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Summary 

 
Bioactive peptide natural products continue to play an important role in modern medicine since 

many of them represent last-resort treatments for a variety of life threatening diseases. A large 
fraction of those peptides are generated via ribosome-independent templated and non-templated 
biosynthetic pathways. Oftentimes the structural complexity of those peptides has prevented their 
synthesis and diversification through purely synthetic means. New approaches build on detailed 
knowledge about the respective biosynthetic pathways have been envisaged where fermentative in 

vivo or chemoenzymatic strategies are used to generate highly modified peptide natural products. To 
work towards this vision two templated and two non-templated biosynthetic pathways have been 
investigated. Both their abilities to generate particular peptide scaffolds and to subsequently 
decorate a given peptide backbone through the action of dedicated modification enzymes have been 
explored.  

The two templated NRPS-dependent pathways studied are the biosynthetic systems of the 
antitumor-antibiotic sibiromycin and the newly discovered siderophore mirubactin.  

The origin of the highly substituted anthranilate moiety found in sibiromycin was investigated. 
The pathway was shown to consist of four steps starting from the known metabolite 3-
hydroxykynurenine using detailed in vitro analyses. Initially, the SAM-dependent methyltransferase 
SibL converts its substrate to the 4-methyl derivative, followed by hydrolysis through the PLP-
dependent kynureninase SibQ leading to 3-hydroxy-4-methylanthranilic acid (3H4MAA) formation. 
Then the NRPS didomain SibE activates 3H4MAA and tethers it to its thiolation domain, where it 
then serves as the hydroxylation substrate for the FAD/NADH-dependent hydroxylase SibG, 
yielding the fully substituted anthranilate moiety found in sibiromycin. 

The siderophore mirubactin was discovered and purified from Actinosynnema mirum through 
cultivation under iron-limited conditions followed by activity-guided isolation. Structure elucidation 
was accomplished through a combination of spectroscopic, mass spectrometric and derivatization 
methods. Bioinformatic analyses coupled with in vitro characterization of its biosynthetic machinery, 
was used to identify the mirubactin gene cluster. A biosynthetic assembly route could be proposed 
comprising the iterative use of a stand-alone carrier-protein-bound substrate (MrbD) and the 
formation of an unusual O-acyl hydroxamic acid ester bond through a C-terminal condensation 
domain (MrbJ). 

In addition, two non-templated CDPS-dependent pathways responsible for nocazine 
biosynthesis and the generation of singly and doubly methylated ditryptophan diketopiperazines 
(DKPs) have been investigated. 

The first nocazine gene cluster could be identified through bioinformatic analyses and the 
biosynthetic pathway leading to the two nocazine family members nocazine E and XR334 could be 
elucidated through in vivo and in vitro studies. DKP-formation is carried out by a CDPS (Ndas_1148) 
that shows an unknown product profile forming cyclo(L-Phe-L-Tyr) and cyclo(L-Phe-L-Phe) as its 
main products. Tailoring of the DKP-scaffold is achieved through the combined and combinatorial 
action of a cyclic dipeptide oxidase (Ndas_1146/1147) and two distinct SAM-dependent O-/N-
methyltransferases (Ndas_1145 and Ndas_1149). 

A CDPS gene cluster responsible for the formation of methylated ditryptophan DKPs was 
identified in A. mirum through bioinformatic genome analysis. The assembly pathway was 
investigated through in vivo and in vitro studies. Initially, the highly specific CDPS Amir_4627 
catalyzes the formation of a formerly unknown CDPS product, namely cyclo(L-Trp-L-Trp) followed by 
the methylation of one or both DKP-ring nitrogens through the action of the SAM-dependent N-
methyltransferase Amir_4628 generating singly and doubly methylated ditryptophan DKPs. 
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Zusammenfassung 

 
Bioaktive Peptid-Naturstoffe spielen weiterhin eine wichtige Rolle in der modernen Medizin, wo 

sie oftmals als letzte Option bei schweren, lebensbedrohlichen Erkrankungen eingesetzt werden. Ein 
großer Teil dieser Peptide wird in der Natur, unabhängig vom Ribosom, durch Templat-abhängige 
und Templat-unabhängige sekundäre Stoffwechselwege synthetisiert. Oftmals sind diese strukturell 
komplexen Peptid-Naturstoffe nicht durch rein synthetische Ansätze zugänglich. Deshalb wurde 
damit begonnen neue Ansätze für in vivo Fermentationsprozesse, sowie chemoenzymatische 
Strategien zur Synthese und Diversifikation von Peptid-Naturstoffen zu entwickeln. Diese Ansätze 
fußen auf einem vertieften Verständnis der zugrundeliegenden biosynthetischen Stoffwechselwege. 
In dieser Arbeit wurden aus diesem Grund jeweils zwei Templat-abhängige und Templat-
unabhängige Biosyntheserouten eingehend untersucht. Hierbei standen sowohl die Mechanismen, 
welche zur Synthese eines bestimmten Peptidgerüsts führen, sowie die zugehörigen 
Modifizierungsstrategien, die das assemblierte Peptid weiter dekorieren, im Fokus. 

Bei den beiden untersuchten Templat-abhängigen NRPS-Biosynthesewegen handelt es sich um 
die Assemblierungsrouten des Antitumor-Antibiotikums Sibiromycin und des neu identifizierten 
Siderophors Mirubactin. 

Es wurde durch detaillierte in vitro Studien gezeigt, dass die ungewöhnlich substituierte 
Anthranilsäure-Gruppe des Sibiromycins durch vier biosynthetische Schritte generiert wird. 
Ausgehend von 3-Hydroxykynurenin wird durch die SAM-abhängige Methyltransferase SibL eine 
Methylierung an der 4-Position eingeführt. Die PLP-abhängige Kynureninase SibQ erzeugt 
anschließend 3-Hydroxy-4-methylanthranilsäure (3H4MAA) durch Hydrolyse. Dieses Intermediat 
dient nun als Substrate für die NRPS SibE, welche es aktiviert und kovalent an seine 
Thiolierungsdomäne bindet. Abschließend wird die vollständig modifizierte Anthranilsäure-Gruppe 
durch online-Hydroxylierung, katalysiert durch die FAD/NADH-abhängige Hydroxylase SibG, 
gebildet. 

Das vormals unbekannte Siderophor Mirubactin konnte aus Actinosynnema mirum durch 
Kultivierung unter Eisen-limitierten Bedingungen, gefolgt von Aktivitäts-geleiteter Aufreinigung, 
isoliert werden. Durch eine Kombination an spektroskopischen, massenspektrometrischen und 
Derivatisierungs-Methoden, konnte die Struktur von Mirubactin aufgeklärt werden. Durch 
bioinformatische Analysen und in vitro Untersuchungen der biosynthetischen Maschinerie konnte 
der Mirubactin Gencluster identifiziert werden. Es konnte eine Biosyntheseroute postuliert werden, 
welche die iterative Verwendung eines an eine Thiolierungsdomäne gebundenen Substrats (MrbD), 
sowie die Bildung eines ungewöhnlichen O-Acylhydroxamsäureesters durch eine C-terminale 
Kondensationsdomäne (MrbJ), enthält. 

Zusätzlich wurden zwei Templat-unabhnägige CDPS-Biosynthesewege untersucht, die für die 
Synthese der Nocazine und die Generierung von modifizierten Ditryptophan-Diketopiperazinen 
(DKPs) zuständig sind. 

Mittels bioinformatischer Analysen konnte der erste Nocazine-Gencluster identifiziert werden. 
Durch in vivo und in vitro Studien konnte die gesamte Biosyntheseroute von Nocazine E und XR334 
aufgeklärt werden. Die DKP-Bildung wird durch die CDPS Ndas_1148 katalysiert, welche ein neues 
Produktprofil aufweist bei dem cyclo(L-Phe-L-Tyr) und cyclo(L-Phe-L-Phe) die beiden Hauptprodukte 
darstellen. Weitere Modifikation des DKP-Gerüsts wird anschließend durch kombinatorischen 
Gebrauch einer Cyclodipeptidoxidase (Ndas_1146/1147) sowie zweier SAM-abhängiger O-/N-
Methyltransferasen (Ndas_1145 und Ndas_1149) erreicht. 

Ein CDPS-Gencluster, zuständig für die Biosynthese von methylierten Ditryptophan-DKPs, 
konnte durch Genomanalyse von A. mirum identifiziert werden. Der Biosyntheseweg  wurde durch in 

vivo und in vitro Untersuchungen aufgeklärt. Zu Beginn katalysiert die hoch spezifische CDPS 
Amir_4627 die Bildung des vormals unbekannten CDPS-Produkts cyclo(L-Trp-L-Trp). Nun methyliert 
die SAM-abhängige N-Methyltransferase Amir_4628 entweder einen oder beide Ring-Stickstoffe des 
DKP-Gerüsts und bildet somit die einfach- oder doppelt-methylierten Ditryptophan-DKP Produkte. 
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1 Introduction 

1.1 Ribosome-independent peptide bond formation in bacteria 

 
Peptide bond formation is undoubtedly one of the most important chemical 

reactions in the living world. Establishing peptide bonds is essential for the 
generation of proteins, which in turn play pivotal roles as structural components 
and catalysts in all organisms. The main peptide bond-forming catalyst of all 
cells is the ribosome, responsible for the synthesis of all proteins and peptides 
encoded in the genome of the respective organism.1-3 Ribosomal protein 
synthesis therefore represents the last step in the expression of genetic 
information.4 While the ribosome is the evolutionarily most conserved way of 
forming peptide bonds5 other enzymes exist capable of catalyzing the formation 
of new peptide linkages. They are involved in a multitude of important metabolic 
processes, a few of which will be discussed below. 

The bacterial cell wall contains peptidoglycan, consisting of carbohydrate 
and peptide components, that confers both mechanical resilience and resistance 
against osmotic pressure to the bacterium. The peptide bonds in peptidoglycan 
biosynthesis are generated through a ribosome-independent system of peptide 
bond-forming catalysts (Figure 1.1).6 Other examples can be found in the 
biosynthesis of different cofactors, including coenzyme A, the most important 
acyl group carrier in central metabolism7 and glutathione, which is essential in 
maintaining the redox homeostasis inside the cell (Figure 1.2 A).8 Another 
cellular process employing enzymes capable of forming peptide bonds is protein 
degradation, where proteins are tagged for subsequent transport to the 
proteasome followed by disassembly into monomeric building blocks.9 In 
eukaryotes tagging is mainly achieved through ubiquitination,10 while in 
prokaryotes single amino acids or small peptides are employed 
(Figure 1.2 B).11,12 A phenomenon only found in bacteria is the polymerization of 
amino acids and usage of the resulting polypeptide as a nitrogen and carbon 
storage compound (Figure 1.2 C).13 Known examples include the formation of 

poly-γ-glutamate by different Bacillus species,14 ε-polylysine by Streptomyces 

albulus15 and cyanophicin (a copolymer composed of an aspartate backbone and 
arginine side groups) produced by different cyanobacteria.13 

Besides the processes mentioned so far, many peptide bond-forming 
enzymes are involved in the biosynthesis of bioactive secondary metabolites.16-18 
Notable examples currently in clinical use include the glycopeptide antibiotic 
vancomycin,19 the lipopetide antibiotic daptomycin20 and FK506,21,22 an 
immunosuppressant used to prevent rejection after organ transplantation 
(Figure 1.3).23 They are synthesized by nonribosomal peptide synthetases 
(NRPSs), large multi-modular enzymes working in an assembly-line fashion, 
where each module is responsible for the formation of one peptide bond and 
thus the incorporation of one amino acid monomer.24,25 Since the NRPS 
machinery directly functions as a template for the synthesized peptide product 
those pathways will be referred to as templated pathways.  
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Figure 1.1 Cell wall biosynthesis in Streptococcus pneumoniae. First, uridine diphosphate N-acetylglucosamine (UDP-
GlcNAc) is converted to uridine diphosphate N-acetylmuramic acid (UDP-MurNAc) by the phosphoenolpyruvate (PEP)-
dependent enzyme MurA and the NADPH-dependent reductase MurB. In the next four steps five amino acids are 
attached to the saccharide moiety by four ATP-dependent enzymes of the ATP-grasp family (MurCDEF). The peptide-
saccharide hybrid is then covalently bound to an undecaprenyl-phosphate lipid carrier through the action of MraY 
followed by the attachment of the second saccharide monomer N-acetylglucosamine (GlcNAc) by MurG. Finally, two 
additional amino acids are added to the pentapeptide-saccharide via a lysine iso-peptide bond. Those reactions are 
catalyzed by the tRNA-dependent aminoacyltransferases MurM and MurN. After translocation to the extracellular 
space the final transglycosylation and transpeptidation steps generate the nascent cross-linked peptidoglycan polymer. 
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Figure 1.2 Examples of peptide bond forming enzymes in metabolite biosynthesis and protein degradation. (A) 
Biosynthesis of reduced glutathione. In the first reaction the ATP-grasp enzyme γ-glutamylcysteine synthetase (γGCS) 
generates an iso-peptide bond between a glutamate side chain carboxylate and the α-amino group of a cysteine 
resulting in the formation of γ-glutamylcysteine. Subsequently, a second ATP-grasp enzyme, namely glutathione 
synthetase (GS), establishes an additional peptide bond through the C-terminal attachment of a glycine residue 
forming reduced glutathione. (B) Bacterial protein degradation pathways. The E. coli GNAT-fold enzyme Aat attaches 
leucine or phenylalanine residues to the N-terminus of proteins, while the GNAT-fold enzyme Bpt, found in many 
bacterial species, uses exclusively tRNA-bound leucine as a cosubstrate. Those newly added destabilizing residues are 
then recognized by specific proteins of the ClpS family and subsequently transported to the ClpAP protease complex 
for degradation. (C) ε-Polylysine synthesis in S. albulus. In the top the ε-polylysine synthetase domain organization is 
shown, while in the bottom the proposed biosynthetic mechanism of ε-polylysine assembly is depicted. The initial 
condensation of a freely diffusible lysine with a thiolation domain (T-domain)-bound lysine residue is followed by 
successive rounds of adenylation, covalent tethering to the dedicated T-domain and condensation to the growing ε-
polylysine chain. Chain length can vary between three and > 20 residues and release from the T-domain is achieved 
through hydrolysis. 

In addition to NRPS-dependent peptides many other bioactive compounds 
are known to be assembled by small soluble peptide bond-forming enzymes. The 
biosynthetic pathways leading to those natural products will be referred to as 
non-templated pathways. A recently characterized example is the antibiotic 
dapdiamide. The two peptide bonds found in this compound are established 
through two enzymes belonging to different enzyme classes, namely the ATP-
grasp ligases (DdaF) and the AMP-dependent ligases (DdaG, Figure 1.3).26-28 
Other examples include the biosynthesis of the peptidyl nucleoside antibiotic 
pacidamycin,29-32 where the formation of a peptide bond is catalyzed by an 
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enzyme of the tRNA-aminoacyltransferase (tRNA-AT) family (PacB) and the 
formation of modified cyclic dipeptides, including the antibiotic albonoursin 
(AlbC),33 through the action of the recently identified cyclodipeptide synthase 
(CDPS) class of enzymes (Figure 1.3).34,35 

 

 

Figure 1.3 Peptide bond-containing bacterial secondary metabolites assembled independently of the ribosome. Shown 
are examples of templated pathways (NRPS, NRPS/PKS), non-templated pathways (CDPS, ATP-grasp/AMP-dependent 
ligases) and hybrids thereof (NRPS/tRNA-AT). The protein fold of the corresponding enzyme family is shown in 
parentheses following the enzyme name. NRPS: nonribosomal peptide synthetase, PKS: polyketide synthase, tRNA-AT: 
tRNA-dependent aminoacyltransferase, CDPS: cyclodipeptide synthase, CAT: chloramphenicol transferase fold, GNAT: 
GCN5 N-acetyltransferase fold, RF: Rossmann fold. 

All the peptide bond-forming enzymes mentioned so far belong to five 
distinct structural folds (Figure 1.4). The ATP-grasp fold is an ancient fold found 
in all domains of life that allows the ligation of a carboxylate-containing molecule 
to an amino or thiol group-containing compound.36,37 Enzymes of this fold 
participate in a wide variety of different cellular processes, ranging from central 

energy metabolism and purine biosynthesis38 to cofactor (γGCS and GS, 
Figure 1.2 A),39,40 cell wall (MurCDEF, Figure 1.1)41,42 and secondary metabolite 
assembly (e.g. DdaF).26-28 ATP-grasp domains contain three conserved sequence 
motifs responsible for phosphate and Mg2+ binding and are characterized by two 

α-β subdomains that grasp ATP orienting it for phosphate transfer to a dedicated 
substrate carboxyl group (Figure 1.4).43 The second fold able to facilitate peptide 
bond formation is the Rossmann fold (RF).44 Enzymes of this fold are again 
found in many pathways of primary and secondary metabolism where they are 
involved in group transfer and redox reactions utilizing nucleotide containing 

cofactors.45 The fold consists of a three layer α-β-α sandwich with a highly 
conserved nucleotide binding pocket (Figure 1.4).45 Notably, the catalytic domain 
of class I aminoacyl-tRNA synthetases (aaRSs) that catalyze the aminoacylation 
of tRNAs46 and the related CDPSs involved in cyclic dipeptide synthesis (e. g. 
AlbC)34,47,48 possess the Rossmann fold. 
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Figure 1.4 Overview of the five folds able to catalyze peptide bond formation. They are grouped according to the 
occurrence of the respective folds in mainly templated or mainly non-templated pathways. The core fold in the 
exemplary proteins is shown in red (α-helices) and yellow (β-strands), while the remaining protein is shown in cyan. 
ATP-grasp: Ddl, D-Ala-D-Ala ligase (Yersinia pestis, PDB ID: 3V4Z); RF: YvmC, cyclodipeptide synthase (Bacillus 

licheniformis, PDB ID: 3OQH); GNAT: FemX, tRNA-dependent aminoacyltransferase (Weisella viridescens, PDB ID: 
3GKR); AMP-dependent ligase: luciferin 4-monooxygenase (Lucida cruciata, PDB ID: 2D1S); CAT: VibH, condensation 
domain (Vibrio cholerae, PDB ID: 1L5A). 

The third fold alluded to is the GCN5 N-acetyltransferase (GNAT) fold,49 named 
after the yeast protein GCN5 (general control nonrepressed 5) that functions as a 
histone acetyltransferase and is involved in transcriptional activation.50 GNAT-
enzymes generally catalyze the transfer of an acyl group from an acyl-CoA or 
aminoacyl-tRNA carrier to oxygen or nitrogen nucleophiles generating oxoester 
or peptide bonds, respectively. Those reactions are implicated in various cellular 
functions, ranging from bacterial protein degradation (Aat and Bpt, 
Figure 1.2 B)11,12 and cell wall biosynthesis (MurMN, Figure 1.1)41,42 to chromatin 
remodeling in eukaryotes50 and control of mammalian circadian rhythm.51 The 

fold consists of five to six β-strands and four α-helices with the topology β1-α1-

α2-β2-β3-β4-α3-β5-α4-β6 (Figure 1.4).52 With respect to secondary metabolite 
assembly the three folds mentioned so far can only be found in non-templated 
pathways, while the next fold that will be covered can be part of both templated 
and non-templated biosynthetic routes and is referred to as the AMP-dependent 
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ligase fold. In general, enzymes possessing this fold are involved in the ATP-
dependent ligation of carboxylates to amino, thiol or hydroxyl group-containing 
molecules53 and take part in lipid metabolism54 and various pathways of 
prokaryotic and eukaryotic secondary metabolite production.25 The fold is 
characterized by the presence of a large N-terminal core domain and a smaller 
C-terminal domain acting as a clamp during enzyme catalysis protecting the 
generated high energy intermediate from hydrolysis (Figure 1.4).55 In non-
templated pathways those enzymes can catalyze both the activation of a carboxyl 
group and the subsequent ligation to an amine (e. g. DdaG).26-28 However, in 
templated NRPS-dependent pathways they are part of the characteristic multi-
modular machinery and are referred to as adenylation domains (A-domains). 
Here they only catalyze carboxylate activation while peptide bond formation is 
carried out by a different part of the multi-domain complex.24 The enzymes 
catalyzing peptide bond formation in NRPS pathways possess the 
chloramphenicol acetyltransferase (CAT) fold and are called condensation 
domains (C-domains).56 They generally carry out the ligation of a thioester 
activated carboxylate with an amino group-containing molecule and are usually 
integrated into the assembly-line machinery, but can in some cases also be 
found as free-standing enzymes.56 In contrast to the eponymous enzymes of this 
fold that exist as trimers of identical CAT α-β subunits, C-domains can be 
described as pseudodimers where both of the subdomains possess the CAT fold 
(Figure 1.4).56 

Besides the enzymes described so far that are able to generate new peptide 
bonds a large variety of enzymes exist that carry out transpeptidation reactions 
involving the transfer of one or more amino acids from one peptide chain to 
another.57 In those reactions no net formation of new peptide linkages occurs 
and thus they will not be further discussed. 

