

pET11a_smt3-RV ACCACCAATCTGTTCACGA pet11a modified 

jw0047-FW CATCGTGAACAGATTGGTGGTGATCGTTCCGCCAGCG X. bovienii SS-2004 

ck0045-RV TTTGTTAGCAGCCGGATCCTTATTGTTGATCTCCATTTAACATGG X. bovienii SS-2004 

pJW46 

pET11a-FW TAAGGATCCGGCTGCTAAC pet11a modified 

pET11a_smt3-RV ACCACCAATCTGTTCACGA pet11a modified 

ck0042-FW CATCGTGAACAGATTGGTGGTATGAACATAAATGAACAAACTTTGG X. bovienii SS-2004 

jw0051-RV TTTGTTAGCAGCCGGATCCTTAGTTCGGATAGGCCACGGTAG X. bovienii SS-2004 

pJW52 

pET11a-FW TAAGGATCCGGCTGCTAAC pet11a modified 

pET11a_smt3-RV ACCACCAATCTGTTCACGA pet11a modified 

jw0047-FW CATCGTGAACAGATTGGTGGTGATCGTTCCGCCAGCG X. bovienii SS-2004 

jw0067-RV TTTGTTAGCAGCCGGATCCTTAAAAAGTTTCAATTTGTCTTGATAGAATAAGTTCAG X. bovienii SS-2004 

Cloning was realized with NEBuilder HiFi DNA Assembly Master Mix (New England 

Biolabs) according to the manufacturer’s instructions and E. coli cells were 

transformed with the plasmids by electroporation. Plasmids were verified by 

sequencing (Eurofins Genomics). All plasmids generated in this study are listed in 

Supporting Table 3. 

Supporting Table 3. Plasmids used in this work. 

plasmid 
base 

pairs [bp] 
genotype reference 

pet11a modified 5938 ori pBR322 ,ampR, T7prom-his6-smt3, Ulp1 cleavage site 11 

pJW30 6043 ori pBR322 ,ampR, T7prom-his6-smt3, xb2152_Y-CDD 82 

pJW31 6037 ori pBR322 ,ampR, T7prom-his6-smt3, xb2151_NDD 82 

pJW43 6076 ori pBR322 ,ampR, T7prom-his6-smt3, xb2152_T4 α-helix 4-CDD this work 

pJW44 6298 ori pBR322 ,ampR, T7prom-his6-smt3, xb2152_T4-
CDD this work 

pJW46 7450 ori pBR322 ,ampR, T7prom-his6-smt3, xb2151_NDD-C5 this work 

pJW52 6211 ori pBR322 ,ampR, T7prom-his6-smt3, xb2152_T4 this work 

Protein expression and purification 

For the structure elucidation by NMR, proteins from Xenorhabdus bovienii SS-2004 

were heterologously expressed in E. coli BL21-Gold(DE3)entD under the control of 

a T7 promoter. The use of E. coli BL21-Gold(DE3)entD cells was necessary to 
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obtain a uniform T domain species in its apo-state, which was confirmed by high 

resolution (HR)-high performance liquid chromatography (HPLC)-coupled 

electrospray ionization mass spectrometry (ESI-MS) analysis. For the uniform isotope 

labeling of the proteins of interest, E. coli cells harboring the respective protein 

coding plasmids were grown in 15N and 15N,13C M9 minimal media containing 1 g L−1 

15NH4Cl (Cambridge Isotope Laboratories) or 1 g L−1 15NH4Cl and 2.5 g L−1 13C6-D-

glucose (Cambridge Isotope Laboratories). For selective labeling of specific amino 

acids, cells were grown in M9 medium complemented with appropriately isotope 

labeled amino acids and the remaining amino acids in the unlabeled form.156 The 

following labeling schemes were applied: 15N leucine (0.23 g/l), 15N phenylalanine 

(0.13 g/l). For ITC measurements, proteins were expressed in LB medium. Protein 

expression was induced at an OD600 of 0.6–0.8 with 1 mM IPTG followed by an 

overnight incubation at 20 °C. After expression, cells were lysed by sonication and 

purified as previously described in a three-step purification procedure including 

immobilized metal-affinity chromatographies (IMAC) combined with a final gel 

filtration chromatography.82 The buffer solution containing the purified proteins was 

composed of 50 mM sodium phosphate (pH 6.5) and 100 mM NaCl. In Supporting 

Table 4 all isolated proteins are listed. 