The large variety of structurally and mechanistically distinct enzymes able to 
form new peptide bonds highlights the importance of this transformation in 
bacterial metabolism. Regarding secondary metabolite production, having an 
array of catalysts with differing substrate specificities and cofactor requirements 
available allows for the constant invention of new small molecule diversity and 
rapid adaption to changing environments and thus confers a distinct 
evolutionary advantage to the respective organism.58 

 

1.2 Monomer activation strategies 

 
To form a peptide bond between the carboxylic acid moiety of one amino acid 

and the α-amino group of a second amino acid, the electrophilic carboxylate 
carbon is first attacked by the nucleophilic amino group followed by the 
elimination of one water molecule. In an aqueous environment this condensation 
reaction is an endergonic process (∆G°' ≈ 8-16 kJ/mol)59 and will not occur 
spontaneously. Instead, the reverse reaction, namely peptide bond hydrolysis, is 
favored. Nonetheless peptide bonds are fairly stable under physiological 
conditions and in the absence of suitable catalysts owing to the high activation 
energy (Ea = 60-100 kJ/mol)60 needed to break the peptide linkage. 
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Figure 1.5 Classic monomer activation strategies and peptide bond formation in templated (A) and non-templated (B) 
secondary metabolite pathways. (A) Stepwise mechanism of templated NRPS-pathways. (B) Stepwise mechanisms of 
four non-templated pathways. (I) AMP-dependent ligases, (II) ATP-grasp ligases, (III) tRNA-dependent 
aminoacyltransferases (tRNA-ATs), (IV) tRNA-dependent cyclodipeptide synthases (CDPSs). 

Thus to generate a new peptide bond energy is required that is in all cases 
ultimately provided by ATP hydrolysis. By coupling this highly exergonic process 
(∆G°' = -30.5-65.7 kJ/mol )61 via common intermediates to the endergonic 
formation of a peptide bond, the overall reaction sequence can be made 
thermodynamically favorable. Five different high-energy intermediates are 
known to be used as immediate substrates for peptide bond formation in the 
synthesis of secondary metabolites (Figure 1.5). In NRPS-pathways initial 
monomer activation is achieved through the action of A-domains that use ATP 
for substrate adenylation and the concomitant generation of one molecule of 
pyrophosphate (PPi). The resulting adenylated products are subsequently attack 
by the nucleophilic thiol group of a 4'-phosphopantethein (Ppant) cofactor, 
covalently linked to a dedicated peptidyl carrier protein domain (PCP-domain), 
preserving the energy initially provided through ATP hydrolysis in a reactive 
thioester bond. This activated aminoacyl thioester now serves as the immediate 
activated substrate for C-domain-catalyzed peptide bond formation 
(Figure 1.5 A).25 A similar activation strategy is used by soluble AMP-dependent 
ligases where the AMP-activated intermediate directly serves as the substrate for 
subsequent ligation with an amino group-containing molecule (Figure 1.5 B: 
I).26-28 In contrast to the before mentioned activation strategies, ATP-grasp 
ligases transform a substrate carboxylate into a high energy mixed anhydride 
intermediate through the attachment of a phosphate group, resulting in the 
generation of ADP as the ATP hydrolysis product. As described for the AMP-
dependent ligases, a soluble substrate subsequently attacks the activated 
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carboxylate via an amino group thus establishing a new peptide bond 
(Figure 1.5 B: II).36 The tRNA-dependent enzymes of the tRNA-AT52 and CDPS62 
families do not directly use ATP for their catalyzed reactions. This results from 
the fact that tRNA-bound amino acids serve as immediate substrates for peptide 
bond formation, that were generated thorough the action of the corresponding 
aminoacyl-tRNA synthetases (aaRSs) (Figure 1.5 B: III and IV). By hijacking 
aminoacyl-tRNAs as activated substrates for the formation of secondary 
metabolites tRNA-ATs and CDPSs represent a direct connection between primary 
and secondary metabolic pathways. In contrast to tRNA-ATs that use one 
aminoacyl-tRNA and a soluble amino group-containing molecule as substrates, 
CDPSs use two tRNA-bound amino acids for the successive formation of two 
peptide bonds resulting in the generation of a 2,5-diketopiperazine (DKP) moiety. 
 

 

Figure 1.6 Carboxylic acid activation via the generation of a methylester in the biosynthesis of the capuramycin-type 
antibiotic A-503083 B. The energy needed for peptide bond formation is ultimately provided by ATP-hydrolysis during 
the generation of the SAM cofactor. 

Finally, an additional example of an only recently discovered monomer 
activation strategy will be discussed. The peptide bond found in the 

capuramycin-type antibiotic A-503083 B is established by the β-
lactamase/transpeptidase-like enzyme CapW.63 It uses a methylester-activated 
carboxylic acid and an amino group-containing molecule as immediate 
substrates for peptide bond formation without the direct use of ATP, while one 
molecule of methanol is generated as a side product. The methylester is 
generated by the SAM-dependent carboxylic acid methyltransferase CapS. 
Although not directly ATP-dependent, the energy needed to form the peptide 
bond in A-503083 B is ultimately provided by the hydrolysis of one ATP molecule 
during the biosynthesis of the SAM cofactor consumed during CapS catalysis 
(Figure 1.6). 

 

1.3 Templated pathways 

 
In templated pathways large multi-modular enzymes called NRPSs are 

responsible for the selection, activation and polymerization of monomeric 
building blocks giving rise to a large variety of different peptide natural products. 
Besides purely peptidic compounds also peptide-polyketide hybrids can be 
generated via templated pathways through the combined action of NRPS and 
PKS multi-domain enzymes (Figure 1.7).25 In the following sections the focus will 
first lie on mechanistic and structural aspects of NRPS-systems in general before 
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moving on to discuss two classes of peptide natural products assembled via 
templated NRPS-pathways, namely the benzodiazepines and NRPS-dependent 
siderophores. 
 

 

Figure 1.7 Examples of bioactive natural products generated by templated pathways including NRPS, PKS and NRPS-
PKS hybrid pathways. KS: ketosynthase domain; AT: acyltransferase domain. 

 

1.3.1 Nonribosomal peptide synthetases 

 
Nonribosomal peptide synthetases (NRPSs) can be defined as information 

transfer catalysts able to synthesize biologically active peptides in an mRNA-
independent manner.25 In analogy to the classical information transfer catalysts 
in DNA-replication, transcription and translation, namely DNA polymerase, RNA 
polymerase and the peptidyl transferase center of the ribosome,64 NRPSs select 
monomeric building blocks and incorporate them into a polymer in a template-
directed fashion. The sequence of the resulting polymer chain is specified by the 
information stored in the utilized template. In contrast to the other mentioned 
information transfer catalysts, NRPSs do not use a physically distinct template 
like a DNA single strand or mRNA, but are at the same time both template and 
catalyst themselves. The order and identity of protein domains found in an NRPS 
constitutes the template and thus the sequence information stored in NRPS 
systems. 

Two central tenets underlie the chemical logic found in NRPS systems. The 
first is the fact that thioesters are used as immediate activated substrates for 
peptide bond formation as discussed in the previous section. The second is that 
during NRPS-catalyzed peptide assembly all monomers, intermediates and 
products are covalently tethered to the multi-domain enzyme.65,66 4'-
posphopantetheine cofactors bound to all PCP-domains, also called thiolation 
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domains (T-domains), serve as the points of attachment for the selected building 
blocks and growing peptidyl chains during enzyme catalysis.67 The Ppant 
cofactors are installed posttranslationally by dedicated Ppant-transferases that 
convert NRPS assembly-lines from the inactive apo- to the active holo-state 
(NRPS priming).68 The sequestration of monomers and peptidyl chains through 
covalent attachment as thioesters may reflect the balance between the necessary 
activation of carboxylates for subsequent peptide bond formation and the 
attempt to address the problem of losing intermediates via hydrolysis. 
 

 

Figure 1.8 Mechanistic overview of nonribosomal peptide synthesis. Shown is a model synthetase consisting of an 
initiation module, two elongation modules, one of which contains a non-essential modification domain, and a 
termination module. The scheme details the sequential reactions catalyzed by individual domains. A: adenylation 
domain; PCP: peptidyl carrier protein domain; C: condensation domain; E: epimerization domain; TE: thioesterase 
domain. 

NRPS enzymes can be divided into functionally distinct modules, each 
responsible for the incorporation of one monomer.69 The modules can be further 
subdivided into distinct protein domains, each carrying out a specific function 
during NRPS catalysis.18 A minimal elongation module consists of the essential 
condensation (C), adenylation (A) and peptidyl carrier protein (PCP) domains and 
contains all enzymatic functions for monomer activation and covalent 
attachment as well as peptide bond formation and translocation of the peptidyl 
intermediate to the downstream module (Figure 1.8). In addition to this core 
machinery in cis-acting modifying domains can be found embedded into many 
NRPSs contributing to the structural diversity of NRPS products.70,71 The 
recently solved X-ray structure of an entire termination module allows for a 
more detailed description of NRPS domain organization and inter-domain 
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communication.72 The C- and Acore-domain constitute a catalytic platform 
around which the PCP- and Asub-domain are positioned. The PCP-domain shows 
little interaction with the platform facilitating the realization of different 
conformations during the catalytic cycle. The thioesterase domain (TE-domain), 
responsible for product release from the assembly-line, is connected to the PCP-
domain via a short linker region, giving it an increased flexibility compared to 
the C- and A-domains (Figure 1.9). 
 

 

Figure 1.9 To the left the crystal structure of the surfactin termination module SrfAC is shown. The C-domain is shown 
in grey, the A-domain in red, the C-terminal Asub-domain in dark red, the PCP-domain in green, the TE-domain in 
orange and the myc-helix in cyan. The serine to alanine mutation at the Ppant attachment site is indicated in the 
structure. The active site histidine in the C-domain and the active site serine in the TE-domain are depicted as spheres. 
A leucine residue bound in the active site of the A-domain is also shown as a spherical model. Interdomain linkers are 
colored in blue, while dashed orange lines in the TE-domain correspond to unordered regions. The grey area centered 
around the Ppant attachment site indicates the reachable space of the Ppant arm with a radius of about 20 Å. To the 
right a schematic representation of the SrfAC module is given. 

In NRPS systems following a linear logic of peptide assembly (type A), the 
number of building blocks found in a peptide product directly corresponds to the 
number of modules in the synthetase.73 However, two other kinds of NRPS 
systems exist that do not follow this linear mechanism. In iteratively operating 
NRPSs (type B) the template is used more than once resulting in an oligomeric 
product consisting of repeating peptide sequences. Examples for iterative NRPSs 
are the siderophore enterobactin,74 which consists of a cyclic trimer made up of 
2,3-DHB-seryl subunits and the macrocyclic decapeptide gramicidin S that can 
be described as a cyclic dimer of two identical pentapeptide units.75 Besides 
linear and iterative NRPS systems, there are also systems following a nonlinear 
assembly-line logic. They differ in module and domain organization from type A 
and type B NRPSs, while often possessing lone-standing domains that are not 
combined in a single functional module. Thus the number and order of their 
modules does not reflect the primary sequence of the assembled peptide 
product. An example of a nonlinear NRPS system can be found in Streptomyces 

ambofaciens secondary metabolism where one NRPS module, together with two 
lone-standing C-domains and one lone-standing PCP-domain, is responsible for 
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the assembly of the four building block-containing pyrrole-amide antibiotic 
congocidin.76 

 

1.3.1.1 Adenylation domain 

 
Adenylation domains act as the primary gatekeepers and specificity 

determinants in all NRPS systems and are responsible for monomer selection 
and activation.77 After the specific recognition of a substrate molecule containing 
a carboxylic acid moiety, A-domains catalyze the formation of a high energy 
adenylate in a Mg2+- and ATP-dependent reaction.78 The fact that not only 

proteinogenic amino acids, but also D-configured amino acids, α-keto or α-
hydroxy acids and a large variety of other monomers can be activated by A-
domains, is pivotal for the structural and functional diversity found in NRPS-
derived peptides. A-domains can either exist embedded in a multi-domain 
synthetase or as stand-alone enzymes activating monomers in trans. Although, 
A-domains and aminoacyl-tRNA synthetases (aaRSs), involved in ribosomal 
protein synthesis, utilize the same monomer activation strategy, they do not 
share any structural or sequence homology, with A-domains possessing the 
AMP-dependent ligase fold and aaRSs exhibiting a Rossmann-like fold.79 A-
domains display a higher degree of substrate promiscuity compared to aaRSs 
due to the lack of a dedicated proof-reading mechanism.80 This can result in the 
generation of more than one distinct peptide product by a single NRPS enzyme. 
A-domains are approximately 550 amino acids in size and comprise an N-
terminal core domain (Acore, 450 aa) and a smaller C-terminal subdomain (Asub, 
100 aa).73 This core and subdomain organization has been observed in all known 
A-domain structures, which additionally helped to clarify the dynamics involved 
in enzyme catalysis. A combination of structural, biochemical and bioinformatic 
analyses established a specificity-conferring code of A-domains. Initially ten 
amino acids were defined to constitute this code. Subsequent studies helped to 
refine and improve the initial code, which can today be used to predict many A-
domain specificities with a high degree of confidence using automated 
bioinformatic techniques.81,82 

The activity and solubility of some embedded or stand-alone A-domains can 
be influenced by small soluble proteins often encoded in biosynthetic NRPS gene 
clusters. Based on their homology to MbtH found in the mycobactin gene cluster 
they are referred to as MbtH-like proteins and will be further discussed below 
(1.3.1.7).83 

 

1.3.1.2 Peptidyl carrier protein or thiolation domain 

 
The peptidyl carrier protein or thiolation domain consists of about 80 amino 

acids and does not possess any inherent catalytic functionality. Nonetheless, it 
represents a pivotal part of any NRPS system being responsible for the covalent 
attachment of monomeric building blocks to the synthetase, the transport of 
tethered intermediates between the active sites inside a given module and the 
translocation of the growing peptidyl chain to the respective downstream 
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module.84 Tethering is achieved via the terminal thiol group of a Ppant cofactor 
previously installed on a highly conserved serine residue, located in the PCP 
core-motif (GGxS), by a dedicated Ppant-transferase (Pptase) during NRPS 
priming.85 From a structural perspective PCP-domains consist of a four helix 
bundle and share high structural as well as sequential homology to acyl carrier 
proteins (ACPs) found in PKSs and fatty acid synthases (FASs).86 NMR studies 
revealed that PCP-domains exist in three different slowly converting 
conformations, namely the apo (A)-, A/H- and holo (H)-states.87 Both the A- and 
H-state exist in equilibrium with the A/H-state. Those dynamically changing 
conformational states permit the interaction of covalently bound intermediates 
with different domains within a certain module and enable their downstream 
translocation. In addition, it could be shown that Pptases only interact with 
PCP-domains in the A-state, while in trans-acting thioesterases, responsible for 
the repair of misacylated PCP-domains, only interact with the H-state.88 

 

1.3.1.3 Condensation domain 

 
Condensation domains (C-domains) represent the actual peptide bond 

forming catalysts in NRPS systems.89 They catalyze bond formation between an 
electrophilic PCP-bound thioester presented from the N-terminal side of the 
synthetase and a nucleophilic α-amino group of a PCP-bound aminoacyl 
substrate presented from the C-terminal side. The part of the C-domain 
interacting with the N-terminal electrophile is designated the donor-site, while 
the part that binds the C-terminal nucleophile is referred to as the acceptor-
site.90-92 It could be shown that the acceptor-site of some C-domains exhibits a 
high specificity towards its native substrate. Thus, C-domains can be described 
as the secondary specificity determinants in NRPS systems, ensuring correct 
peptide bond formation after initial A-domain-guided monomer selection. C-
domains consist of approximately 450 amino acids and are usually located 
between two A-PCP units within a synthetase. However, a number of C-domains 
have been characterized, often found in NRPS systems following a nonlinear 
assembly logic, that exist as stand-alone enzymes and interact with a given 
NRPS machinery via inter-domain interactions. All known embedded C-domains 
operate in a unidirectional fashion translocating the elongated peptidyl chain 
towards the C-terminus of the NRPS enzyme. Through structural and 
bioinformatic analyses a highly conserved catalytic histidine residue located in 
the C3 core-motif (HHxxxDG) could be identified.56 Mutational studies suggest 
that the second histidine of the HHxxxDG motif is essenatial for catalysis and 
may be involved in the deprotonation of the α-amino group in the acceptor 
substrate resulting in an enhanced nucleophilicity which would facilitate peptide 
bond formation.93,94 The structure of C-domains can be described as V-shaped 
consisting of two pseudodimeric domains, both possessing the CAT-fold.95 The 
catalytic histidine motif is located in the middle of a solvent channel formed by 
the two domains. This implies that the two PCP-bound substrates have to reach 
into this channel from opposite sites before peptide bond formation can take 
place. Besides the canonical elongation C-domains (LCL) found in almost all 
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NRPS systems, four additional C-domain types are known: C-domains following 
an E-domain carry out the condensation of a D- and an L-configured amino acid 
(DCL), while in arthrofactin biosynthesis dual E/C-domains first epimerize the N-
terminal aminoacyl or peptidyl substrate before a peptide bond is formed.96 C-
domains located at the C-terminus of an NRPS enzyme, often found in fungal 
systems, have been shown to catalyze macrocyclization and are referred to as CT-
domains.97,98 Finally, initiation C-domains (CI) located at the N-terminus of a 
synthetase have been shown to be involved in the N-acylation of certain 
lipopeptides.99-101 

 

1.3.1.4 Thioesterases 

 
Thioesterase domains (TE-domains) are located at the C-terminal end of 

NRPS enzymes and are thus involved in the termination step of NRPS 
catalysis.102 They are responsible for the release of the generated product from 
the assembly line, resulting in linear, cyclic or branched cyclic peptide products. 
The connectivity of the final product depends on the nucleophile employed 
during the TE-domain catalyzed release step.103 The intramolecular attack of a 
side chain nucleophile on the acyl-O-TE-oxoester, as found in daptomycin20 or 
orfamide A assembly,104 results in a branched cyclic lactone or lactam ring, 

while the attack of the N-terminal α-amino group of the peptidyl intermediate 
gives rise to a head-to-tail cyclized structure during cyclosporine A 
biosynthesis.105 If water is used as the nucleophile a linear peptide is generated, 
exemplified by complestatin or yersiniabactin.106,107 Another possible mode of 
product release is oligomerization observed during enterobactin and gramicidin 
S biosynthesis, where a number of identical peptide units are first assembled on 
the TE-domain before the final release of the oligomerized cyclic product takes 
place.74,108 Beside the canonical in cis-acting TE-domains free-standing in trans-
acting TE-domains have been suggested to be involved in the product release 
step during mannopeptimycin and coelichelin biosynthesis.109,110 TE-domains 

consist of approximately 250-280 amino acids and possess the α/β-hydrolase 
fold.102 They contain a catalytic triade consisting of a serine residue, located in 
the conserved GxSxG motif, a histidine and an aspartate.102 In analogy to the 
catalytic mechanism found in serine proteases, the Asp and His residues are 
involved in the deprotonation of the serine side chain generating a highly 
nucleophilic oxy-anion species, which then attacks the PCP-bound peptidyl 
intermediate, thus transferring it to the TE-domain. TE-domain-independent 
release strategies include the already discussed C-domain-catalyzed release 
found in many fungal NRPS systems (see section 1.1.2.1.3) as well as the 
reductive cleavage of the C-terminal carboxylate resulting in an aldehyde or 
alcohol group.75,111 This reduction is carried out by NAD(P)H-dependent 
reductase domains (R-domains) located at the C-terminus of the respective 
synthetase. In nostocyclopeptide biosynthesis generation of a reactive C-terminal 
aldehyde triggers macrozyclization via intramolecular imination, while 
gramicidin is released as a linear peptide through the reduction of the terminal 
carboxylic acid to the corresponding alcohol. 
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Beside the TE-domains involved in product release a second kind of 
thioesterase is known to be associated with NRPS systems. They are referred to 
as TEIIs and are responsible for the repair of misacylated assembly lines 
resulting from incorrect priming reactions.112 Usually TEIIs are free-standing 
enzymes encoded in NRPS gene clusters. The TEII repair system is important for 
NRPS activity because up to 80% of the intracellular coenzyme A is acylated, 
which can lead to the attachment of already acylated Ppant cofactors during the 
posttranslational modification of PCP-domains through promiscuous Pptases.24 
In those cases the terminal thiol group of the Ppant arm is no longer available 
for the tethering of monomers and intermediates, which results in an inactive 
synthetase. In addition, the loading of a holo PCP-domain with an incorrect 
building block can also lead to an inactive NRPS enzyme due to the secondary 
specificity determinants found in downstream C-domains. To regenerate 
misacylated Ppant cofactors TEII enzymes hydrolyze the thioester bond and 
restore the terminal thiol group and thus the activity of the NRPS assembly line. 