Supporting Table 4. Proteins used in this work. 

protein 
ID 

strain protein 
molecular 

weight [Da] 
sum formula 

charge 
state 

theoretical 
mass [m/z] 

detected 
mass 
[m/z] 

JW30 
Xenorhabdus 

bovienii  
SS-2004 

PaxB Y-CDD 4103 C179H277N43O65S 3+ 1368.6562 1368.6549 

JW31 
Xenorhabdus 

bovienii  
SS-2004 

PaxC NDD 3962 C171H295N51O54S 6+ 661.2019 661.1985 

JW43 
Xenorhabdus 

bovienii  
SS-2004 

PaxB T4  
α-helix 4-CDD 

5342 C236H380N58O80S1 4+ 1336.4386 1336.4445 

JW44 
Xenorhabdus 

bovienii  
SS-2004 

PaxB T4-
CDD_apo 13734 C610H949N163O194S2 10+ 1374.3979 1374.4058 

JW46 
Xenorhabdus 

bovienii  
SS-2004 

PaxC NDD-C5 56537 C2526H3999N687O764S10 1+ 56537.3383 * 

JW52 
Xenorhabdus 

bovienii  
SS-2004 

PaxB T4_apo 10556 C469H725
15N127O141S 10+ 1056.5699 1056.6039 

* confirmed by MALDI-TOF MS (data not shown) 

NMR spectroscopy 

NMR spectra were recorded at 20 °C on Bruker AVANCE III 600 and 900 MHz 

spectrometers equipped with cryogenic 5 mm triple resonance probes. The proton 

chemical shifts were internally referenced to 2,2-dimethyl-2-silapentane-5-sulfonic 

acid and the heteronuclear 13C and 15N chemical shifts were indirectly referenced 

with the appropriate conversion factors.157 
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For backbone assignments of unbound PaxB T4-CDD (200 µM) the BEST-TROSY-

based versions of the following 3D experiments with a uniformly 13C,15N-labeled 

sample were recorded: HNCO, HN(CA)CO, HNCA and HNCACB.158–160 The 

backbone assignments of the bound state were obtained from HNCO and HNCA 

triple resonance experiments128 (Bruker standard pulse sequences) with uniformly 

13C,15N-labeled samples of PaxB T4-CDD (200 µM) in the presence of 4 molar excess 

of unlabeled PaxC NDD (800 µM). All NMR samples were supplemented with 10% 

D2O and all spectra were processed with Bruker TopSpin 3.6.2 and analyzed with the 

program CARA161 (www.nmr.ch). TALOS-N143 was used to calculate the secondary 

structure probability for the bound and unbound state of the PaxB T4-CDD based on 

the chemical shift assignments. 

NMR titration experiments based on 1H,15N-HSQC spectra, which were recorded 

after the stepwise addition of unlabeled PaxC NDD to uniformly 15N-labeled PaxB T4-

CDD (80 µM). To evaluate the NMR titration experiments, the chemical shifts were 

determined using the peak picking function of CcpNmr Analysis162 and with the 

following equation the chemical shift differences were calculated:163 

(1)  = √HN
2
+ (

N

6.5
)

2

  

Isothermal titration calorimetry, circular dichroism and HR-HPLC-ESI-MS 

analyses 

These analyses were performed as described in the supporting information of 

manuscript 2 (“Cooperation between a T domain and a minimal C-terminal docking 

domain to enable specific assembly in a multiprotein NRPS”). 
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5.1.2. Supporting figures 
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Supporting Fig. 2. (a–c) ITC thermograms and the derived binding curves for titration between 
PaxB CDD:PaxC NDD, PaxB T4-CDD:PaxC NDD and PaxB T4:PaxC NDD are shown. 
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Supporting Fig. 3. Overlay of 1H,15N-HSQC spectra of a fully 15N-labeled and amino acid selective 
isotope labeled (15N Phe (red), 15N Leu (black)) PaxB T4-CDD samples. 
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Supporting Fig. 4. (a, b) ITC thermograms and the derived binding curves for titration between 
PaxB T4 α-helix 4-CDD:PaxC NDD and PaxB T4-CDD:PaxC NDD-C5 are shown. 
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