 

1.3.1.5 Non-essential domains 

 
In addition to the already discussed core domains, absolutely necessary for 

the assembly of NRPS-derived peptides, further in cis-acting domains have been 
identified and biochemically characterized, that are able to introduce certain 
modifications to the peptide backbone. This, together with the large variety of 
possible building blocks used in NRPS systems, immensely contributes to the 
structural and functional diversity of NRPS-dependent natural products. 

Epimerization domain. One of the key features of NRPSs is that they produce 
peptides that contain D-configured amino acids, which not only affect the 
bioactivity of the peptides, but also protect them from proteolytic degradation.113 
Those D-configured isomers of amino acids can either stem from the direct 
activation of D-amino acids by A-domains or from the epimerization of a 
monomer while covalently bound to the synthetase. This epimerization reaction 
is catalyzed by epimerization domains (E-domains), comprising about 450 amino 
acids.114 They are usually located downstream of the PCP-domain in a given 
NRPS module. If the E-domain is present in an initiation module it generates a 
mixture of PCP-bound L- and D-monomers while the downstream C-domain 
selects the D-isomer and thus initiates peptide assembly. In elongation modules 
E-domains epimerize the PCP-bound peptidyl intermediate prior to 
translocalization to the downstream module.89 Sequence alignments and 
mutational analyses of E-domains revealed the presence of a conserved 
catalytically active His residue located in the E3 motif (HHxxxDG) believed to 
mediate epimerization through the reversible abstraction of the Cα proton.96 

Cyclization and oxidation domain. Different five-membered heterocycles can 
be found in a variety of NRPS products. They include thiazolines, oxazolines and 
methyloxazolines, as well as the respective oxidized or reduced forms thereof.115 
The introduction of heterocycles into a peptide rigidifies its structure and 
reduces the number of possible conformations thereby facilitating the binding to 
biological target structures. The cyclization reaction is catalyzed by C-domain 
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homologs called cyclization domains (Cy-domains). They first mediate peptide 
bond formation before catalyzing the nucleophilic attack of a side chain hydroxyl 
or thiol group onto the newly formed peptide bond. The generated tetrahedral 
intermediate collapses, eliminating one molecule of water and thus generating a 
five-membered oxazoline, methyloxazoline or thiazoline.116 Heterocycles can be 
found in the NRPS-derived compounds bleomycin and bacitracin among many 
others.117,118 Cy-domains can be associated with oxidation domains (Ox-
domains) that catalyze the FMN-dependent oxidation of (methyl)oxazolines and 
thiazolines to the thermodynamically more stable aromatic (methyl)oxazoles and 
thiazoles.119  The dihydro heterocycles initially formed through the action of Cy-
domains can also be reduced to the tetrahydro (methyl)oxazolidines and 
thiazolidines. This reduction is catalyzed by NAD(P)H-dependent in trans-acting 
reductases using PCP-bound intermediates as substrates.120 

Methylation domain. Many peptides produced by NRPSs contain distinct C-, 
N- or O-methylations that greatly impact their biological activity and stability 
against proteases.120 Examples of NRPS-derived peptides carrying multiple N-
methylations include the immunosuppressant cyclosporine and the antibiotic 
actinomycin.121,122 Many methylations, especially those of the peptide backbone 
itself, are introduced by in cis-acting methylation domains (MT-domains) that 
catalyze the transfer of a methyl group onto a specific carbon, nitrogen or oxygen 
atom using the cofactor S-adenosyl-L-methionine.  MT-domains contain 
approximately 420 amino acids and are usually inserted into the C-terminal 
region of A-domains. The N-methylations observed in cyclosporine and 
actinomycin are introduced into the PCP-bound monomers before peptide bond 
formation takes place.25 

Formylation domain. Formylation of the N-terminal α-amino group of NRPS-
derived peptides has been shown to occur in the biosyntheses of linear 
gramicidin and anabaenopeptilide.123,124 This reaction is catalyzed by in cis-
acting domains, located at the N-terminus of NRPSs, called formylation domains 
(F-domains). Those domains consist of approximately 200 amino acids and 
catalyze the transfer of a formyl group from the cofactor formyltetrahydrofolate 

(N10- and N5-fH4F) onto the α-amino moiety of the monomer activated by the 
respective initiation module. It could be shown that F-domains directly act upon 
PCP-bound building blocks and that formylation is essential for the initiation of 
peptide assembly.124 

 

1.3.1.6 Modification of NRPS building blocks 

 
The structural diversity and complexity of NRPS-derived peptides can be 

modulated at three different stages of peptide assembly. First, proteinogenic 
amino acids and other metabolic intermediates can be modified through the 
action of certain stand-alone modification enzymes generating unusual building 
blocks that can then be directly recognized and activated by the corresponding 
A-domains.125 Secondly, online-modifications taking place on the PCP-bound 
monomer or peptidyl chain have been observed in many NRPS systems carried 
out by either in cis-acting domains or in trans-operating modifying enzymes.71 A 
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third mechanism that increases the structural and functional diversity of 
nonribosomal peptides is postsynthetic modification resulting from the 
decoration of peptide scaffolds after release from the NRPS assembly-line. Post-
assembly-line-tailoring is invariably carried out by various kinds of in trans-
acting tailoring enzymes.126 The modifications they introduce include lipidations, 
halogenations, hydroxylations and glycosylations among others (Figure 1.10).18 
 

 

Figure 1.10 Structural diversity in NRPS-derived peptides resulting from pre-assembly-line, online and post-assembly-
line modifications. All modifications highlighted in red are introduced by stand-alone in trans-acting modification 
enzymes. 

 

1.3.1.7 MbtH-like proteins 

 
The siderophore mycobactin produced by Mycobacterium tuberculosis is 

assembled via an NRPS-dependent pathway. A small, 71 amino acid containing 
protein designated MbtH is encoded in the mycobactin gene cluster.127 Various 
other NRPS gene clusters harbor MbtH-like proteins and recent genetic, 
biochemical and structural studies have begun to shed light on their 
function.128,129 It has been shown that some MbtH-like proteins are required for 
the biosynthesis of their cognate peptides, while some non-cognate variants are 
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partially complementary.130,131 Biochemical investigations revealed that certain 
MbtH-like proteins are able to tightly bind to A-domain-containing NPRSs where 
they stimulate adenylation reactions. Other studies showed that co-expression of 
MbtH-like proteins with A-domains can drastically increase their solubility and 
thus their catalytic activity. The recently solved crystal structure of an unusual 
A-domain N-terminally fused to an MbtH-like protein involved in streptolydigin 
biosynthesis suggests a mechanism of how the interaction of MbtH-like proteins 
with A-domains may influence their solubility and catalytic activity 
(Figure 1.11).132 
 

 

Figure 1.11 Interface between the Acore- and the MbtH-like-domain of SlgN1 (Streptomyces lyticus).132 The interaction 
surface is flipped open along the depicted axis (dashed line). The hydrophobic cleft on the MbtH-like protein surface 
(left) is mainly formed by W25 and W35, along with S23 and P32. A433 located on the Acore-domain surface (right) 
nicely fits into this cleft, strongly contributing to the interaction of the two domains. Both domains/interaction surfaces 
are shown in surface representation. Cyan: hydrogen bonding; Yellow: nonpolar interactions; Green: hydrogen bonding 
and important nonpolar interactions (key residues); Orange: salt bridging; Yellow-Orange: π-stacking interactions. 

The MbtH-like protein binds at a site that is distant from the active center of the 
A-domain indicating that MbtH-like proteins may function as allosteric 
regulators. In this model the binding of MbtH-like proteins induces 
conformational changes in the respective A-domain making the active site more 
accessible to its substrates, which in turn increases adenylation activity. The 
most prominent feature that mediates the interaction between A-domain and 
MbtH-like protein are two highly conserved tryptophan residues found in all 
MbtH-like proteins that form a hydrophobic cleft on their surface. This cleft 
accommodates a conserved hydrophobic residue protruding from the Acore-
domain in a lock and key fashion. The A-domain region directly involved in 
MbtH binding seems to be conserved and after the characterization of additional 
A-domains whose activity depends on MbtH-like proteins it should be possible to 
predict if a given A-domain needs an MbtH-like protein to function properly. 
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1.3.2 Benzodiazepine natural products 

 
The 1,4-benzodiazepine ring system represents the common feature of a 

structurally and functionally diverse class of compounds. This class can be 
divided into four groups, each possessing a unique pharmacophore unit 
responsible for the characteristic biological activities of each group (Figure 1.12). 
 

 

Figure 1.12 The 1,4-benzodiazepine ring system and representative members of the four benzodiazepine subclasses. 
The core 1,4-benzodiazepine scaffold is shown in blue, while the defining differences between the four subclasses are 
highlighted in green. 

 Due to promising pharmacological activities of naturally occurring 1,4-
benzodiazepines, intensive efforts have been focused on generating synthetic 
analogs with improved activities. The 1,4-benzodiazepine-2-ones are the most 
widely used 1,4-benzodiazepines, with diazepam (Valium®) being the most 
prominent member of this group. More than 50 compounds belonging to the 1,4-
benzodiazepine-2-one family have been clinically approved and are used as 
psychoactive drugs to treat a wide variety of diseases, including insomnia, 
epileptic seizures and alcohol withdrawal.133 
 

 

Figure 1.13 Examples of biologically active and inactive members of the pyrrolobenzodiazepine family of 1,4-
benzodiazepines. All compounds shown are of bacterial origin (species shown in parentheses). The common feature of 
all known biologically inactive PBDs (C11 carbonyl) is highlighted in red. 
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The second group are the 1,4-benzodiazepine-2,5-ones, which have been used as 
panxiolytics and anticonvulsants, as well as herbicidal compounds,134-136 while 
the only known naturally produced member of this group, cyclopenin, 
represents a biosynthetic intermediate of viridicatin that is able to inhibit HIV 
replication.137,138 Diazepinomicin belongs to the dibenzodiazepinones and is the 
only known naturally produced member of this group. It possesses a broad 
antitumor activity against different human cancer cell lines.139,140 
 

 

Figure 1.14 Example structures of the circumdatin PBDs produced by different fungal species (shown in parentheses). 

The pyrrolobenzodiazepines (PBDs) represent the last known group of 
compounds containing a 1,4-benzodiazpine ring system. They are minor groove 
sequence-specific DNA alkylating agents with remarkable antitumor properties 
as exemplified by anthramycin and sibiromycin.141-143 In addition, most of them 
show at least moderate antimicrobial activity. The focus of the following 
paragraphs will lie on the properties, biosynthesis and biological activities of 
PBDs in general and sibiromycin in particular. 
 

 

Figure 1.15 PBD ring system highlighting the numbering and designation of the fused rings (left). The structures and 
producing strains of the three closely related and best studied members of the PBD family are shown to the right. 

So far 29 naturally occurring PBDs could be isolated and characterized.144 
19 of them are of bacterial origin produced by different Streptomyces and 
Micrococci species (Figure 1.13), while the remaining members of the PBD family, 
referred to as circumdatins, are produced by different Aspergillus strains 
(Figure 1.14).145-149 Due to the absence of any data regarding their biological 
activities or biosynthetic pathways, the circumdatins will not be further 
discussed and the term PBD will be exclusively used to describe PBDs of 
bacterial origin. Only three of the 19 known PBDs do not possess any biological 
activity. They share a C11 carbonyl group believed to be the product of a 
resistance mechanism present in the producing strains, that interferes with 
their biological mode of action (see section 1.1.2.2.2).150-153 The characteristic 
tricyclic ring system found in all PBDs is formed by an anthranilate (A), a 
diazepine (B) and a hydropyrrole (C) moiety (Figure 1.15). The impressive 
structural diversity present in the PBD family results from the varying degrees of 
modification at the A- and C-rings. This is achieved by modulating the number 
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and identity of the substituents employed in tailoring those rings (Figures 1.14 
and 1.15). For example, sibiromycin is glycosylated at C7, methylated at C8 and 
hydroxylated at C9,154 while chicamycin carries a methoxy group at C7 and 
hydroxyl groups at C8 and C2.155 In addition, the oxidation state of the C-ring 
can range from fully saturated as in neothramycin B156,157 to unsaturated at the 
C2-C3 bond as in anthramycin158,159 or exocyclically unsaturated at C2 as in 
tomaymycin.160,161 

 

1.3.2.1 Sibiromycin – a member of the pyrrolo-1,4-benzodiazepine family 

 
Sibiromycin was first isolated from the actinobacterium Streptosporangium 

sibiricum in 1969.162 It is an antitumor antibiotic possessing the characteristic 
tricyclic scaffold of all PBDs and is one of only two known glycosylated PBDs, the 
second one being sibanomicin.154,163 Sibiromycin and its analogs anthramycin 
and tomaymycin are the only naturally occurring PBDs whose biosynthetic 
pathways have been studied to some extent. Initial precursor feeding 
experiments were able to identify the shared metabolic precursors of the three 
related compounds.164 The anthranilate moiety is derived from L-tryptophan, the 
pyrrole moiety from L-tyrosine, the terminal methyl group, located in the C-ring 
side chain of sibiromycin, from L-methionine and the sibirosamine sugar moiety 
from D-glucose-6-phosphate (Figure 1.16).165-167 
 

 

Figure 1.16 Common metabolic precursors of the three related PBDs tomaymycin, sibiromycin and anthramycin. The 
origin of the individual atoms found in the mature PBDs is highlighted according the the different metabolic precursor 
molecules: L-Trp: red, L-Met: green, L-Tyr: blue, D-glucose-1-phopshate: yellow. 

The gene clusters for sibiromycin, anthramycin and tomaymycin have recently 
been identified and contain 26, 25 and 17 genes, respectively.168-170 The 
sibiromycin cluster encodes 7 genes putatively involved in pyrrole biosynthesis, 
6 genes proposed to generate the anthranilate precursor, 6 genes probably 
responsible for sibirosamine assembly as well as two NRPS genes likely involved 
in the generation of the tricyclic PBD scaffold (Figure 1.17). 
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Figure 1.17 Genetic organization of the sibiromycin gene cluster. The color code for the proposed functions of the 
different genes is given at the bottom right. 

Through bioinformatic analyses, gene inactivation, chemical complementation 
and a comparative analysis of the three gene clusters and the gene cluster of the 
related antibiotic lincosamide, it was possible to postulate biosynthetic pathways 
for the individual building blocks as well as for the formation of the diazepine 
ring system (Figures 1.18 and 1.19).168,171,172 
 

 

Figure 1.18 Proposed biosynthetic pathways for the three building blocks of sibiromycin. The metabolic precursors are 
shown in blue and the resulting sibiromycin building blocks are shown in green. 

Regarding the proposed biosynthesis of the dihydropyrrole precursor from L-
tyrosine, the first step is the hydroxylation of the tyrosine side chain (SibU), 
followed by the formation of a five-membered ring through the action of an L-
DOPA 2,3-dioxygease (SibV). Then, five additional enzymes (SibS/Z/Y/T) install 
the propenyl side chain and adjust the oxidation level of the five-membered 
heterocycle resulting in the generation of the 4-propenyl-2,3-dihydro-pyrrole-2-
carboxylic acid precursor. The biosynthesis of the 3,5-dihydroxy-4-
methylanthranilic acid building block was suggested to begin with the 
transformation of L-tryptophan to 3-hydroxykynurenine via a route analogous to 
the kynurenine pathway (SibP/K/C). Additionally, it could be deduced that all 
substituents of the anthranilate moiety found in sibiromycin are installed before 
diazepine ring formation. The proposed biosynthesis of the sibirosamine sugar 
moiety is mainly based on sequence homology to characterized enzymes involved 
in saccharide biosynthesis. The postulated six step pathway contains reactions 
catalyzed by different methyltransferases, epimerases and transaminases 
(SibI/J/M/N/O). 
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Figure 1.19 Proposed pathway for the assembly of the tricyclic PBD ring system of sibiromycin. After activation, 
tethering and peptide bond formation via the two NRPSs SibE and SibD, the dipeptide is released from the assembly 
line via reduction. After autocatalytic ring closure the sibirosamine sugar moiety is installed on the C7 hydroxyl group 
of the sibiromycin aglycon by the glycosyltransferase SibH, yielding the mature sibiromycin molecule. 

After their assembly the anthranilate and dihydropyrrole building blocks are 
activated by the A-domains of the two NRPS modules SibE and SibD and 
tethered to the corresponding T-domains. After peptide bond formation catalyzed 
by the C-domain of SibD, the peptidyl intermediate is released from the 
assembly line by a two-electron reduction catalyzed by the C-terminal R-domain. 
Following autocatalytic ring closure and formation of the tricyclic ring system, 
the sibirosamine moiety is installed on the C7 hydroxyl group of the sibiromycin 
aglycon through the action of the glycosyltransferase SibH, generating the 
mature PBD natural product (Figure 1.19).144 

 

1.3.2.2 Biological activity and mode of action of pyrrolo-1,4-benzodiazepines 

 
As already mentioned, PBDs are sequence-specific DNA-alkylating agents 

that show significant antitumor properties.173-175 The covalent bond formed 
between a PBD and double-stranded B-DNA is established between C11 of the 
PBD and the exocyclic N2 of a guanine base (Figure 1.20).174,176-181 
 

 

Figure 1.20 Mechanism of PBD-DNA complex formation. The exocyclic N2 of a guanine base attacks the C11-N10 imine 
resulting in the formation of an aminal functionality that covalently links PBD and DNA. 

It could be shown for sibiromycin, anthramycin and tomaymycin that DNA-
alkylation is sequence specific with the following trend for binding preference: 5'-
Pu-G-Pu > 5'-Py-G-Pu > 5'-Pu-G-Py > 5'-Py-G-Py.177,182 The two features always 
conserved among naturally occurring bioactive PBDs are the imine group at 
N10-C11, directly involved in the formation of a PBD-DNA adduct and the S-
configuration of C11a. This stereoconfiguration results in a right-handed twist of 
the tricyclic ring system, enabling PBDs to nicely fit into the minor groove of B-
DNA.181,183-185 Covalent binding of PBDs causes very little distortion of the overall 
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DNA structure, making it more difficult for the DNA repair machinery to 
recognize and fix PBD-DNA complexes compared to adducts resulting from other 
alkylating agents (Figure 1.21).181,186 
 

 

Figure 1.21 Crystal structure of a complex between anthramycin (sticks) and DNA (spheres) at 2.3 Å. The anthramycin 
molecule follows the bend of the minor groove due to the right-handed twist of the tricyclic ring system resulting from 
the S-configuration of C11a. The DNA sequence used is: CCACGTTGG. PDB ID: 274D. 

This special binding mode of PBDs significantly contributes to their potency as 
antitumor compounds.187 Sibiromycin has the second highest DNA binding 
affinity and cytotoxicity of all known PBDs,143,188 with IC50 values varying from 4 
to 1.7 pM in leukemia, plasmactoma and ovarian cancer cell lines.143 
Widespread clinical use of sibiromycin is hampered by the dose-dependent 
cardiotoxicity observed in clinical trials.189-191 Through extensive structure-
activity relationship studies the C9 hydroxylation of anthramycin, and in 
analogy of sibiromycin, could be linked to the observed carditoxic 
properties.143,191-195 In addition, it could be shown that O-glycosylation at C7 
significantly enhances the DNA binding affinity of PBDs, explaining the high 
potency of sibiromycin compared to non-glycosylated PBDs.163 To circumvent the 
problem of cardiotoxicity different approaches for the chemical synthesis of 
sibiromycin derivatives were attempted, but difficulties in the synthesis of the 
sibirosamine sugar moiety and subsequent aglycon coupling have so far 
precluded the production of a non-cardiotoxic sibiromycin variant.196-198 In a 
recently published study the successful generation of 9-deoxysibiromycin 
through the use of a mutasynthesis approach was reported.199 Through the 
deletion of the methyltransferase SibL and supplementation of the growth 
medium with 4-methylanthranilic acid the authors were able to isolate 1.3 mg/L 
culture of 9-deoxysibiromycin. Preliminary in vitro evidence suggests that 9-
deoxysibiromycin exhibits reduced cardiotoxicity and improved antitumor 
activity when compared the sibiromycin. So far, the exact mechanism of PBD-
induced cell death is not known. Initial studies indicate that PBDs inhibit DNA 
binding of the Sp-1, NF-Y, NF-κB and AP-1 transcription factors and may 
additionally induce apoptosis through an insulin-like growth factor signaling 
pathway.200-202 
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1.3.3 The biological role of iron 

 
Iron is the second most abundant metal in the Earth’s crust. This together 

with its remarkable redox properties under physiological conditions makes iron 
ideal as a redox cofactor for many biological processes.203 Iron can exist in two 
redox forms depending on pH and the presence or absence of oxygen. They are 
referred to as ferric iron (Fe3+) and ferrous iron (Fe2+) and their redox potential 
can be modulated by the coordination of different ligands, so that iron 
encompasses the entire biologically significant range of redox potentials from 
approximately -0.5 to 0.6 V.203,204 Under aerobic conditions, soluble ferrous iron 
is spontaneously oxidized to ferric iron, which forms insoluble ferric oxide 
hydrate complexes at neutral to basic pH. This leads to a very low concentration 
of free Fe3+ of only 10-9 to 10-18 M.204 The very low bioavailability of an essential 
trace element like iron represents a major challenge for microbial life and has led 
to the development of different iron-scavenging strategies. One of the main 
approaches for iron-mobilization and uptake employed under iron-limited 
conditions is the secretion of low-molecular weight chelators called siderophores, 
that selectively bind ferric iron with very high affinity (Kf = 1022-1049 M-1).205 After 
extracellular binding, the iron-siderophore complex is reimported and the iron 
released for subsequent channeling to its different intracellular targets. Most 
siderophores coordinate Fe3+ through six donor atoms in an octrahedral fashion 
with an iron:siderophore ration of 1:1, although also other ratios of 3:2 (e. g. 
rhodoturolic acid)206 or 2:1 (e. g. pyochelin)207 have been observed. The 
siderophore-based iron acquisition strategy is widely distributed among different 
prokaryotic and eukaryotic microorganisms as well as higher plants.205 However, 
the next paragraphs will only focus on the classification and assembly of 
bacterial siderophores. 

 

1.3.3.1 Bacterial siderophores 

 
Siderophores represent a structurally diverse class of natural products 

containing several hundreds of identified members. Regarding the overall 
connectivity and topology of siderophores, they can have a linear, exocyclic, 
endocyclic or tripodal structure.208 Another differing feature among siderophores 
is the chemical nature of the moieties involved in iron coordination, which is 
generally used for their classification. Complex formation can be mediated by 

catecholate/phenolate, hydroxamate and (α-hydroxy-)carboxylate groups or 
combinations thereof, resulting in mixed-type siderophores (Figure 1.22). 
Siderophores employing three 2,3-DHB moieties to occupy the six iron 
coordination sites are called triscatecholates, with enterobactin (E. coli) and 
bacillibactin (B. subtilis) representing the most well-known siderophores of this 
type.209,210 Triscatecholates exhibit the highest formation constants for the 
siderophore-iron complex of all known siderophores, with Fe(enterobactin)3- at 
1049 M-1 and Fe(bacillibactin)3- at 1047 M-1.211 In trishydroxamate siderophores 
three hydroxamic acid groups are used for iron chelation usually consisting of 
hydroxylated and formylated/acetylated lysine or ornithine side chains.  
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Figure 1.22 Siderophore classification based on the identity of the functional groups involved in iron coordination. For 
each class (blue) one example structure is shown. The lower half (grey background) shows mixed-type siderophores 
that contain more than one chemically distinct functionality involved in iron binding. All siderophores shown on the 
left are synthesized with the help of NRPSs, while the ones shown on the right are assembled through NRPS-
independent pathways. 

Prominent members of this group are coelichelin (S. coelicolor) and erythrochelin 

(S. erythraea).109,212,213 Carboxylate-type siderophores use α-hydroxycarboxylic 
acid moieties as bidentate chelating groups for the coordination of iron. In 

staphyloferrin A two citrate groups provide the α-hydroxycarboxylate 
functionalities needed for complex formation.214 As already mentioned, also 
mixed-type siderophores exist employing at least two chemically different 
coordinating groups, exemplified by fuscachelin A (T. fusca), petrobactin (B. 

anthracis) and aerobactin (S. flexneri).215-218 
 

1.3.3.2 Biosynthesis of bacterial siderophores 

 
Two different general strategies are known to be used by bacteria for the 

biosynthesis of siderophores.219 On the one hand many siderophores are 
produced by NRPS-dependent pathways following either a linear, nonlinear or 
iterative assembly line logic. In those pathways NRPS enzymes are responsible of 
the generation of the peptide backbone, while different modifying enzymes install 
the functional groups needed for iron coordination before, during or after 
assembly line action. On the other hand the biosynthesis of a lesser studied set 
of siderophores does not involve NRPSs. They are assembled by a novel family of 
synthetases, first identified in aerobactin biosynthesis, which together with other 
modifying enzymes are able to generate functional siderophores.220,221 In a 
reaction analogous to free-standing AMP-dependent ligases, aerobactin 
synthetase-like enzymes catalyze the adenylation of a carboxylic acid and the 
subsequent attack of an amino group onto the activated adenylate intermediate. 
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In both cases the biosynthetic genes are usually clustered within one operon 
showing coordinated transcriptional regulation to facilitate the rapid production 
of siderophores under iron-limited conditions.204 
 

 

Figure 1.23 Proposed biosynthesis of the NRPS-dependent siderophore coelichelin. The two non-proteinogenic 
building blocks hOrn and hfOrn are synthesized by CcHB and CchA before the peptide backbone is assembled through 
the action of the NRPS CchH. In a nonlinear mechanism two hfOrn residues are attached to the hOrn residue activated 
by module three followed by hydrolytic release catalyzed by the hydrolase CchJ. 

To highlight and further explain the NRPS-dependent assembly of bacterial 
siderophores, the biosynthesis of the trishydroxamate siderophore coelichelin 
will now be discussed (Figure 1.23).222,223 The two non-proteinogenic building 
blocks found in coelichelin are produced before the assembly of the peptide 
backbone. They are generated through the action of the FAD-dependent 

monooxygenase CchB, which catalyzes the hydroxylation of the δ-amino group 

in L-ornithine, and the formyltransferase CchA, which carries out the δ-N-

formylation in δ-N-hydroxy-L-ornithine (hOrn). Hydroxylations of δ-amino groups 

in L-ornithine or ε-amino groups in L-lysine take place in a variety of NRPS-
dependent natural product pathways and are usually carried out by stand-alone 
FAD-dependent monooxygenases using the free building blocks as substrates. 
Similarly, N-formylations usually happen before the activation of a monomer by 
the cognate A-domain and depend upon the cofactor N10-formyltetrahydrofolate 
(N10-fH4F). Assembly of the coelichelin peptide backbone is catalyzed by the 
trimodular NRPS CchH following a nonlinear logic due to the presence of four 
instead of three building blocks in the mature siderophore. The three A-domains 

of CchH activate δ-N-formyl-δ-N-hydroxy-L-ornithine (hfOrn), L-threonine and 
hOrn, respectively. The definitive mechanism of coelichelin assembly is not 
entirely known, but the following steps have been proposed: after activation and 
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tethering of the three monomers, peptide bond formation between hfOrn, 
epimerized by the first E-domain, and L-threonine is catalyzed by the first C-
domain. After L-threonine has been converted to its D-isomer by the second E-
domain the dipeptide is attached to hOrn via an isopeptide linkage, followed by 
the nucleophilic attack of the α-amino group of hOrn onto a second PCP-bound 
D-hfOrn residue. The assembled tetrapeptide is then hydrolytically released from 

the assembly line by the stand-alone α/β-hydrolase-type enzyme CchJ, yielding 
the mature siderophore that can now be exported to the extracellular space. 

 

1.4 Non-templated pathways 

 
Many natural product pathways are known where soluble enzymes establish 

one or more peptide bonds during the assembly of the final product. Four 
enzyme classes that have been found to be involved in such pathways have 
already been mentioned in the previous sections, namely the ATP-grasp ligases, 
the AMP-dependent ligases, the tRNA-ATs and the CDPSs. In addition, some 
atypical aaRSs and aaRS paralogs could be identified in recent year that carry 
out peptide bond formations during the assembly of secondary metabolites or 
the posttranslational modification of proteins.224 In fact, a clear progression from 
conventional aaRSs to paralogous enzymes possessing ligase activity can be 
proposed based on recent phylogenetic studies. Classical aaRSs involved in 
ribosomal protein synthesis ligate amino acids to tRNAs that can be used by 
peptide ligases during peptidoglycan biosynthesis and protein degradation. 
However, closely related aaRS paralogs could be identified that are dedicated to 
provide loaded tRNAs for specific pathways, including LysRSs involved in lipid 
aminoacylation225,226 and the SerRS paralog VlmL (S. viridifaciens) essential for 
valinamycin biosynthesis.227,228 The two mentioned enzymes belong to the class-
II aaRSs and in both cases the aminoacylated tRNAs they generate serve as 
substrates for GNAT-fold peptide ligases in subsequent reactions. Further 
examples of class-II aaRSs functioning in conjunction with GNAT-fold ligases 
include a newly identified class of fungal enzymes where an N-terminal AspRS is 
fused with a C-terminal peptide ligase224 and the GluRS paralogs deployed in the 

biosynthesis of the porphyrin precursor δ-aminolevulinic acid.220,227 The still 
more distantly related CysRS paralog MshC (Mycobacterium spp.) functions as 
an amino sugar cysteine ligase establishing a new peptide linkage during 
mycothiol synthesis,229 while a new class of paralogous MetRSs is proposed to 
act as peptide ligases during the assembly of as yet uncharacterized peptide 
secondary metabolites.224 Additionally, the LysRS paralog PoxA (E. coli) has been 
shown to catalyze aminoacylation of a conserved lysine residue in elongation 
factor P, which is essential for cell survival.230,231 The last three mentioned aaRS 
paralogs are likely to represent a further development on the previous theme. 
They have become peptide ligases themselves not needing a separate associated 
ligase partner anymore. As mentioned earlier, CDPSs are derived from the 
catalytic domain of class-I aaRSs and show the largest sequential and functional 
divergence among all known aaRS-derived enzymes. In contrast to all previously 
discussed aaRS homologs CDPSs have lost the ability to activate amino acids via 



Introduction 

 

29 
 

adenylation, possess relaxed substrate specificity and have lost their tRNA-
binding domain. In addition, CDPSs have acquired new active site residues, 
converting themselves into a new enzyme class for which aa-tRNAs represent 
substrates rather than final products. In the following sections the CDPS family 
will be discussed in more detail. 

 

1.4.1 Cyclodipeptide synthases 

 
Diketopiperazine (DKP)-containing natural products represent a large class 

of microbial secondary metabolites. Those smallest of all possible cyclic peptides 
have been shown to exhibit diverse and interesting biological activities,232 
ranging from antibacterial233-235 and immunosuppressive236 to antineoplastic237-

239 and antiviral.240 In general, the DKP-ring system is formed through the 
condensation of two amino acids and has long been recognized as a privileged 
scaffold for the development of new synthetic or semi-synthetic 
pharmacologically useful compounds. However, the physiological function of 
microbial DKPs in the respective producing organisms remains poorly 
understood. Because of their small size and often times high hydrophobicity, a 
role in different biochemical communication phenomena has been suggested, 
including quorum-sensing241-243 as well as intercellular-, interspecies- and 
transkingdom-signaling.244-247 Regarding the biosynthesis of DKP-containing 
natural products, it has long been known that NRPSs are able to form cyclic 
dipeptides (CDPs) either through premature release of dipeptidyl intermediates 
during chain elongation or through dedicated biosynthetic pathways. 
 

 

Figure 1.24 The three characterized CDPS-dependent pathways for modified DKPs. From top to bottom: albonoursin 
pathway, pulcherrimin pathway and mycocyclosin pathway. In all cases a single modification enzyme acts after initial 
CDPS-catalyzed DKP-formation. AlbC, YvmC and Rv2275: cyclodipeptide synthases; CDO: cyclic dipeptide oxidase; 
Cyp134A1 and Cyp121: cytochrome P450s. 

However, a second rout towards the DKP-scaffold has been discovered in 2002 
with the identification of AlbC (S. noursei) involved in albonoursin biosynthesis, 
which was later characterized as a cyclodipeptide synthase (CDPS).33 
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Table 1.1.1 DKPs produced by characterized CDPSs. 

CDPS DKPs produced
a
  Primary product 

AlbC cFL (54), cFY (20), cFF (19), cFM (10), cYM (6), 

cYL (5), cLM (4), cLL (2), cMM (1), cYA (<1), 

cVL (<1), cYY (<1) 

 cFL 

Rv2275 cYY (29), cYF (2), cYL (<0.4), cYA (<0.3), cYM 

(0.1), cYW (0.1) 

 cYY 

YvmC-Blic cLL (71), cLM (6), cLF (4)  cLL 

YvmC-Bsub cLL (97), cLF (7), cLM (5)  cLL 

YvmC-Bthu cLL (60), cLF (8), cLM (3), cFF (1)  cLL 

pSHaeC06 cLL (118), cLM (10), cLF (8)  cLL 

Plu0297 cLL (17), cLF (<1), cLM (<1)  cLL 

Jk0923 cLL (0.5), cLM (0.2)  cLL 

Nvec-CDPS2 cWF (1), cWL (1), cWM (1), cFF (0.5), cFM 

(0.5), cFA (0.5), cYL (0.5), cYF (0.5), cYM (0.5), 

cLA (0.5), cWG (<0.1), cFL (<0.1) 

 cWX 

(X = F, L, M) 

a The quantity of each DKP in mg produced per liter culture supernatant is given in brackets.   

 
CDPSs are small enzymes (approximately 200-300 amino acids long) able to 
form two successive peptide bonds in an ATP-independent manner by using 
aminoacyl-tRNAs as substrates, resulting in the formation of a 2,5-DKP 
moiety.62 
 

 

Figure 1.25 Multiple sequence alignment of the nine characterized CDPSs. The alignment was created using Clustal 
Omega.248,249 The secondary structural elements of AlbC are shown above the alignment in green. Positions conserved 
in all characterized CDPSs are shown with a red background, while those conserved in all prokaryotic CDPSs are 
highlighted with a yellow background. The positively charged residues located in helix a4, proposed to mediate 
protein-tRNA interactions, are shown in light blue. AlbC: Streptomyces noursei; Rv2275: Mycobacterium tuberculosis; 
YvmC-Blic: Bacillus licheniformis; YvmC-Bsub: Bacillus subtilis; YvmC-Bthu: Bacillus thuringiensis; pSHaeC06: 
Staphylococcus haemolyticus; Plu0297: Photorhabdus luminescens; Jk0923: Corynebacterium jeikeium; Nvec-CDPS2: 
Nematostella vectensis. 

By diverting loaded tRNAs away from the ribosomal machinery, CDPSs generate 
a direct link between primary and secondary metabolic pathways. Besides 
albonoursin,35,250 only two other pathways for modified CDPS-dependent DKPs 
have been fully characterized, namely the pulcherrimin47,251,252 and 
mycocyclosin48,253-255 pathways in B. subtilis and M. tuberculosis, respectively 
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(Figure 1.24). So far, the identity of nine members of the CDPS family has been 
confirmed through biochemical in vitro studies.35,256 All of those CDPSs show a 
certain degree of substrate promiscuity but nevertheless a preferential product 
signature can be identified in all cases, with one amino acid being present in the 
majority of DKPs synthesized by a given synthase (Table 1.1). CDPSs generally 
display only moderate sequence similarities of about 25% and contain seven 
residues conserved in all characterized CDPSs (Figure 1.25).62,224 
 

1.4.1.1 Structural aspects 

 
The crystal structures of three CDPSs (AlbC, S. noursei; YvmC, B. 

licheniformis; Rv2275, M. tuberculosis) could be determined so far.34,47,48 Despite 
their only moderate sequence identity the three structures superimpose well 

with rms deviation values of 2.27 Å, 2.2 Å and 2.46 Å over 192, 211 and 180 Cα 
atoms for Rv2275 vs AlbC, Rv2275 vs YvmC and AlbC vs YvmC, respectively 
(Figure 1.26 A). 
 

 

Figure 1.26 Comparison of the three solved CDPS crystal structures.34 (A) Superposition of the AlbC (cyan, PDB ID: 
3OQV), Rv2275 (yellow, PDB ID: 2X9Q) and YvmC-Blic (purple, PDB ID: 3OQH) structures. The numbering of β-strands 

and α-helices corresponds to AlbC. (B) Superposition of the four conserved residues inside the active site pockets of 
AlbC, Rv2275 and YvmC-Blic. The residues are shown in ball and stick style. The same color code as in (A) is used. The 
labeling corresponds to the AlbC numbering. 

AlbC and YvmC are monomers whereas Rv2275 shows a homodimeric 

quaternary structure. The respective monomers possess a compact α/β-fold that 

consists of five parallel β strands surrounded by α-helices, representing a 

Rossmann-fold domain (β3-β5, α2 and α4).257 Particularly the Rossmann-fold 

and the two strands β6 and β7 superimpose well. Five of the seven conserved 
residues mentioned earlier can be found in a surface-accessible pocket present 
in all three structures. Four of those residues (Gly35, Ser37, Tyr178 and Glu18, 
AlbC numbering) superimpose well while Tyr202 adopts a different conformation 
in every structure (Figure 1.26 B). Differences between the three CDPS 
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structures include the N-terminal region which is structured in Rv2275 (β1, β2 

and α1) but not observed in AlbC and YvmC, the C-terminal region which is 
observed for AlbC but not present in the Rv2275 and YvmC structures and 
major deviations between loops that are involved in substrate binding and 

catalysis (β3-α2, α6-α7 and β6-α8). 
 

 

Figure 1.27 Comparison of the structures of AlbC and TyrRSTyr from M. janneschii in complex with its L-Tyr substrate 
(PDB ID: LJLU).34 The enzymes are shown in cartoon style while L-Tyr is shown in ball and stick style in orange color. The 
Rossmann-fold and CP1 domain of TyrRSTyr are colored in dark and light blue, respectively. The corresponding domains 
of AlbC are shown in dark and light green, respectively. The tRNA-binding domain not present in AlbC is colored grey. 

CDPSs share a very high structural similarity with the catalytic domain of 
class-Ic aaRSs, especially TyrRSs and TrpRSs (Figure 1.27).34,47,48 The highest 
similarity can be found with the archaeal Archaeglobus fulgidus and 
Methanococcus janneschii TyrRSs and the eukaryotic Entamoeba histolytica 
TrpRS.258-262 In addition to the conserved Rossmann-fold domain, both 
TyrRSs/TrpRSs and CDPSs contain a helical connective polypeptide 1 (CP1) 
subdomain. Despite their similarity a few obvious differences can be observed 
between aaRSs and CDPSs: firstly, they differ in terms of their oligomerization 
state, with class-Ic aaRSs acting as homodimers and CDPSs as monomers (the 
homodimerization observed in the Rv2275 crystal structure is very likely not 
necessary for catalysis).34,47,256,263 Secondly, the conserved ATP binding motives 
of aaRSs are not present in CDPSs reflecting the fact that CDPSs do not need 
ATP to carry out their catalyzed reaction.48 Thirdly, CDPSs possess a large and 

characteristic patch of arginine and lysine residues located in helix α4 probably 
involved in tRNA-binding, which is not present in aaRSs. 

 

1.4.1.2 Substrate interaction and catalytic mechanism 

 
One of the most unusual features about CDPSs is their use of loaded tRNAs 

as direct substrates for peptide bond formation. As discussed in the previous 
section, CDPSs do not possess the characteristic tRNA-binding domain present 
in all aaRSs, which begs the question of how CDPSs interact with their native 
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substrates. Unfortunately no structure could as yet been obtained for a CDPS 
complexed with a ligand representative of its natural aminoacyl-tRNA substrate. 
However, structural comparisons of CDPSs with class-Ic aaRSs together with 
extensive mutagenesis studies have shed some light onto the interaction of 
CDPSs with their aa-tRNA substrates.34,47,48 It could be shown that the 
aminoacyl moiety of the substrate binds in the previously mentioned surface 
accessible pocket present in all characterized CDPSs and that CDPS substrate 
specificity for the first aa-tRNA substrate is mainly directed at the aminoacyl 
moiety and not at the particular tRNA that carries the amino acid incorporated 
into the DKP. By substituting the individual positively charged residues, 

constituting the above mentioned basic patch located in helix α4, with alanine, 
the importance of this positively charged helix for substrate interaction and thus 

CDPS activity could be demonstrated.34 Helix α4 consists of about 30 residues of 
which about 10 are either lysine or arginine. This high density of positively 
charged residues could facilitate the interaction with the negatively charged 
ribose-phosphate backbone of the tRNA in a sequence independent manner 
supporting the hypothesis that CDPS substrate specificity is mainly determined 
by the residues lining the surface accessible pocket.264 

The catalytic mechanism of CDPSs can be described in terms of a sequential 
ping-pong model (Figure 1.28). In the first step a given loaded tRNA interacts 
with the enzyme and the first aminoacyl group is transferred to the conserved 
serine residue located in the surface accessible pocket. The formation of this 
peptidyl-enzyme intermediate could be unequivocally shown through tandem 
mass spectrometry and radioactive labeling experiments.34,256 Regarding the 
activation of the catalytic serine residue for subsequent nucleophilic attack onto 
the oxoester of the aa-tRNA, two different mechanisms have been proposed.  In 
the first one the side chain hydroxyl group of a conserved tyrosine residue inside 
the active site pocket engages in hydrogen bonding with the conserved serine 
and thus increases its nucleophilicity. Evidence in favor of this mechanism 
comes from mutagenesis studies in Rv2275.48 On the other hand contrasting 
results were obtained for AlbC.34 The second hypothesis regarding serine 
activation employs a concerted proton-shuttling mechanism involving the two 
adjacent vicinal hydroxyl groups of nucleotide A76 of the tRNA molecule.47 A 
similar activation mechanism was suggested for the ribosomal peptidyl 
transferase and FemX from W. viridenscens.265,266 The structures of YvmC and 
Rv2275 show that access to the active site pocket is quite restricted, which led 
to the suggestion that those structures represent a closed enzyme state, with 
tRNA-binding needed for the conversion to the open state. The exact influence of 
tRNA-binding on the CDPS structure remains unclear, but the structures of 
YvmC and Rv2275 suggest that extensive remodeling of the loops near the active 
site is needed to allow entrance of an aminoacyl moiety to the catalytic pocket. 
Another strictly conserved residue inside the surface accessible pocket is a 
glutamate residue implicated in the coordination of the α-amino group of the 
substrate aminoacyl moiety. Both the conserved tyrosine and glutamate play a 
crucial role in the correct positioning of the aminoacyl group for subsequent 
attack by the catalytic serine residue and are essential for the efficient formation 
of a covalent peptidyl-enzyme intermediate.62 
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Figure 1.28 Proposed ping-pong mechanism of CDPS catalysis. The initial activation of the catalytic serine residue can 
either result from the interaction with the conserved tyrosine residue (left) or from a proton-shuttling mechanism 
involving a ribose moiety of the substrate tRNA (right). After formation of a covalently bound peptidyl-enzyme 
intermediate the second aminoacyl-tRNA substrate is bound followed be the generation of either an enzyme-
dipeptidyl (right) or tRNA-dipeptidyl (left) intermediate. Attack of the α-amino group of the second aminoacyl moiety 
results in the formation of the DKP-ring and release from the enzyme or tRNA. 

The fact that all DKP products of a given CDPS have one amino acid in common 
but differ in the second building block could be explained by the selective 
recognition and covalent attachment of the first aminoacyl group inside the 
active site and the less specific binding of a second loaded tRNA at a different 
site outside the catalytic pocket. The covalent peptidyl-enzyme complex could 
then react with the aminoacyl group of the second aa-tRNA and form either a 
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dipeptidyl-enzyme or dipeptidyl-tRNA intermediate. Through intramolecular 
cyclization the second peptide bond would then be formed at the same time 
releasing the readily assembled DKP from the enzyme. So far, none of the two 
possible dipeptidyl-intermediates could be detected (Figure 1.29). 
 

 

Figure 1.29 Generalized action of CDPSs and their connection to primary metabolism. CDPSs hijack loaded tRNAs and 
use them for DKP-formation thus diverting tRNA-flow away from the ribosomal protein synthesis machinery. 

 

1.4.1.3 Distribution and organization of CDPS gene clusters 

 
As of June 2013 more than 70 putative CDPS genes could be identified 

using iterative PSI-BLAST searches seeded with sequences of known CDPSs 
(Figure 1.30).62,224 Seven CDPSs are found in eukaryotic organisms of the phyla 
Ascomycota (3), Annelida (1), Ciliophora (1) and Cnidaria (2). The remaining 
CPDS genes are present in various bacterial phyla: Actinobacteria (38), 
Bacteroidetes (1), Chlamydiae (2), Cyanobacteria (1), Firmicutes (20) and 
Proteobacteria (22). To date no archaeal CDPS gene could be identified. The 
prevalence of CDPSs in different organisms presented here may not accurately 
reflect reality since the distribution of sequenced genomes is heavily biased 
towards human, animal or plant pathogens. Usually, CDPSs from bacteria of the 
same phylum tend to cluster together, although some actinobacterial CDPSs can 
be found on proteobacterial branches and vice versa. This indicates that some 
CDPS genes may have undergone horizontal gene transfer. In addition, some 
species encode several CDPS genes that are only distantly related and may be 
involved in the formation of distinct cyclodipeptides. A disproportionately large 
number of CDPS-encoding organisms are obligate intracellular parasites, 
including Candidatus, Chlamydiae, Fusarium, Legionella and Rickettsiella 
species. 
 



Introduction 

36 
 

 

Figure 1.30 Phylogenetic tree representing evolutionary relationships of 70 CDPSs. The tree is based on a multiple 
sequence alignment generated using COBALT.267 The optimal tree was inferred using the Neighbor-Joining method. 
The evolutionary distances are in the units of the number of amino acid substitutions per site. Accession numbers 
shown in blue represent eukaryotic CDPSs. Red frames highlight experimentally characterized CDPSs. A black asterisk 
after the accession number indicates that the usually conserved glycine located inside the active site pocket is 
substituted. Numbers shown in parenthesis after the species name indicate the number of different strains where the 
same CDPS could be identified. 

In general, obligate parasites do not possess a distinct secondary metabolism, 
suggesting that the CDPS-dependent DKPs produced by those species may play 



Introduction 

 

37 
 

a role in host-parasite interactions enabling them to manipulate their respective 
host organisms.224 Most of the bioinformatically identified CDPSs contain the 
seven conserved residues mentioned above and the patch of positively charged 

amino acids located in helix α4. However, a subset of CDPSs consists of proteins 
where the four residues known to be important for catalysis are conserved (S37, 
Y178, E182 and Y202, AlbC numbering), but the glycine residue (G35) located 
inside the active site pocket is substituted (indicated by an asterisk after the 
accession number in Figure 1.30). 
 

 

Figure 1.31 Overview of an examplary set of putative CDPS gene clusters. The presence of modification enzymes, 
regulators and transporters is indicated by the color code defined at the bottom of the figure. Abbreviations used: AAL: 
D-Ala-D-Ala ligase; aaRS: aminoacyl-tRNA synthetase; ABH: α/β-hydrolase; ACS: acyl-CoA synthetase; ACT: acyl-CoA 
transferase; DH: dehydrogenase; FMO: flavin monooxygenase; GlnS: glutamine synthase; MT: methyltransferase; OG: 
α-ketoglutarate/Fe2+-dependent oxygenase; OR: oxidoreductase; P450: cytochrome P450; PEP: peptidase; PLP: PLP-
dependent oxidase; RSAM: radical SAM enzyme. 

Other examples for diverging sequences include the CDPSs from Fusarium 
species where the active site serine is substituted with a cysteine residue and 
the CDPSs from P. acanthamoebae and several Candidatus species where the 
conserved YxxxE sequence (Y178 and E182, AlbC numbering) is changed to 
DxxxQ, representing an inversion of the acidic and polar residues. In bacteria 
genes encoding enzymes of the same metabolic pathway are usually clustered 
together, which greatly facilitates the elucidation of the separate steps of a given 
biosynthetic route.58 This also holds true for bacterial CDPS gene clusters, where 
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a large variety of different putative tailoring enzymes can be found in the direct 
vicinity of CDPS-encoding genes (Figure 1.31). The tailoring enzymes associated 
with CDPSs belong to various different enzyme families including many 
oxidoreductases, transferases, ligases and hydrolases.62 The most common 
modification enzymes encoded in CDPS gene clusters are different oxidases. So 

far, at least seven distinct types of P450s, five different α-ketoglutarate/Fe2+-
dependent oxygenases and three differing flavin-containing monooxygenases 
could be identified. In addition, several other enzymes predicted to catalyze 
oxidation reactions have been found in the direct surroundings of CDPS genes. 
Besides oxidoreductases, different C-, N- and O-methyltransferases, peptide 

ligases, acyl-CoA synthetases/transferases and α/β-hydrolases have been 
proposed to be involved in DKP modification. In many CDPS clusters the 
presence of different transcriptional regulators belonging to the MarR and LuxR 
families among others, can be observed. They are often responsible for the 
regulation of various biological processes in response to environmental cues like 
resistance to antibiotics and other toxic chemicals, adaptation to oxidative stress 
and the expression of virulence factors.268,269 In addition to tailoring enzymes 
and regulators, a variety of different membrane transporters can be found inside 
CDPS gene clusters. They are either involved in transport processes through the 
inner membrane (ABC-type transporters, members of the major facilitator 
superfamily and sodium solute symporters) or the outer membrane of Gram-
negative bacteria (TonB-dependent receptors).270 All these genetic associations 
suggest that CDPS gene clusters are able to produce modified cyclodipeptides in 
response to environmental stimuli and transport them to the periplasm or 
extracellular space. 

 

1.4.1.4 Characterized DKP-tailoring enzymes 

 
So far, only three enzymes encoded by genes closely associated with CDPS 

genes have been experimentally characterized and shown to facilitate three 
different DKP-tailoring reactions, namely α,β-dehydrogenation, C-C aryl coupling 
and DKP-ring oxidation. 

The dehydrogenation reaction is carried out by the heterooligomeric cyclic 
dipeptide oxidase (CDO) complex (> 2000 kDa) during albonoursin biosynthesis 
in S. noursei.271,272 CDO consists of the two subunits AlbA (23 kDa) and AlbB 

(11 kDa) and catalyzes two successive α,β-dehydrogenations using cFL as a 
main substrate.33,250 Despite the preference of CDO for its native substrate cFL, 
a variety of other DKPs can be singly or doubly dehydrogenated by CDO with the 
highest activities observed for DKPs containing large aromatic side chains (Phe, 
Tyr and Trp). A covalently bound flavin cofactor could be identified in AlbA and 
the CDO-catalyzed reaction could be shown to be dependent on the presence of 
molecular oxygen.33,250 Regarding the double bond configuration of the resulting 
α,β-dehydro DKPs, so far, all compounds isolated from microbial cultures 
exclusively possess Z, Z-configuration.273 However, CDO has been shown to 
produce a mixture of Z- and E-configured double bonds in in vitro experiments. 
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Figure 1.32 Reaction catalyzed by the cyclic dipeptide oxidase (CDO) from S. noursei resulting in the formation of 
albonoursin. Three proposed mechanisms for α,β-dehydrogenation are shown. 

The exact reaction mechanism of CDO has not yet been elucidated, but three 

different pathways have been proposed: direct α,β-dehydrogenation, imine 

formation followed by a rearrangement to the corresponding enamine and β-
hydroxylation combined with subsequent dehydration (Figure 1.32).250 

The very unusual C-C aryl coupling reaction mentioned above is catalyzed 
by the P450 Cyp121 during the biosynthesis of mycocyclosin in M. 

tuberculosis.274-276 Cyp121 is unrelated to any other characterized P450 and 
could be shown to efficiently introduce a C-C bond between the two meta-
carbons of the tyrosine side chains in its native substrate cYY.253,275 Structure 
elucidation showed that Cyp121 possesses the canonical P450 fold and contains 
an unusually large active site. Based on structural and biochemical studies a 
reaction mechanism for aryl coupling has been proposed where initially two 
tyrosyl radicals are formed that are subsequently positioned on the same side of 
the DKP-ring. Then the two radicals combine to form a new C-C bond bridging 
the two side chains and fixing them in the unusual bowl-shape observed in 
mycocyclosin (Figure 1.33).253-255 

The P450 Cyp134A1 has been shown to catalyze DKP-ring oxidation during 
the biosynthesis of the siderochrome pulcherrimin in B. subtilis. The native 
substrate of Cyp134A1 is cLL but a variety of other leucine-containing DKPs 
have been shown to efficiently bind to Cyp134A1.35,251,252 During enzyme 
catalysis both ring nitrogens are oxidized to the corresponding N-oxides with 
concomitant aromatization of the DKP-ring. The crystal structure of Cyp134A1 
could be determined to a resolution of 2.7 Å and showed that the enzyme adopts 
the typical P450 fold, although the putative active site showed an unusually 
high amount of disordered residues indicating major conformational changes 
during the catalytic cycle.251 So far, the reaction mechanism could not be 
determined and it is not clear if DKP-ring aromatization or N-oxide formation is 
the first catalytic step (Figure 1.33). 
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Figure 1.33 Structures and proposed reaction mechanisms of the two DKP-modifying P450s Cyp121 (M. tuberculosis) 
and Cyp134A1 (B. subtilis) involved in mycocyclosin and pulcherrimin biosynthesis, respectively. 

 

1.4.1.5 Comparison with NRPS-dependent pathways for DKP biosynthesis 

 
Before the identification of the first CDPS the only known biosynthetic route 

toward the 2,5-DKP scaffold involved the action of large multi-modular NRPSs. 
DKPs can be formed through the premature spontaneous intramolecular 
cyclization of a PCP-bound linear peptidyl intermediate as observed during 
gramicidin S and tyrocidine (release of cyclo(D-Phe-L-Pro)) as well as cyclomarin 
(release of cyclomarazines) biosynthesis.277,278 Those DKP side-products usually 
contain sterically constrained residues which favor a cis-configuration of the 
peptide bond in the linear dipeptidyl-thioester intermediate needed for efficient 
DKP-ring formation. This is exemplified by the presence of the sterically 

constrained residues N-methyl-δ-hydroxyleucine and proline in cyclomarazine 
and cyclo(D-Phe-L-Pro), respectively (Figure 1.34). Besides the unintended 
generation of DKPs through a premature release mechanism, also dedicated 
NRPS-dependent DKP-forming pathways exist. They include pathways for the 
formation of bacterial (erythrochelin)212,213 and fungal (coprogen)279 siderophores 
as well as bacterial (thaxtomins)280 and fungal (roquefortin C, gliotoxin, 
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etc.)281,282 toxins (Figure 1.34). The NRPSs responsible for the assembly of those 
DKP-containing compounds generally consist of two modules, which may either 
generate cyclic dipeptides (e. g. thaxtomins, gliotoxin, roquefortin C) or DKP-
containing tetrapeptides (e. g. erythrochelin). 
 

 

Figure 1.34 Examples of NRPS-dependent DKP-containing natural products generated through a premature relase 
mechanism or dedicated biosynthetic pathways. 

They usually contain a C-terminal C-domain instead of a TE-domain, which 
appears to be responsible for cyclization and release of the readily assembled 
DKP-containing product. As in the case of CDPS pathways, NRPS-dependent 
cyclic dipeptides are generally further modified by tailoring enzymes encoded in 
close proximity to the NRPS-machinery. The modifications introduced range 
from acetylations, dehydrogenations and hydroxylations to indole prenylations 
and methylations among others.71 
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The two known biosynthetic systems able to generate DKP-containing 
molecules, CDPSs and NRPSs, employ very different strategies to assemble those 
compounds and are very distinct both in terms of the catalysts used and 
products generated. CDPSs are small enzymes (about 25 kDa) whereas NRPSs 
represent very large enzymatic systems oftentimes more than ten times the size 
of CDPSs. This assumedly reflects the two different strategies used for the initial 
activation of monomers needed for subsequent peptide bond formation. While 
NRPSs use adenylation followed by tethering to a PCP-domain via aminoacyl 
thioesters, CDPSs hijack already activated tRNA-bound amino acids thereby 
eliminating the need for a separate monomer activation step. This restricts the 
substrate range of CDPSs to the 20-22 proteinogenic L-amino acids, whereas 
NRPSs are known to be able to use more than 500 different building blocks.283 
In NRPS-systems structural diversity can be additionally introduced during 
peptide assembly through in cis-acting modification domains or in trans-acting 
tailoring enzymes as well as after the release of the assembled product. For 
CDPS-dependent DKPs only the last-mentioned modification strategy is possible. 
The different abilities of CDPSs and NRPSs to introduce additional modifications 
into a given DKP result in a generally wider structural complexity of NRPS-
derived DKP-containing compounds compared to the ones generated via CDPS 
pathways. Regarding the biological functions of modified cyclic dipeptides more 
is known about NRPS-dependent compounds, that have been shown to act as 
siderophores or toxins involved in pathogenicity, than about CDPS-derived 
DKPs. As briefly mentioned earlier, some DKPs produced by CDPSs have been 
suggested to act as signaling molecules involved in quorum-sensing or host-
pathogen and host-parasite interactions. This seems to be a reasonable 
hypothesis since a large fraction of known CDPS genes have been identified in 
parasites and pathogenic organisms. The bias of intracellular parasites for 
CDPS- rather than NRPS-dependent pathways, which would in principle also be 
able to generate DKPs, could reflect the necessity to achieve a particular goal 
with the most economical genomic and metabolic investment possible, favoring 
CDPSs over NRPSs due to their small size. 
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2 Motivation and Objectives 
 
Peptide natural products continue to play an important role in modern 

medicine as last-resort treatments of many life-threatening diseases. A large 
fraction of these microbially produced compounds is assembled via ribosome-
independent templated and non-templated pathways. Many of those peptide 
natural products are structurally too complex to be easily obtainable via 
synthetic chemistry. A different approach for the production and diversification 
of complex natural products is based on either fermentative in vivo or 
chemoenzymatic approaches. Those strategies have been shown to be feasible 
alternatives in cases where a purely chemical approach would be too low-
yielding or too expensive. The efficient in vivo production of natural products or 
derivatives thereof is based on the engineering and optimization of both the 
biosynthetic pathways themselves and the respective production hosts. To do 
this detailed knowledge about the particular biosynthetic catalysts and relevant 
pathway interactions is needed. 

In order to obtain new insights into biosynthetic pathways able to generate 
peptide natural products, two templated and two non-templated pathways 
should be investigated, both in terms of their abilities to generate particular 
peptide scaffolds and to subsequently decorate a given peptide through the 
action of dedicated modification enzymes. 

The precise sequence of reactions leading to the unusually substituted 
anthranilate moiety of the antitumor-antibiotic sibiromycin should be 
investigated through detailed in vitro studies, including the elucidation of 
substrate specificities, the determination of kinetic parameters and the in vitro 
reconstitution of the entire assembly pathway up to the activation of the 
modified anthranilate monomer by the nonribosomal peptide synthetase (NRPS) 
SibE. 

A second objective was the identification and structure elucidation of a new 
siderophore from the actinobacterium Acinosynnema mirum. In addition, its 
biosynthetic gene cluster should be identified through various bioinformatic 
techniques as well as in vitro reconstitution of its biosynthetic NRPS-machinery. 

The biochemical characterization of a cyclodipeptide synthase (CDPS)-
dependent non-templated pathway in Nocardiopsis dassonvillei, containing three 
distinct modification enzymes, was the third objective of this thesis. All enzymes 
should be studied via detailed in vivo and in vitro analyses and the potential of 
this pathway to combinatorially produce differently modified diketopiperzine 
(DKP)-containing natural products should be investigated. 

A final objective was the identification and characterization of an additional 
CDPS-dependent pathway in Actinosynnema mirum. The respective biosynthetic 
enzymes should be studied in vivo and in vitro and the possible application of the 
present N-methyltransferase as a catalyst in chemoenzymatic and fermentative 
approaches, aimed at the production of modified DKPs, should be tested. 
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3 Results 
 

3.1 NRPS-dependent pathways for the generation of peptide 

natural products 

3.1.1 A four-enzyme pathway for 3,5-dihydroxy-4-methylanthranilic acid 

formation and incorporation into the antitumor antibiotic 

sibiromycin 
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Background and summary:  

 

Sibiromycin is an antitumor antibiotic produced by Streptosporangium 

sibiricum belonging to the class of pyrrolo-1,4-benzodiazepine (PBD) natural 

products. They all share a common PBD-ring system consisting of fused six-, 

seven-, and five-membered rings. PBDs are sequence-specific DNA-alkylating 

agents that possess significant antitumor properties, making them a worthwhile 

research topic. Due to difficulties in establishing reliable synthetic routs to the 

PBD-scaffold insights into their biosynthetic pathways may help to generate new 

bioactive PBD derivatives. So far, information regarding their biosynthetic 

origins is restricted to the three related compounds anthramycin, tomaymycin 

and sibiromycin. Before this study only indirect evidence concerning the precise 

biosynthetic routes leading to the three sibiromycin building blocks 3,5-

dihydroxy-4-methylanthranilic acid (3,5DHMAA), 4-propenyl-2,3-dihydropyrrole-

2-carobixilic acid and sibirosamine has been available. The focus of this work 

was the biochemical investigation of the precise reaction sequence involved in 

the generation and activation of the 3,5DHMAA building block using various in 

vitro experiments. The investigated pathway consists of four steps starting from 

the known metabolite 3-hydroxykynurenine (3HK). Initially the SAM-dependent 

methyltransferase SibL converts its substrate to the 4-methyl derivative, 

followed by hydrolysis through the PLP-dependent kynureninase SibQ leading to 

3-hydroxy-4-methylanthranilic acid (3H4MAA) formation. Then the NRPS 

didomain SibE activates 3H4MAA and tethers it to its thiolation domain, where 

it then serves as the hydroxylation substrate for the FAD/NADH-dependent 

hydroxylase SibG, yielding the fully substituted anthranilate moiety found in 

sibiromycin. The insights gained in this study regarding sibiromycin 

biosynthesis in general and the substrate specificities of the biosynthetic 

enzymes involved in particular, may guide future attempts to engineer the PBD 

biosynthetic machinery and help in the production of PBD derivatives exhibiting 

new and improved pharmacological activities. 
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3.1.2 Isolation, structure elucidation and biosynthesis of an unusual 

hydroxamic acid ester-containing siderophore from Actinosynnema 

mirum 
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Background and summary:  

 

In recent years, the increasing amount of available whole genome sequence 

data has allowed the identification of formerly unknown or cryptic gene clusters 

and their assignment to the respective biosynthetic products. Natural products 

produced through the action of nonribosomal peptide synthetases (NRPSs) are 

particularly amenable to this approach due to the assembly-line nature of their 

enzymatic machinery resulting in a relatively easy prediction of their assembled 

product. This fact together with the well-established approach of activity-guided 

isolation of natural products makes NRPS-derived siderophores ideal targets for 

genome-mining approaches. Before this study no secondary metabolite gene 

cluster present in the genome of the actinobacterium Actinosynnema mirum 

could be assigned to a particular biosynthetic product. In this study, we report 

the isolation, structure elucidation and biosynthesis of a new siderophore 

named mirubactin that contains an unprecedented chemical functionality, 

namely an O-acyl hydroxamic acid ester. Mirubactin represents the first 

characterized siderophore produced by a member of the genus Actinosynnema. 

Structure elucidation was accomplished through a combination of spectroscopic 

and mass spectrometric methods together with acid hydrolysis followed by 

derivatization to clarify the stereoconfiguration of the constituting building 

blocks. Through detailed bioinformatic analysis of the A. mirum genome and 

subsequent biochemical characterization of the putative biosynthetic machinery 

the gene cluster responsible for mirubactin assembly could be identified. The 

suggested assembly pathway of mirubactin comprises the iterative use of a 

stand-alone carrier-protein-bound substrate and an ester-bond-forming step 

catalyzed by a C-terminal condensation domain. This newly identified 

siderophore gene cluster following a nonlinear assembly logic represents an 

interesting system for further biochemical studies aimed at gaining a deeper 

understanding of NRPS-catalysis involving non-canonical reaction steps. 
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3.2 CDPS-dependent pathways for the generation of peptide 

natural products 

3.2.1 Insights into the generation of structural diversity in a tRNA-

dependent pathway for highly modified bioactive cyclic dipeptides 
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Background and summary:  

 

In 2002 a new biosynthetic pathway towards the 2,5-diketopiperazine (DKP) 

scaffold has been discovered. The enzyme AlbC encoded in Streptomyces noursei 

could be characterized as a cyclodipeptide synthase (CDPS) that uses two 

aminoacyl-tRNAs as substrates for the successive formation of two peptide 

bonds resulting in a cyclic dipeptide. In two recent studies, four formerly 

unknown modified and highly hydrophobic DKPs have been isolated from 

Nocardiopsis dassonvillei and Nocardiopsis alba, along with three known and 

highly similar compounds. Based on the hypothesis that those compounds, 

referred to as nocazines, are generated via CDPS-dependent pathways, a 

bioinformatic analysis of the N. dassonvillei genome was carried out. In this 

study the first nocazine gene cluster could be identified. In addition, the 

biosynthetic pathway leading to the two nocazine family members nocazine E 

and XR334 could be elucidated. DKP-formation is carried out by a tRNA-

dependent CDPS that shows an unknown product profile forming cFY and cFF 

as its main products. Tailoring of the DKP-scaffold is achieved through the 

combined and combinatorial action of a cyclic dipeptide oxidase (CDO) and two 

distinct SAM-dependent O-/N-methyltransferases. The identified nocazine 

pathway represents the first characterized CDPS-pathway that contains more 

than one tailoring enzyme directly modifying the DKP-scaffold. In addition, the 

results reported in this study help to illuminate the biosynthetic logic resulting 

in the structural diversity of the nocazine family and set the stage for exploring 

the biological function of modified cyclic dipeptides as putative mediators of 

host-pathogen and host-parasite interactions. 
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3.2.2 A tRNA-dependent two-enzyme pathway for the generation of singly 

and doubly methylated ditryptophan 2,5-diketopiperazines 
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Background and summary:  

 

Tryptophan (Trp)-containing compounds are among the most prevalent DKP-

containing natural products and have been isolated from a wide range of 

microbial sources, in particular many different Aspergillus and Penicillium 

species. In contrast, comparatively few Trp-containing DKPs could be isolated 

from bacteria. Trp-residues that are part of a DKP can exist in a monocyclic form 

like most other amino acids or in an annulated form in which an additional five-

membered ring is generated through the formation of a bond between the α-
nitrogen and the indole C2 of the Trp side chain, forming a tetracyclic ring 

system. The majority of known DKPs that contain two Trp-residues exist in an 

annulated form, while only a small number of monocyclic ditryptophan DKPs 

could be isolated so far. The recently identified cyclodipeptide synthase (CDPS) 

family is generally able to use loaded tRNAs for the formation of cyclic 

dipeptides. So far, all characterized bacterial CDPSs use mainly tRNAs loaded 

with Phe, Leu, Met and Tyr as substrates, while no bacterial CDPS able to 

generate Trp-containing DKPs is known. In this study the identification and 

characterization of a CDPS-dependent pathway in Actinosynnema mirum able to 

generate modified ditryptophan DKPs (cWW) is reported. The newly identified 

CDPS catalyzes the initial formation of cWW followed by one or two methylations 

of the ring-nitrogens found in the DKP-scaffold. This tailoring reaction is carried 

out by a promiscuous SAM-dependent N-methyltransferase. In addition to the 

new product profile, the newly identified member of the CDPS family is also the 

first CDPS shown to generate only a single product. The large number of known 

modifying enzymes of bacterial and fungal origin known to act upon Trp-

containing DKPs, makes the identification and characterization of a potent 

catalyst for cWW-formation valuable for combinatorial in vivo as well as 

chemoenzymatic approaches, with the aim of generating DKPs with new or 

enhanced pharmacological activities.   
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4 Discussion 

4.1 Templated pathways 

 

Two studies focusing on templated NRPS-dependent biosynthetic systems 

have been presented here. The results showcased in section 3.1.1 clarified the 

origin of the particular substitution pattern of the A-ring present in the 

antitumor antibiotic sibiromycin, while section 3.1.2 showed how new chemical 

functionalities in peptide natural products can still be discovered, even in well 

studied compound classes as NRPS-dependent siderophores. 

 

4.1.1 Sibiromycin 

 

Regarding the biosynthesis of the PBD sibiromycin, produced by 

Streptosporangium sibiricum, our studies showed how the unusually substituted 

anthranilate derivative 3,5-dihydroxy-4-methylanthranilic acid (3,5DHMAA) is 

generated and incorporated into the tricyclic PBD-scaffold. Starting from the 

known metabolite 3-hydroxykynurenine (3HK), the successive action of the 

SAM-dependent methyltransferase SibL, the PLP-dependent kynureninase SibQ 

and the NRPS didomain SibE generates a PCP-bound 3-hydroxy-4-

methylanthranilic acid (3H4MAA) intermediate that is subsequently modified by 

the FAD/NADH-dependent hydroxylase SibG to yield the fully substituted 

anthranilate moiety found in sibiromycin (Figure 4.1). 

 

 

Figure 4.1 Reaction sequence highlighting the generation of the highly modified A-ring of sibiromycin. The scaffold 

originating from the metabolic precursor L-Trp is shown in blue. The modifications introduced diverging from the 

kynurenine-pathway are shown in red. 

The elucidation of the precise sequence of reactions leading to the formation and 

activation of 3,5DHMAA highlights the capability of NRPS-pathways to use 

different strategies for the generation of unusual building blocks. Firstly, the use 

of a non-proteinogenic monomer scaffold, namely the aryl β-amino acid 
anthranilic acid. Secondly, the pre-assembly-line modification of this building 

block through in trans-acting tailoring enzymes and thirdly, online modification 

through enzymes acting in trans while the intermediate is tethered to the NRPS 
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assembly-line. Extending those insights to the closely related biosynthetic 

systems of anthramycin and tomaymycin, it is possible to predict the points of 

divergence for the assembly of the modified anthranilate moieties found in those 

related PBDs (Figure 4.2). 

 

 

Figure 4.2 Divergence of the A-ring formation pathways for the three closely related PBDs sibiromycin, anthramycin 

and tomaymycin. In the case of sibiromycin and tomaymycin additional modifications are introduced after divergence, 

while 3-hydroxy-4-methylanthranilic acid is directly used to generate the PBD-scaffold of anthramycin. 

Insights about this pathway and the substrate specificities of the biosynthetic 

enzymes involved should facilitate future attempts to engineer the PBD 

biosynthetic machinery, especially with regards to A-ring modifications. Due to 

the very potent antitumor activity of sibiromycin many attempts to synthesize 

glycosylated sibiromycin derivatives were undertaken, but so far no feasible 

production strategy could be devised. Further clinical testing of sibiromycin has 

been precluded due to an observed dose-dependent cardiotoxicity, resulting from 

the presence of the C9 hydroxyl group in the A-ring of the PBD. The inability to 

chemically synthesize sibiromycin derivatives, together with knowledge about 

the cause of the observed cardiotoxicity and the origin of the A-ring substitution 

pattern would make in vivo engineering a suitable and practical approach to 

produce non-cardiotoxic sibiromycin derivatives. In fact, the recently published 

successful generation of the sibiromycin derivative 9-deoxysibiromycin through 

mutasynthesis attests to this prediction.199 Building on knowledge of the precise 

pathway for A-ring decoration in sibiromycin the authors generated a ∆SibL 
strain of S. sibiricum and supplemented the growth medium with 4-

methylanthranilic acid (Figure 4.3). 

 

 

Figure 4.3 Generation of 9-deoxysibiromycin via mutasynthesis in S. sibiricum. 

This approach led to the successful production of 9-deoxysibiromycin, which 

shows a markedly decreased cardiotoxicity compared to sibiromycin in initial in 

vitro tests. 
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4.1.2 Mirubactin 

 

The second templated pathway examined is the NRPS-dependent 

biosynthetic route for the newly discovered siderophore mirubactin produced by 

Actinosynnema mirum. Isolation, purification and structure elucidation of this 

new siderophore revealed the presence of an unusual chemical functionality, 

namely an O-acyl hydroxamic acid ester (Figure 4.4). 

 

 

Figure 4.4 Structures of a generic O-acyl hydroxamic acid ester and mirubactin. The groups constituting this 

functionality are highlighted in mirubactin using the same color code as for the generic structure. In addition, the two 

groups used for iron-coordination are indicated. 

In addition, the biosynthetic gene cluster responsible for mirubactin assembly 

could be identified through a combination of bioinformatic analyses and 

biochemical in vitro characterization of its biosynthetic machinery. In contrast to 

most other bacterial siderophores, mirubactin possesses only two obvious 

coordinating groups (two 2,3-DHB moieties), which would imply a tetradentate 

mode of iron-binding as observed for pyochelin or rhodotrulic acid.127,284 

Tetradentate siderophores usually exhibit lower formation constants than 

hexadentate siderophores that are able to occupy all six coordination sites of 

ferric iron. An additional unusual feature of mirubactin is that one 2,3-DHB 

moiety is bound to a modified ornithine side chain via a hydroxamic acid ester 

functionality. This connectivity leads to the curious phenomenon that one 

putative iron coordinating moiety (hydroxamate) is masked by a different type of 

chelating group (catecholate). This could be possibly rationalized by considering 

that catecholates are known to bind iron more tightly than hydroxamates. This 

fact results from the two hard oxygen donor atoms used to form a five-

membered chelate ring, with electron density delocalized around the phenyl 

moiety. This reasoning together with the absence of any other possible points of 

attachment for the 2,3-DHB group could explain the unusual connectivity 

observed in mirubactin. Besides the higher binding affinity for iron, a second 

explanation for hydroxamate masking could be that decreasing the number of 

different chelating groups in a siderophore may be advantageous because 

siderophore uptake systems generally employ receptors capable of recognizing 

only certain types of ferric-siderophore complexes based on the coordinating 

groups present.204 By minimizing the number of chemically different chelating 

functionalities in a given siderophore fewer competing organisms would be able 

to hijack the iron-loaded siderophore from the producing organism, which would 

convey a distinct advantage under iron-limited conditions. Mirubactin assembly 

is accomplished by a nonlinear NRPS-system where the 2,3-DHB-activating free-
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standing A-domain has to act iteratively to attach two 2,3-DHB moieties to the 

D-Arg-D-fhOrn dipeptide (Figure 4.5). 

 

 

Figure 4.5 Simplified scheme of the proposed biosynthesis of mirubactin. Three unusual biosynthetic steps are 

highlighted in red. 

We propose that the O-acyl hydroxamic acid ester linkage is established while 

the 2,3-DHB-D-Arg-D-fhOrn intermediate is still bound to the T-domain of the 

second module. This seems more likely considering the favorable spatial 

positioning of the attacking nucleophile and the respective electrophile, probably 

facilitated by protein-protein interactions. This strategy is often employed in 

other NRPS-systems to carry out regiospecific transformations on tethered 

aminoacyl or peptidyl substrates. Formation of the hydroxamic acid ester could 

be catalyzed by the C-terminal C-domain present in the dimodular mirubactin 

system similar to other NRPS-pathways where CT-domains often carry out non-

canonical transformations including the formation of linear and cyclic oxoesters. 

4.2 Non-templated pathways 

 

The two non-templated CDPS-dependent pathways investigated here both 

represent formerly unknown biosynthetic systems able to produce modified 

DKP-containing natural products. The results reported in section 3.2.1 showed 

how the newly defined nocazine family is generated by the combined action of a 

CDPS and three dedicated tailoring enzymes, while section 3.2.2 focused on a 
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different CDPS pathway able to generate singly and doubly methylated 

ditryptophan DKPs. 

 

4.2.1 Nocazines 

 

A number of previously identified structurally related DKP-containing 

natural products isolated from different actinobacterial species were defined as 

the nocazine family. They all consist of two aromatic amino acids with at least 

one α,β-dehydrogenation and one O- or N-methylation as their common features. 
In addition, a gene cluster responsible for nocazine biosynthesis could be 

identified in Nocardiopsis dassonvillei. Nocazine biosynthesis proceeds via the 

initial generation of a number of different DKPs by the promiscuous CDPS 

Ndas_1148, followed by one or two α,β-dehydrogenations catalyzed by the CDO 
Ndas_1146/1147 and the subsequent decoration of the oxidized DKP-scaffold 

through different N- and O-methylations at the DKP-ring and in the tyrosine side 

chains carried out by the two methyltransferases Ndas_1149 and Ndas_1145 

(Figure 4.6). 

 

 

Figure 4.6 Nocazine biosynthesis in N. dassonvillei. (A) Nocazine gene cluster. (B) The different stages of nocazine 

assembly are shown. The later modification steps are only shown for the main product cFY. 

The newly identified CDPS Ndas_1148 exhibits a broad substrate specificity 

generating seven different DKPs. Nevertheless a preference for Tyr/Phe-loaded 

tRNAs can be deduced based on the presence of at least one aromatic amino 

acid in all identified products. This behavior closely mimics the substrate 

specificities observed for all other CDPSs characterized before this study. 

Although the product distribution generated by Ndas_1148 is similar to the one 

observed for AlbC it possesses a distinct formerly unknown product profile with 

cFY and cFF being the two main products. It was previously hypothesized that 

the substrate specificity of a given CDPS, at least for the first aminoacyl-tRNA 

substrate, could be deduced by identifying the specific residues lining the 

surface accessible pocket. A structure-based alignment of all characterized 

CDPSs shows that in the three CDPSs that generate mainly DKPs containing 

aromatic amino acids (Ndas_1148, AlbC and Rv2275) a similar set of residues 

can be found. Compared to cLL-synthesizing CDPSs (YvmC, pSHaeC06 and 
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Plu0297) that contain large aromatic amino acids at three conserved positions, 

smaller residues are present in Ndas_1148, AlbC and Rv2275 (Table 4.1).  

Comparing Ndas_1148 and Rv2275 more closely, a higher number of aromatic 

amino acids can be found in Rv2275, which was suggested to favor the binding 

of aromatic substrates. This would explain the more restricted substrate 

specificity observed for Rv2275 when compared to Ndas_1148. At least in the 

case of Ndas_1148 it seems to be possible to rationalize the observed product 

distribution based on the specific residues present in the catalytic pocket. 

 

Table 4.1 Active-site comparison of all characterized CDPSs (including the newly identified members Ndas_1148 and 

Amir_4627). They are ordered by their main products. Conserved residues are shown in bold. Important differences 

between cLL-synthesizing CDPSs and Ndas_1148 mentioned in the main text are shown in red. Major differences 

between Nvec-CDPS2 and Amir_4627 are highlighted in blue. 

CDPS Rv2275 
Ndas_

1148 
AlbC 

YvmC-

Bsub 
pSHaeC06 Plu0297 Jk0923 

Nvec-

CDPS2 
Amir_4627 

A
ct

iv
e

-S
it

e
 R

e
si

d
u

e
s 

V84 L37 L33 L33 I24 L29 I10 L29 V33 

G86 G39 G35 G35 G26 G31 G12 G31 G35 

S88 S41 S37 S37 S28 S33 S14 S33 S37 

N91 N44 N40 N40 T31 N35 N17 N36 N40 

V116 L69 V65 L65 L56 L61 L42 F61 V65 

T118 A71 V67 A67 A58 P63 P44 P63 P67 

M170 L123 L119 F117 F109 F116 I96 P117 M119 

L203 H156 M152 M150 M142 M149 M129 E150 M152 

F207 V160 V156 A154 A146 A153 A133 V154 V156 

Y229 Y178 Y178 Y180 Y171 Y179 Y155 Y187 Y177 

E233 E182 E182 E184 E175 E183 E159 E191 E181 

L236 L185 L185 F187 F178 F186 A162 Y194 F184 

F237 L186 F186 F188 F179 Y187 Y162 I195 F185 

N251 C200 L200 L202 M193 L201 L177 F209 N199 

Y253 Y202 Y202 Y204 Y195 Y203 Y179 Y211 Y201 

L257 M206 T206 W208 W199 W207 W183 W215 L205 

P258 P207 P207 K209 E200 S208 P184 P216 P206 

L259 I208 I208 L210 L201 I209 I185 I217 L207 

Main 

Product 
cYY cFY cFL cLL cLL cLL cLL 

cWX 

(X=F, L, M) 
cWW 

 

Nocazine biosynthesis represents the first characterized CDPS pathway 

where more than one tailoring enzyme could be shown to directly modify the 

initially generated DKPs. The number of putative modification enzymes 

associated with CDPS genes ranges from one (as in the albonoursin, 

pulcherrimin and mycocyclosin pathways) to six (P. aeruginosa) in bacteria, 

while no dedicated tailoring functionalities can be found in the direct 

surroundings of eukaryotic CDPSs, probably owing to the fact that clustering of 

functionally related genes is rather uncommon in eukaryotes (Figure 1.31). 

An additional interesting finding in the nocazine system is the generation of 

an array of structurally related nocazines by a single gene cluster encoding only 

four relatively small genes. The most important factor contributing to this 

observation is that all enzymes that are part of the nocazine pathway show 

relaxed substrate specificities towards their substrates. Initially, Ndas_1148 

produces at least seven different DKPs, which can then be singly or doubly 

dehydrogenated by Ndas_1146/1147, basically doubling the number of viable 
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substrates for additional downstream modifications introduced by the 

combinatorial action of the two methyltransferases Ndas_1149 and Ndas_1145. 

A surprisingly large number of CDPS genes could be identified in obligate 

intracellular parasites and different pathogenic bacteria, including M. 

tuberculosis and N. dassonvillei. CDPS-derived modified DKPs have been 

proposed to be involved in host-parasite interactions facilitating the survival of a 

given parasite and allowing it to manipulate the host organism. Mechanistic 

details of the infection process are known for M. tuberculosis infections, where 

the bacterium persists in macrophages using elaborate host-pathogen 

interactions to manipulate the host cells, reminiscent of the previously 

mentioned host-parasite interactions.285 In contrast, no details concerning the 

infection process of N. dassonvillei are known so far. 

 

4.2.2 Methylated ditryptophan DKPs 

 

The second non-templated system investigated is a CDPS-dependent 

biosynthetic pathway in Actinosynnema mirum, able to generate differently 

methylated ditryptophan DKPs. In the course of this study Amir_4627 could be 

identified as a new member of the CDPS family that generates exclusively cWW 

as a product. Through the subsequent action of the N-methyltransferase 

Amir_4628 two methylations can be introduced at the ring-nitrogens that are 

part of the DKP-scaffold (Figure 4.7). 

 

 

Figure 4.7 Biosynthesis of methylated ditroptophan DKPs. (A) Gene cluster encoding the functionalities responsible for 

the generation of cWW, cWW-Me and cWW-Me2. (B) Biosynthetic pathway in A. mirum leading to singly and doubly 

methylated cWW. Only one specific product is initially produced by the CDPS Amir_4627. 

Additionally, the first biosynthetic gene cluster able to generate ditrophtophan 

DKPs could be identified. The two most unusual features about this pathway are 

the identity of the generated DKP product and the high degree of substrate 

specificity observed for Amir_4627. All previously identified bacterial CDPSs 

mainly generate substrates consisting of a combination of the four amino acids 

Phe, Tyr, Met and Leu, while the only characterized eukaryotic member of this 

family (Nvec-CDPS2) is able to synthesize different Trp-containing DKPs, but not 

cWW. This could be explained by the fact that CDPSs are distant homologs of 

the catalytic domain of class-Ic aaRSs. Their structures superimpose 

particularly well with TyrRSs and TrpRSs and have been probably evolved from 
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those subclasses of the aaRS family.224 Interestingly, Amir_4627 is more closely 

related with Nvec-CDPS2 than with all other characterized bacterial CDPSs. In 

fact, those two CDPSs cluster together with the CDPSs identified in the 

eukaryote P. dumerilii and three Streptomyces species (Figure 1.30), suggesting 

that this particular set of CDPSs may be derived from a TrpRS, while most other 

CDPSs may be derived from a TyrRS. Comparing the previously mentioned 

active site residues of Amir_4627 with Nvec-CDPS2, no clear pattern that would 

indicate a divergence of those two enzymes from the product profiles of the other 

characterized CDPSs could be deduced. It seems now obvious that no general 

prediction about the identity of the first incorporated amino acid, solely based on 

the active site residues, can be made (Table 4.1). The unusually high specificity 

of the second reaction step in Amir_4627 that results in the production of only a 

single product seems to be governed by an as yet unknown mechanism. The 

specificity determinants for the second aminoacyl-tRNA substrate have to lie 

outside the active site already occupied by the covalently bound first aminoacyl 

substrate. 

 

 

Figure 4.8 Putative acylation of cWW. The numbering of indole is shown in blue. The most likely positions in cWW to 

be acylated using an acyl-CoA substrate are indicated by red arrows (N1, C2 and C3 of the indole ring). At the bottom, 

three examples of Trp-containing DKPs are shown that all exhibit an indole side chain acylation. 

A second putative tailoring enzyme could be identified (Amir_4626) located 

in the direct vicinity of the CDPS gene encoded in A. mirum that belongs to the 

long-chain fatty acyl-CoA ligase family. So far, no connection between this 

enzyme and cWW-modification could be demonstrated. It can be speculated that 

together with a promiscuous acyl-CoA transferase, not found inside the CDPS 

gene cluster, Amir_4626 could be responsible for the attachment of an acyl 

group to the cWW-scaffold. Due to the fact that this modification can only take 

place at a nucleophilic center, either the nitrogens found in the DKP-ring and 

the tryptophan side chain or one of the nucleophilic carbon atoms located in the 

indole ring is likely to be the target for acylation (Figure 4.8). Considering that 

no compounds acylated at the DKP-ring nitrogens are known, a nucleophilic 

center in the Trp side chain seems to be the most likely acylation position. 

Acylations of Trp-containing DKPs have been reported in lumpidin, the 
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brevicompanines and okaramine M (Figure 4.8), but nothing about their 

biosynthetic origins is known so far.232 

 

4.3 Comparison of different strategies used in templated and 

non-templated pathways for the generation of structural 

diversity 

 

Peptide natural products represent a largely untapped repository of 

biologically active molecules and new structural scaffolds that has been 

specifically pre-selected by evolution for stability and bioactivity. The rapid 

progress of sequencing technology and the development of sophisticated 

bioinformatic tools have made the application of genome-mining approaches and 

metagenomic studies to uncover the vast biosynthetic potential of microbial 

organisms feasible. Various sources suggest that less than 1% of microbial 

diversity has been investigated so far.286 Many of those pathways are responsible 

for the production of peptide natural products assembled independently of the 

ribosome using templated or non-templated strategies. In templated pathways 

(NRPSs, and NRPS-PKS hybrids) the enzymatic machinery itself functions as a 

template for the assembly of the peptide product, while in non-templated 

pathways no deduction of the resulting monomer arrangement in the assembled 

molecule is possible based solely on knowledge about the respective biosynthetic 

catalysts. Bacterial secondary metabolite pathways possess several levels of 

intrinsic modularity. The highest organizational level is the clustering of all 

genes needed for the assembly of a particular product into biosynthetic gene 

clusters that can be further subdivided into multiple functional operons, each 

responsible for the synthesis of a certain part of the produced metabolite. 

Operons consist of distinct genes that may encode specific tailoring 

functionalities able to introduce important structural modifications into a given 

natural product scaffold. Templated pathways show an additional level of 

modular organization compared with non-templated pathways. Even on the 

protein level they consist of functional modules, which are themselves composed 

of distinct catalytic domains, each being responsible for a certain task during 

the biosynthesis of the assembled peptide natural product. 

In nature two general approaches for the generation of structural diversity in 

peptide natural products exist. Firstly, the peptide backbone itself can be 

modulated in various ways by changing the kind, number and connectivity of 

the constitutive monomeric units. Secondly, new chemical functionalities can be 

introduced to the peptide scaffold by dedicated tailoring enzymes. Both 

approaches can be observed in the evolution of new functional biosynthetic gene 

clusters. On the one hand specific mutations of single genes can alter the 

products of a given pathway. On the other hand changes that introduce 

insertions, deletions and duplications of functional modules at different levels of 

organization can lead to the merging of formerly separate biosynthetic pathways, 

impressively exemplified by the antifungal compound leupyrrin which joins four 

distinct metabolic pathways together to generate one single product 
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(Figure 4.9).287 Both strategies can lead to drastic changes in physicochemical 

properties and thus biological activities caused by structural rigidification, 

alteration of shape or hydrophobicity as well as overall charge of the respective 

peptide. 

 

 

Figure 4.9 Biosynthetic origin of leupyrrin. Four different pathways (PKS-, NRPS-, dicarboxylic acid- and terpene-

pathways) have been combined and merged to produce one single product. The different parts are highlighted in 

distinct colors. 

Altering the identity of a given set of monomers incorporated into a specific 

peptide via a templated or non-templated pathway requires either a change in 

substrate specificity of the catalyst responsible for substrate selection 

(templated: A-domain; non-templated: endogenous stand-alone peptide ligase) or 

the substitution with a formerly independently functioning unit (templated: 

exogenous module; non-templated: exogenous stand-alone peptide ligase). In 

addition, a newly established association with a formerly independent functional 

unit can also lead to an alteration of the number of monomers present in a given 

peptide natural product. The major strategy used in templated NRPS-dependent 

pathways to effect a change in monomer connectivity is to change the mode of 

release of an intermediate from the enzymatic assembly-line. The potent 

bioactivity of many peptides relies on the introduction of intramolecular covalent 

linkages between distant parts of a molecular scaffold reducing the number of 

possible conformations and thus entropically favoring the bioactive conformation 

required for a specific interaction with a biological target. This is achieved 

through different termination strategies in templated pathways, including 

macrocyclization leading to cyclic or branched-cyclic structures or reductive 

strategies that later favor the generation of ring-systems by creating reactive 

intermediates (aldehydes and alcohols). This approach can be observed in 

sibiromycin biosynthesis where the initial reductive release of a dipeptidyl 

intermediate leads to a non-enzymatic generation of the tricyclic PBD-scaffold 

and thus to a completely new connectivity of the initially selected and activated 

monomeric building blocks (Figure 1.19). Compared to templated pathways 

relatively few mechanisms in ribosome-independent non-templated pathways 

are able to generate cyclic peptide scaffolds. Examples are mainly restricted to 

CDPSs that possess the defining ability to generate cyclic DKP-rings. Besides 

one exception (Amir_4627) CDPSs generally possess a rather relaxed substrate 

specificity and are on their own already able to generate oftentimes more than 
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ten different cyclic dipeptides. This stands in stark contrast to NRPS systems 

where only a very small number of examples are known able to intrinsically 

generate more than one product in terms of monomer composition. A final 

strategy observed in some NRPS-dependent pathways is the non-canonical use 

of the enzymatic machinery. This includes mechanisms like the iterative use of 

certain modules in iterative or nonlinear NRPS systems as well as non-canonical 

reactions catalyzed by C-domains, including the formation of iso-peptide bonds 

as observed in scabichelin assembly288 or the formation of new connectivities 

through exotic chemical functionalities like hydroxamic acid esters observed 

during mirubactin biosynthesis (Figure 4.5). 

Turning now to the second general approach to generate structural diversity 

in peptide natural products, namely modification by tailoring enzymes, clear 

differences between templated and non-templated pathways can be observed. In 

templated pathways tailoring enzymes can act at three different stages during 

natural product assembly. Firstly, they can modify soluble monomeric 

substrates generating modified building blocks distinct from those used in 

primary metabolism. Secondly, they can act on sequestered monomers 

covalently tethered to an assembly-line machinery and thirdly, they can decorate 

an already assembled peptide scaffold after release from the enzyme complex 

corresponding to a late biosynthetic step in product maturation. Examples for 

the formation of unusually modified building blocks before activation and 

covalent attachment to the NRPS-machinery can be found in mirubactin 

biosynthesis where a dedicated hydroxylase and formyltransferase generate the 

non-proteinogenic monomer fhOrn (Figure 4.5) and in sibiromycin assembly 

where two heavily modified building blocks (3H4MAA and a highly modified 

pyrrole derivative, Figure 1.19) are generated before being used as substrates by 

the respective NRPS-enzymes. The modification of building blocks covalently 

bound to the assembly-line can either be carried out by in cis-acting 

modification domains as observed during mirubactin biosynthesis (epimerization 

of Arg and fhOrn through embedded E-domains, Figure 4.5) or through 

dedicated in trans-acting enzymes exemplified by the hydroxylase SibG during 

sibiromycin assembly (Figure 4.1). Finally, the attachment of the sibirosamine 

sugar moiety to the sibiromycin aglycon by SibH represents a classic example of 

a post-assembly-line modification (Figure 1.19). In contrast to templated 

pathways, non-templated systems have only the possibility to modify certain 

monomers before or after peptide assembly. In the case of CDPSs only tailoring 

of the readily assembled DKP-scaffold can be observed. This is due to the fact 

that CDPS enzymes directly use aminoacyl-tRNAs as substrates, which limits 

their pool of valid building blocks to the 20-22 proteinogenic amino acids.  So 

far, different oxidative modifications have been reported for CDPS-derived DKPs, 

including α,β-dehydrogenations carried out by the CDO Ndas_1146/1147 as 
well as different N- and O-methylations (Ndas_1145, Ndas_1149 and Amir_4628, 

Figures 4.6 and 4.7). An additional point to be mentioned is the observed 

promiscuity of all so far characterized DKP tailoring enzymes that, coupled with 

the usual broad substrate specificity of CDPSs, is able generate an impressive 

amount of small molecule structural diversity with a minimal genetic and 

metabolic investment. The different abilities of CDPSs and NRPSs to introduce 
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additional modifications into a given DKP result in a generally wider structural 

complexity of NRPS-derived DKP-containing compounds compared to the ones 

generated via CDPS pathways in terms of the structural scaffold of a single 

molecule (Figures 1.24 and 1.34). On the other hand, the intrinsic promiscuities 

observed in CDPS pathways combined with the combinatorial use of different 

tailoring enzymes allows CDPS gene clusters to generate an impressive array of 

small molecule diversity. 
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5 Outlook 
 

Here, a short overview of perspectives and future projects, building on the 

results presented in this work, will be given. Besides concrete suggestions for 

certain directions of further study, preliminary results obtained during this work 

will be described (section 5.3). 

 

5.1 Templated pathways 

5.1.1 Sibiromycin 

 

Despite the successful application of mutasynthesis to generate less toxic 

and more potent sibiromycin derivatives, many questions still remain to be 

answered that would further facilitate the engineering of the sibiromycin 

pathway and related biosynthetic routes. First of all, almost nothing regarding 

the assembly of the pyrrole and sibirosame building blocks is known. Insights 

about the different tailoring functionalities generating the particular substitution 

pattern of the C-ring found in a given PBD could be used to generate new PBD 

derivatives for subsequent structure-activity relationship studies. Additionally, a 

deeper understanding of the glycosyltransferase SibH especially in terms of 

sugar and aglycon substrate specificities could lead to the development of new 

glycosylated PBDs. This is of particular interest because so far no chemical 

methods were successful in generating artificially glycosylated PBDs shown to 

possess significantly increased DNA-binding affinities and cytotoxic properties 

when compared to unglycosylated members of the PBD family. With respect to 

the NRPS enzymes that generate the tricyclic PBD scaffold, future work could 

focus on the biochemical characterization of the NRPS module SibD, the 

reductive mechanism employed to release the dipeptidyl intermediate from the 

NRPS assembly-line and the formation of the central seven-memberd B-ring 

found in all PBD-scaffolds. It can be envisioned that after all relevant enzymes 

involved in precursor biosynthesis, scaffold assembly and pre-assembly-line 

tailoring have been characterized, tailor-made PBDs could be rationally designed 

by assembling a specific set of enzymes. They could then be introduced into an 

optimized heterologous host for the large-scale production of PBD natural 

products with improved pharmacological properties. 

 

5.1.2 Mirubactin 

 

The siderophore mirubactin has been shown to contain an unusual O-acyl 

hydroxamic acid ester functionality as well as only four obvious sites involved in 

iron-coordination. Thus, a deeper understanding of mirubactin’s binding-mode 

would shed light on the role of the observed connectivity and the possible 

involvement of additional groups in iron-binding. This could be achieved through 
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the structures of the gallium-siderophore or iron-siderophore complexes 

obtained from NMR-spectroscopic and X-ray crystallographic studies, 

respectively. In addition, the determination of the iron-siderophore complex 

formation constant would help to integrate the obtained findings into the greater 

context of research concerned with the biological role of iron and would allow 

further speculation about the reason for the observed masking of one iron-

binding functionality (hydroxamate) with a different iron-coordinating group 

(catecholate). Regarding mirubactin biosynthesis, mechanistic studies aimed at 

the elucidation of the precise assembly pathway would help to deepen the 

understanding of nonlinear NRPS-systems. Especially the iterative use of PCP-

bound 2,3-DHB and the ester bond-forming step, probably catalyzed by a non-

canonical CT-domain, represent intriguing characteristics of this NRPS-

dependent pathway that have so far not been subjected to much study. 

 

5.2 Non-templated pathways 

5.2.1 Nocazines 

 

During the study of nocazine biosynthesis an unusual oxidase, namely 

cyclic dipeptide oxidase (CDO) has been shown to carry out two α,β-
dehydrogenations using different DKPs as substrates. Interestingly, CDO 

represents a heterooligomeric complex of two relatively small subunits with an 

apparent molecular weight of more than 2000 kDa. So far, little is known about 

the precise subunit ratio and its catalytic mechanism. Those open questions 

could be addressed by X-ray crystallographic as well as further biochemical 

studies which would increase our understanding of this unusual 

oxidoreductase. Up till now, one of the two methyltransferases encoded in the N. 

dassonvillei CDPS gene cluster could not be obtained in a soluble and active 

form (Ndas_1145). Thus, future efforts should focus on this enzyme whose 

characterization would allow for the reconstitution of the entire nocazine 

pathway in vitro. Due to the very high homology between the N. dassonvillei and 

the putative N. alba nocazine gene cluster, an additional possibility is the use of 

this exogenous Ndas_1145 homolog for future biochemical studies aimed at 

elucidating the final missing step in nocazine biosynthesis. Two general open 

questions regarding CDPS-dependent DKP pathways remain unanswered. 

Firstly, what is the biological function of those modified cyclic dipeptides for the 

producing organism and secondly, what are the specificity determinants that 

govern the recognition of the second aminoacyl-tRNA substrate. The first 

question could be addressed through large-scale screening approaches for 

various biological activities and probably more fruitfully through the application 

of imaging mass spectrometry (IMS) methods using microbial co-cultures. 

Sufficiently sophisticated IMS-methods have been developed in the last years 

that could be used to follow the production, secretion and spatial and temporal 

distribution of modified DKPs in response to various environmental cues.289,290 

To answer the second question, a combination of extensive mutagenesis and 



Outlook 

 

163 

 

structural studies would be needed. Especially co-crystallization approaches 

with appropriate aminoacyl-tRNA analogs would increase the chances of 

deciphering the specificity determinants of the first and second reaction step in 

CDPS-catalysis. 

 

5.2.2 Methylated ditryptophan DKPs 

 

So far, no plausible explanation for the unusually high substrate specificity 

of Amir_4627 could be proposed. As discussed in the previous section, 

particularly co-crystallization experiments of CDPSs and aa-tRNA analogs 

combined with mutagenesis studies would be suitable to address this 

unresolved point. In addition, the specificity observed for the first aminoacyl-

tRNA substrate of Amir_4627 (Trp-tRNA) could not be easily rationalized based 

on the previously suggested approach of comparing the residues lining the active 

site pocket. To address this issue, mutagenesis of the catalytic pocket of the two 

known CDPSs able to use Trp-tRNAs as a substrates (Amir_4627 and Nvec-

CDPS2) would be a starting point, but in the end structural information is 

needed to fully resolve this question. Beside the fully characterized DKP-ring 

modifying methyltransferase Amir_4628 an additional putative tailoring enzyme 

annotated as a long-chain fatty acyl-CoA ligase (Amir_4626) is located directly 

next to the respective CDPS gene in A. mirum. Initial in vivo and in vitro tests 

could not assign any function in DKP tailoring to this enzyme. This could be 

explained by the absence of the correct fatty acid substrate in the heterologous 

host and the in vitro experiments, or the absence of a dedicated acyl-CoA 

transferase needed for the transfer of the activated acyl group to a nucleophilic 

position in the cWW molecule. One possibility to investigate Amir_4626 activity 

further is to test its activity in the presence of the whole proteome of the native 

producing strain (A. mirum), where all components for its function should be 

present, even if the transfer reaction is catalyzed by a non-specific acyl-CoA 

transferase. Another general point regarding CPDS pathways is the presence of 

many so far uncharacterized putative tailoring enzymes catalyzing potentially 

unprecedented transformations. The diversity and quantity of distinct 

modification enzymes present in CDPS gene clusters is especially impressive for 

putative oxidoreductases. In fact, two of the three characterized oxidases 

(Cyp121 and Cyp134A1) have been shown to carry out highly unusual oxidation 

reactions (C-C aryl-coupling and DKP-ring oxidation) that were not known 

before, suggesting that CDPS gene clusters may represent an as yet largely 

untapped source for new enzymatic activities and chemical transformations. In 

addition to future studies focusing on the discovery of new tailoring functions, 

also new CDPSs with formerly unknown product profiles can still be discovered 

as exemplified by Ndas_1148 and Amir_4627. Those two enzymes cluster quite 

closely with already characterized CDPSs (Figure 1.30) but nonetheless exhibit 

new specificities. This implies that especially more distantly related CDPSs 

found in the lower clades and branches of Figure 1.30 may be able to produce 

new combinations of cyclic dipeptides. 
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5.3 Different approaches for the rational design of structural 

diversity in peptide natural products 

 

The use of templated biosynthetic pathways for the directed generation of 

structural diversity has been covered in detail previously. This discussion can be 

found in section 7.2. Thus, only new approaches using non-templated CDPS-

pathways for the rational diversification of small molecules will be discussed in 

the following paragraphs. 

As outlined above, two general approaches to rationally change the structure 

of peptide natural products exist. The first one is concerned with the modulation 

of the peptide backbone itself by changing identity, number or connectivity of 

the respective monomers, while the second strategy focuses on the decoration of 

an already assembled peptide scaffold by the use of different tailoring enzymes. 

Regarding peptide backbone engineering, DKPs are naturally quite limited as 

they consist of only two building blocks arranged with a predefined connectivity. 

This means that, besides the attachment of additional peptidic building blocks 

via certain tailoring enzymes acting as peptide ligases, only the alteration of 

monomer identity is a feasible diversification approach. CDPS-derived DKPs 

possess an additional limitation in the fact that their reaction mechanism 

dictates the use of aminoacyl-tRNAs as substrates, which restricts the range of 

valid building blocks to the 20-22 proteinogenic amino acids. So far, all results 

indicate that CDPS-specificity is independent of the tRNA used and only 

determined by a particular amino acid loaded onto a given tRNA molecule. This 

implies that only by changing the building block carried by a certain tRNA, 

diversification of the DKP-scaffold itself can be achieved. Two approaches to 

affect such an alteration in DKP building block composition have been 

envisioned. In both cases techniques originally developed for the introduction of 

unnatural amino acids into proteins have been used to generate CDPS-

dependent DKPs containing non-proteinogenic monomers. The first strategy is 

referred to as residue-specific incorporation where a globally modified proteome 

is generated containing a desired non-canonical building block at all positions 

normally occupied by a specific proteinogenic amino acid.291 This is achieved 

through the exchange of a natural amino acid with a non-canonical analog in 

the growth medium and the use of auxotrophs as expression hosts to obtain 

high-level replacement. No genetic manipulation is required in this approach, 

but the range of non-canonical building blocks is limited to analogs that can be 

recognized and processed by the natural ribosomal machinery (aaRSs and the 

ribosome). To modify this strategy for the production of CDPS-derived DKPs 

containing unnatural amino acids, the non-canonical building blocks do not 

need to be recognized by the ribosome, but only by the respective aaRSs. In fact, 

such a scenario would increase the amount of usable aa-tRNA substrates for a 

given CDPS. In initial experiments a methionine auxotrophic expression host 

transformed with an expression plasmid carrying the AlbC CDPS gene was used. 

AlbC was chosen because of its known high-level production of Met-containing 

DKPs (cFM, cYM, cLM and cMM). After induction of CDPS-production using 

minimal medium for cultivation, a medium exchange was carried out where all 
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Met was replaced with its analog L-azidohomoalanine (AHA) followed by 

overnight incubation.  The CDPS still present in the cytosol should now be able 

to use the present AHA-tRNAMet as a substrate to generate DKPs containing the 

non-canonical building block AHA instead of Met (Figure 5.1). 

 

 

Figure 5.1 Residue-specific incorporation approach for the fermentative in vivo production of modified DKPs. 

After analysis of the resulting culture supernatant the quantitative replacement 

of the two usually Met-containing main products cFM and cLM with cFAHA and 

cLAHA could be observed (Figure 5.2). This indicates that AHA-tRNAMet is indeed 

a valid substrate for the CDPS AlbC and implies that by using this approach 

milligram amounts of DKPs containing non-canonical building blocks can be 

easily generated and isolated. The specific Met analog AHA was initially chosen 

due to the presence of an azido-functionality easily modified via click-chemistry. 

Future experiments could focus on the direct in vivo coupling of azido- or 

alkyne-containing DKPs produced by CDPSs via this approach to generate 

functionally and structurally new small molecules derived from the DKP-

scaffold. 

The second strategy that was used to incorporate non-canonical monomers 

into CDPS-derived DKPs is referred to as site-specific incorporation.292,293 This 

method is ideal for the introduction of point mutations into proteins with 

minimal perturbation of the given structure. In this approach an orthogonal 

tRNA/aaRS pair, optimized for the activation of a specific unnatural building 

block, is introduced into an expression host. The method relies on the amber 

suppression technology that allows the site-specific incorporation of a certain 

monomer dependent on the presence of the amber codon, which can easily be 

introduced at any position in any protein using standard genetic engineering 

techniques. As in the case of residue-specific incorporation, the unnaturally 

loaded tRNA will serve as the substrate for a CDPS to generate DKPs that 

contain non-canonical building blocks. Initial experiments focused on the 

generation of O-methyl-L-tyrosine-containing (OmY) DKPs using again the model 

CDPS AlbC and an engineered orthogonal tRNA/aaRS pair obtained from the 

group of Peter G. Schultz (The Scripps Research Institute, La Jolla, Califronia).  
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Figure 5.2 First resulst obtained for the residue-specific incorporation approach using the E. coli auxotroph B834 (DE3) 

and L-azidohomoalanine (AHA). The CDPS used was AlbC (S. noursei). All traces represent extracted ion chromatograms 

(EICs) of HPLC-MS analyses. Shown in red are the masses of the five main products of AlbC (cFY, cFM, cLM, CFL and 

cFF). cFM and cLM are missing. Shown in green is the EIC for the masses of cLAHA and cFAHA. In blue a combination of 

both traces is shown to better compare the amounts produced. All products have been confirmed via MS
2
-

fragmentation experiments. 

The pEVOL plasmid carrying the tRNA/aaRS pair and AlbC were introduced into 

an expression strain. Subsequent cultivation in minimal medium followed by 

induction, addition of the respective non-canonical building block and overnight 

incubation should lead to the one-step production of DKPs containing OmY 

(Figure 5.3). Indeed subsequent analysis of the culture supernatant confirmed 

the presence of cOmYL in substantial amounts (Figure 5.4). 

Those initial successes in introducing unnatural amino acids into DKPs via 

CDPS-catalysis indicate the inherent substrate flexibility of AlbC in particular 

and CDPSs in general. It can be assumed that other, similarly promiscuous 

CDPSs may also be able to introduce a range of different non-canonical building 

blocks into cyclic dipeptides thus enabling the fundamental alteration of the 

DKP-scaffold in terms of backbone composition. 

Although some initial promising results could be obtained, the fact that all 

CDPSs are probably derived from the catalytic domain of Tyr/TrpRSs will 

probably restrict the number of suitable non-canonical substrates that can be 

used in CDPS-catalysis to structural analogs of Tyr and Trp. This inherent 

limitation may be addressed in future engineering approaches through the 

directed evolution of CDPSs trying to alter or broaden the range of valid 

substrates.294,295 
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Figure 5.3 Site-specific incorporation approach for the fermentative in vivo production of modified DKPs using the 

pEVOL system to generate tRNAs loaded with non-canonical building blocks. 

 

 

Figure 5.4 Initial results for the site-specific incorporation approach. The CDPS used was AlbC and the orthogonal 

tRNA/aaRS pair was optimized for the activation of O-methyl-L-tyrosine (OmY). Shown are EICs of HPLC-MS analyses. In 

green the extracted masses of the five main products of AlbC and the mass of cLOmY are shown. The blue trace 

corresponds to the extracted EIC for cLOmY alone. The products have been confirmed through MS
2
-fragmentations. 

We now turn to the second general strategy to manipulate the structure of 

peptide natural products, namely the decoration of an already assembled 

peptide scaffold through the action of specific tailoring enzymes. Regarding the 

modification of DKP-containing compounds, not only modification enzymes 

found in CPDS-pathways may be considered, but also enzymes found in NRPS-

pathways known to act upon the DKP-scaffold. This opens up the possibility of 

constructing hybrid pathways for modified DKPs using tailoring enzymes found 

in different CDPS- as well as NRPS-gene clusters. Due to the small size of CDPS 

genes, the high production rate of CDPS-derived DKPs and the easy purification 

process, synthetic pathways based on DKPs produced by CDPSs are ideal 

candidates for in vivo fermentation approaches to generate new modified cyclic 

dipeptides. So far, not many of the putative tailoring enzymes identified in 

CDPS-gene clusters have been characterized, but most of them display a rather 
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broad substrate specificity making them useful for such approaches. The 

diversity of putative CDPS modification enzymes has already been considered in 

section 1.4.1.3 and will not be further discussed here. Instead, the following 

paragraph will focus on the pool of possible DKP-modifying enzymes found in 

NRPS-gene clusters and their application in the generation of small molecule 

diversity. 

 

Table 5.1 Exemplary selection of NRPS-dependent pathways producing DKP-containing natural products. Shown are 

the different tailoring enzymes found inside the respective gene cluster, the putative function and the substrate DKP-

scaffold being modified by the given modifying enzymes. 

NRPS-pathway Tailoring-enzymes Putative function Substrate DKP-scaffold 

Thaxtomin
280,296,297

 

(Streptomyces scabies) 
TxtC Hydroxylation cWY 

    

Brevianamide
298

 

(Aspergillus fumigatus) 

Afu8g00240 

Afu8g00230 

Afu8g00220 

Afu8g00200 

Afu8g00190 

Oxidative cyclization 

Oxidative cyclization 

Hydroxylation 

O-methylation 

Hydroxylation 

cWP 

    

Ergotamine
299

 

(Claviceps purpurae) 

CpP4501 

CpCAT2 

CpOX3 

Hydroxylation 

Hydroperoxidation 

Oxidative cyclization 

cFP 

    

Meleagrin
281

 

(Penicillium chrysogenum) 

Pc21g15430 

Pc21g15440 

Pc21g15450 

Pc21g15460 

Pc21g15470 

C3-reverse-prenylation 

O-methylation 

Oxidative cyclization 

N-hydroxylation 

α,β-dehydrogenation 

cWH 

    

Acetylaszonalenin
300

 

(Neosartorya fischeri) 

AnaPT 

AnaAT 

C3-reverse-prenylation 

N-acetylation 

cWF 

    

Gliotoxin
282

 

(Aspergillus fumigatus) 

GliC 

GliF 

GliG 

GliI 

GliM 

GliN 

Oxidation 

Oxidation 

Sulfurization 

Cyclopropane-formation 

O-methylation 

N-methylation 

cFS 

 

Table 5.1 highlights a small selection of gene clusters involved in the production 

of NRPS-dependent modified DKPs. It is evident that a wide variety of different 

modification reactions can be carried out by tailoring enzymes encoded in those 

pathways and that various DKP-scaffolds can serve as valid substrates. It is 

interesting to note, that the majority of known NRPS-derived DKPs is produced 

by various fungal species whereas comparably few bacterial DKP-producers are 

known. Regarding different DKP-scaffolds, many fungal systems produce Trp-

containing cyclic dipeptides that are oftentimes the substrates for different 

prenyltransferases (PTs).301,302 In fact, PTs modifying all positions of the indole 

ring in Trp-containing DKPs have been characterized over the last years and 

represent a promising repertoire for DKP-diversification (Figure 5.5).303 It could 

be shown that both narrow and broad substrate PTs exist in fungal systems and 

that regular- as well as reverse-prenylations can be introduced. The fact that 
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prenylated natural products often possess biological activities clearly distinct 

from their non-prenylated precursors makes PTs especially interesting for the 

construction of synthetic pathways for bioactive “unnatural” natural products. 

When considering that a catalyst encoded by a small gene, capable of producing 

high amounts of cWW, has been characterized in this work, the rational or 

combinatorial generation of differently prenylated CDPS-derived DKPs via 

fermentative in vivo approaches can be envisioned. 

 

 

Figure 5.5 Overview of different prenyltransferases able to modify all viable positions in the indole ring of Trp side 

chains. The newly attached prenylation is highlighted in red. 

Initial experiments were restricted to different CDPS-systems where an 

expression host was generated carrying a certain CDPS and a tailoring enzyme 

found in a different CDPS-pathway (co-transformation approach). After 

induction both enzymes could then catalyze their respective reactions, where the 

modification enzyme would directly use the DKPs generated by the CDPS as 

substrates resulting in the fermentative in vivo generation of modified cyclic 

dipeptides (Figure 5.6). The first experiments were carried out using the CDPS 

AlbC together with the N-methyltransferase Amir_4628. 
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Figure 5.6 Co-transformation approach for the fermentative in vivo production of modified DKPs. 

 

 

Figure 5.7 Initial results obtained for the co-transformation approach using AlbC as the CDPS and Amir_4628 as the 

exogenous tailoring enzyme. Shown is the EIC for the five main products of AlbC together with the masses of singly and 

doubly methylated cFF. All products were confirmed through MS
2
-fragmentation. 

The analysis of culture supernatants confirmed the presence of two major 

products (cFF-Me and cFF-Me2) as well as seven minor products (Figure 5.7) 

that could be shown to be methylated at the DKP-ring nitrogens. This confirms 

the general feasibility of this fermentative approach. In future studies also 

tailoring enzymes originating from NRPS-pathways will be used. In addition, 

expression hosts can be constructed containing more than one tailoring enzyme 

for the production of more highly modified cyclic dipeptides. 
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7 Appendix 

7.1 List of Abbreviations 

2,3-DHB 2,3-dihydroxybenzoate 

3,5DH4MAA 3,5-dihydroxy-4-methylanthranilic acid 

3H4MAA 3-hydroxy-4-methylanthranilic acid 

3HK 3-hydroxykynurenine 

aa Amino acid(s) 

AAL D-Ala-D-Ala ligase 

aaRS Aminoacyl-tRNA synthetase 

ABH α/β-hydrolase 

ACS  Acyl-CoA synthetase 

ACT Acyl-CoA transferase 

A-domain Adenylation domain 

ADP Adenosine diphosphate 

AHA L-azidohomoalanine 

α-KG α-ketoglutarate 

AMP Adenosine monophosphate 

ATP Adenosine triphosphate 

BLAST Basic Local Alignment Search Tool 

bp Base pair(s) 

CAT Chloramphenicol acetyltransferase 

CDO Cyclic dipeptide oxidase 

C-domain Condensation domain 

CDPS Cyclodipeptide synthase 

CoA Coenzyme A 

COBALT Constraint-based Multiple Alignment Tool 

Cy-domain Cyclization domain 

Da Dalton 

 DH Dehydrogenase 

DHB 2,3-dihydroxybenzoate 

DKP 2,5-diketopiperazine 

DNA Desoxyribonucleic acid 

DOPA Dihydroxyphenylalanine 

E-domain Epimierzation domain 

EIC Extracted ion chromatogram 

FA Fatty acid 

FAD Flavin adenine inucleotide 

F-domain Formylation domain 

fH4F Tetrahydrofolate 

FMO Flavin monooxygenase 

GlcNAc N-acetylglucosamine 

GlnS Glutamine synthase 
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GNAT General control non-repressed 5 N-acetyltransferase 

hfOrn Formylhydroxyornithine 

HIV Human immuodefficiency virus 

hOrn Hydroxyornithine 

HPLC High performance liquid chromatography 

IMS Imaging mass spectrometry 

KS Ketosynthase 

mRNA Messenger ribonucleic acid 

MS Mass spectrometry 

MT Methyltransferase 

MT-domain Methyltransferase domain 

MurNAc N-acetylmuramic acid 

NADH Nicotinamide adenine dinucleotide 

NMR Nuclear magnetic resonance 

NRPS Nonribosomal peptide synthetase 

OG α-ketoglutarate/Fe
2+

-dependent oxygenase 

OmY O-methyl-L-tyrosine 

OR Oxidoreductase 

ORF Open reading frame 

Ox-domain Oxidation domain 

P450 Cytochrome P450 

PBD Pyrrolobenzodiazepine 

PCP Peptidyl-carrier-protein 

PDB Protein Data Bank 

PEP Phosphoenolpyruvate 

PKS Polyketide synthase 

Ppan 4'-phosphopantetheine 

PPi Pyrophosphate 

PPTase 4'-phosphopantetheine transferase 

PT Prenyltransferase 

Pu Purine base 

Py Pyrimidine base 

R-domain Reductase domain 

RF Rossmann fold 

SAM S-adenosylmethionine 

sp. Species 

T-domain Thiolation domain 

TE Thioesterase 

tRNA Transfer ribonucleic acid 

tRNA-AT tRNA-dependent aminoacyltransferase 

UDP Uridine diphosphate 
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7.2 Manuscript: “Ribosome-independent biosynthesis of biologically 

active peptides: Application of synthetic biology to generate 

structural diversity” 
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